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Abstract 

 

 Aging is the passage of physical time from birth to death. Senescence is the decline in 

physiological functions with age. The biological mechanisms of senescence remain to be 

explained. It is predicted that senescent cells with lower physiological functions will appear and 

increase in animal tissues and organs with age. Analyses of senescent cells are expected to 

contribute to a better understanding of the biological mechanisms of senescence. The property of 

observations about senescent cells is still unclear such as tissue distributions on an aged animal 

and how many kinds of senescent cells exist. As for characteristics of senescent cells, Richard G. 

Cutler proposed a hypothesis that the decline in physiological functions of organs and cells is due 

to the age-associated destabilization of strict regulations of gene expressions in cells [1]. A 

phenomenon explaining this hypothesis is predicted to be an age-associated change of epigenetics, 

which is the regulatory mechanisms of gene expression without alterations in DNA sequence. 

Adipose-derived stem cells (ASCs) are mesenchymal stem cells in adipose tissue and are 

expected to be applied to regenerative therapies due to their multipotency. It was unclear whether 

ASCs derived from an aged animal had the same level of differentiation potential as ASCs derived 

from young animals. The stromal vascular fraction (SVF) is a cell population containing ASCs, 

adipocytes, and lymphocytes and can be obtained from the enzymic digestion of adipose tissue. 

ASCs used in regenerative therapies are isolated by subcultures of SVFs obtained from the 

adipose tissue of a patient. However, because properties of ASCs are easily changed depending 

on the culture medium components, gene expressions of ASCs may be significantly altered during 

a few days of subculture. Single cell RNA sequencing (scRNA-seq), which can comprehensively 

quantify transcripts of individual cells, is a valuable method to analyze and identify senescent 

cells specifically from a cell population. In this study, to examine age-associated changes in gene 
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expression of non-cultured ASCs, scRNA-seq was performed using SVFs which were obtained 

from 6-month-old (young) and 29-month-old (old) C57BL/6 male mice without subcultures, were 

compared between young and old.  

  Comprehensive gene expression on individual SVFs of young and old mice was analyzed using 

Seurat, software to analyze scRNA-seq data. The cell populations consisting of 1,286 cells 

obtained from both young and old mice were then classified into eleven groups (Group 0 to 10) 

based on their gene expression patterns. Three groups (Group 1, 3, and 5) of eleven groups were 

specified as ASCs because of the high expression levels of typical ASC marker genes. Based on 

gene expression patterns, it was estimated that three ASC groups were at different stages of 

differentiation. To validate this estimation, I extracted the gene expression data of Group 3 and 5 

that differed significantly in expression and re-analyzed them using Monocle3, an analysis 

software like Seurat. Then, genes that showed the most difference in expression levels between 

Group 3 and Group5, were identified and subjected to the gene ontology analysis to extract 

characteristic annotation information. As the result of gene ontology analysis, negative regulator 

genes for differentiation, Adamts7, Snai2, and Tgfbr1, were found. Adamts7 is a metalloprotease 

that inhibits differentiation into chondrocytes via inactivation of the growth factor progranulin. 

Snai2 is a transcription factor involved in maintaining the differential potential of stem cells. 

Tgfbr1 is a receptor of TGF-β and inhibits the differentiation of rat bone marrow stromal cells 

into osteoblasts. Next, I performed the pseudotime analysis, which represents gene expression 

changes as the lapse of time. The gene expression of Adamts7, Snai2, and Tgfbr1 decreased with 

pseudotime course, suggesting that Group 3 is at the earliest differentiation stage of ASCs, while 

Group 5 is at the most advanced differentiation stage of ASCs. Moreover, the pattern of gene 

expression changes of Adamts7 with pseudotime course was different between young and old 

mouse ASCs. This suggests that old mouse ASCs have less stringency of the regulation of the 
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expression of some genes involved in ASCs differentiation than young mouse ASCs and may 

have difficulty to progress differentiation as needed. This suggestion is consistent with the 

hypothesis proposed by Richard G. Cutler. Because it is the function of ASCs to differentiate as 

needed correctly, it is considered that ASCs that have less stringency of the regulation of some 

gene expressions involved in differentiation are senescent cells. 

Results obtained from this study suggested that the differentiation potential of old mouse ASCs 

is less than that of young mouse ASCs. Additional studies are needed to conclude whether the 

differentiation potential of elderly people declines with age similar to that of mice. However, the 

observations obtained from this study could contribute to understanding age-associated changes 

of ASCs. In developed countries with a high percentage of the elderly population, it is hoped to 

extend the healthy life expectancy, which is the period when a person can live independently 

without limitations in daily life due to health problems. Recently, many researchers have been 

trying to develop senolytic drugs, which specifically induce apoptosis in senescent cells. It is 

expected to extend healthy life expectancy using senolytic drugs. Based on this background, I 

would like to develop senolytic drugs targeting senescent cells of ASCs. However, it is unsuitable 

to use Adamts7 as the target of senolytic drugs because both young and old mouse ASCs express 

Adamts7. The age-associated changes of epigenetics are supposed to be one of the factors that 

destabilize the regulation of gene expression. Therefore, I focus on epigenetics as candidates for 

the target of senolytic drugs. In the future, I would like to identify the epigenetics characteristics 

of senescent cells of ASCs and develop senolytic drugs targeting identified those. I hope that the 

development of senolytic drugs would contribute to the extension of healthy life expectancy and 

the elucidation of biological mechanisms of senescence.   
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Abbreviations 

 

Adamts7, disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 

motif, 7; Agt, angiotensinogen (serpin peptidase inhibitor, clade A, member 8); Bgn, biglycan; 

Ccl3, chemokine (C-C motif) ligand 3; Ccl4, chemokine (C-C motif) ligand 4; Ccl6, chemokine 

(C-C motif) ligand 6; Ccl11, chemokine (C-C motif) ligand 11; CCND1, cyclin D1; cDNA, 

complementary deoxyribonucleic acid; Cdkn1a, cyclin dependent kinase inhibitor 1A; Cdkn2a, 

cyclin dependent kinase inhibitor 2A; CDK2, cyclin-dependent kinase 2; CDK6, cyclin-

dependent kinase 6; Cd14, CD14 antigen; Cd74, CD74 antigen (invariant polypeptide of major 

histocompatibility complex, class II antigen-associated); Cd79a, CD79A antigen 

(immunoglobulin-associated alpha); Cd79b, CD79B antigen; C/ebpα , CCAAT/enhancer-binding 

protein (C/EBP), alpha; CEL-Seq, Cell Expression by Linear amplification and Sequencing; 

Clec3b, C-type lectin domain family 3, member b; Clu, clusterin; Cma1, chymase 1, mast cell; 

Cma2, chymase 2, mast cell; Col1a2, collagen, type I, alpha 2; Col6a1, collagen, type VI, alpha 

1; Col6a5, collagen type VI alpha 5 chain; COPI, coat protein complex I; Cpa3, carboxypeptidase 

A3, mast cell; Ctsb, cathepsin B; Cxcl1 , chemokine (C-X-C motif) ligand 1; Cxcl2, chemokine 

(C-X-C motif) ligand 2; DAVID, Database for Annotation, Visualization, and Integrated 

Discovery; DNMT1, DNA methyltransferase 1; Dpep1, dipeptidase 1; Drop-seq, Droplet-

sequencing; Efemp1, epidermal growth factor-containing fibulin-like extracellular matrix protein 

1; Egfr, epidermal growth factor receptor; Emb, embigin; Enpp2, ectonucleotide 

pyrophosphatase/phosphodiesterase 2; E2F1, E2F transcription factor 1; Fabp4, fatty acid binding 

protein 4, adipocyte; FOXO, forkhead box O; Fstl1, follistatin-like 1; GO, gene ontology; Gpx3, 

glutathione peroxidase 3; GSEA, Gene set enrichment analysis; Gsn, Gelsolin; HDAC6, histone 

deacetylase 6; HMGA1, high mobility group AT-hook 1; Hp, haptoglobin; Htra3, HtrA serine 
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peptidase 3; Id2, inhibitor of DNA binding 2; Igfbp4, insulin-like growth factor binding protein 

4; Igfbp6, insulin-like growth factor binding protein 6; Igfbp7, insulin-like growth factor binding 

protein 7; IgE, Immunoglobulin E; IL-1, interleukin 1; IL-6, interleukin 6; Inmt, indolethylamine 

N-methyltransferase; Ldhc, lactate dehydrogenase C; Lpl, lipoprotein lipase; LPS, 

lipopolysaccharide; Mmp2, matrix metallopeptidase 2; Mmp3, matrix metallopeptidase 3; 

Mmp14, matrix metallopeptidase 14 (membrane-inserted); mRNA, messenger ribonucleic acid ; 

NES, normalized enrichment score; NF-κB, nuclear factor-kappa B; Nid1, nidogen 1; Pi16, 

peptidase inhibitor 16; PGC1α, peroxisome proliferator-activated receptor-γ coactivator-1α; 

POLE3, DNA polymerase epsilon 3, accessory subunit; Ppap2b, phosphatidic acid phosphatase 

type 2B; Pparγ, peroxisome proliferator activated receptor gamma; Ptgs2, prostaglandin-

endoperoxide synthase 2; RNA-seq, RNA sequencing; SIRT1, sirtuin 1; SIRT2, sirtuin 2; Snai2, 

snail family zinc finger 2; SOD2, superoxide dismutase 2; Sparcl1, SPARC-like 1; Sult1e1, 

sulfotransferase family 1E, member 1; Tcte3, t-complex-associated testis expressed 3; TGF-β, 

transforming growth factor-β; Tgfbr1, transforming growth factor, beta receptor I; Thy1, thymus 

cell antigen 1, theta; Timp2, tissue inhibitor of metalloproteinase 2; TNF-α, tumor necrosis factor; 

Trp53, transformation related protein 53; TPM, transcripts per million; Tpsb2, tryptase beta 2; t-

SNE, t-distributed stochastic neighbor embedding; UMAP, uniform manifold approximation and 

projection 
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Chapter 1 General introduction 

 

Aging and senescence 

 

 Aging is the passage of physical time from birth to death. Senescence is the decline in 

physiological functions with age. Lifespan, the period of physical time from an animal’s birth to 

death, contains two concepts: maximum life span, the longest period that an animal species can 

live; life expectancy, the average period that an animal species can live. Aging progresses at the 

same rate in all animals and all animal species. However, senescence progresses at different rates 

in individual animals and individual animal species. In human beings, the physiological functions 

of organs develop until about 20 years old and then decline with age (Figure 1). Aging is a 

chronological risk factor for many pathologies and increases the risk of various age-related 

diseases such as chronic kidney disease and osteoporosis [2, 3]. When people's daily lives are 

absorbed due to the development of age-related diseases, they become to need support from 

caregivers. Recently, people are focusing on healthy life expectancy, the period when a person 

can live in their daily lives without any limitations due to health problems such as bedridden and 

dementia. In developed countries with a high percentage of the elderly population, it is hoped to 

extend the healthy life expectancy because the longer term of care increases the burden on 

caregivers and society.   
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Figure 1: The physiological functions of human organs develop up to about 20 years old 

and then decline with age. 

As the rate of development differs among individuals, the rate of senescence differs among 

individuals. It is considered that the progress of senescence cannot be stopped, but the rate of 

senescence can be slowed down by improving lifestyle or dietary habits. If the rate of 

senescence can be controlled through molecular approaches, the healthy life expectancy could 

be easily extended. 
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Senescence in animals and senescent cells 

 

 The physiological functions of animal tissues and organs decline with age, such as the decline 

of muscle strengths in skeletal muscles and cognitive decline in the brain. The biological 

mechanisms of senescence remain to be explained. Over 300 hypotheses about the biological 

mechanism of senescence have been proposed and are categorized into two: the public theory and 

the private theory [4, 5]. The public theory consists of hypotheses about the biological mechanism 

of senescence that is common to all animal species, organs, and tissues. In contrast, the private 

theory consists of hypotheses about the biological mechanism of senescence that is different for 

each animal species, organ, and tissue. The age-related occurrence and increase of senescent cells 

are focused on as a potent hypothesis (Figure 2) [6, 7]. Senescent cells are defined as cells whose 

physiological functions are declined with age. It is predicted that senescent cells are absent in 

young animal’s bodies and occur in the bodies of animals with age. Since cells make up tissues 

and organs, the physiological functions of tissues are considered to decline with an increase of 

the number of senescent cells. However, our knowledge about the properties of senescent cells is 

limited. 

Richard G. Cutler proposed the dysdifferentiation hypothesis of aging that aging destabilizes 

the stringency of regulatory mechanisms for gene expression in cells and impairs physiological 

functions of tissues and cells with alteration of gene expressions [1]. This hypothesis is based on 

the finding that expressions of globin, a globular protein constituting the hemoglobin in red blood 

cells, ectopically increased in brains and livers of old C57BL6 mice compared to young mice [8]. 

Epigenetics is a regulatory mechanism for gene expression without alterations in the DNA 

sequence such as DNA methylation, histone modification, and the endogenous RNA interference 

by microRNAs. The DNA methylation is the addition of a methyl group to the C5 position of 
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cytosine. The histone modification is the alteration of chromatin structures by the various post-

translational modification. The patterns of DNA methylation and histone modification are 

reported age-associated changes and correlated with frailty and the development of various age-

related diseases [9, 10]. Furthermore, studies using nematodes (Caenorhabditis elegans), fruit 

flies (Drosophila melanogaster), and mice (Mus musculus) discovered microRNAs related to the 

longevity and age-associated changes of microRNA expressions [11]. These age-associated 

changes of epigenetics can explain the idea of dysdifferentiation hypothesis of aging, in which 

aging destabilizes the stringency of regulatory mechanisms for gene expression.  
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Figure 2: The number of senescent cells increases with age. 

In this figure, senescent cells are colored for convenience of explanation. The distribution of 

senescent cells in the tissues of old animals is still unknown. Furthermore, there might be multiple 

types of senescent cells with entirely distinct characteristics or intermediate properties between 

senescent cells and normal cells (non- senescent cells). 

  

                           



13 

 

Cellular senescence 

 

 Both the causes of senescence and the occurrence of senescent cells are still unclear, except for 

aging. Cellular senescence is caused by telomere shortening or severe DNA damages that exceed 

the capacity of DNA repair mechanisms, or both. These induce cell cycle arrest (Figure 3) [12]. 

This phenomenon was discovered by Leonard Hayflick in 1965 [13]. Cellular senescence could 

be mimicked if DNA damages were artificially induced to fibroblasts. The addition of doxorubicin, 

an anticancer drug that intercalates into DNA, or hydrogen peroxide, which causes oxidative 

damage, or irradiation of ultraviolet or ionizing radiation, are commonly used to cause DNA 

damage in cells or animals artificially. However, the results obtained in each study need to be 

carefully discussed separately for each experimental condition because observed phenotypes and 

various gene expressions are likely to be changed due to cells used for experiments and methods 

that induce DNA damage. When fibroblasts cause cellular senescence, they secrete bioactive 

substances such as inflammatory cytokines, chemokines, and matrix metallopeptidases. This 

phenomenon is called senescence-associated secretory phenotype (SASP), and secreted bioactive 

substances by SASP are called SASP factors (Figure 4) [14, 15]. In fibroblasts that cause cellular 

senescence, expressions of cyclin dependent kinase inhibitor 2A (Cdkn2a, p16Ink4a) or cyclin 

dependent kinase inhibitor 1A (Cdkn1a, p21) increase, and p16Ink4a and p21 inhibit cell cycle 

progression (Figure 5) [16]. Inactivating gene functions associated with cellular senescence could 

improve physiological functions that are impaired with age and suppress SASP factors compared 

to untreated old mice [17]. These observations shed light on the understanding of biological 

mechanisms of senescence; however, many aspects of senescence are still unknown. Since 

cellular senescence is a phenomenon confirmed in fibroblasts, studies using senescent cells in 

each tissue of old animals are more important to elucidate the biological mechanisms and 
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phenomena of senescence. Importantly, senescent cells in the tissues of old animals are distinct 

from cells that caused cellular senescence.  
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Figure 3: Differences between senescence, senescent cell, and cellular senescence. 

The physiological functions of animal tissues and organs decline with age such as frailty in 

skeletal muscles, the decline in the potential of drug metabolism in livers, and cognitive aging in 

the brain. The biological mechanisms of senescence remain to be explained. Many hypotheses 

about the property of senescent cells have been proposed and need to be elucidated. Because 

cellular senescence is a phenomenon confirmed in fibroblasts, studies using senescent cells in 

each tissue of old animals, are more important to elucidate the biological mechanisms and 

phenomena of senescence than studies about cellular senescence. Importantly, senescent cells in 

the tissues of old animals are distinct from cells that caused cellular senescence. 
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Figure 4: Senescence-associated secretory phenotype (SASP). 

Fibroblasts that caused cellular senescence, secrete bioactive substances such as inflammatory 

cytokines, chemokines, and matrix metallopeptidases; this phenomenon is called SASP and 

secreted bioactive substances by SASP are called SASP factors. This figure shows 

representative SASP factors of inflammatory cytokines, chemokines, and matrix 

metallopeptidases. 
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Figure 5: Cyclin dependent kinase inhibitors inhibit cell cycle progression.  

In fibroblasts that cause cellular senescence, expressions of cyclin dependent kinase inhibitor 2A 

(Cdkn2a, p16Ink4a) or cyclin dependent kinase inhibitor 1A (Cdkn1a, p21) increase, and p16Ink4a 

and p21 inhibit cell cycle progression. p16Ink4a is a member of splicing variants of Cdkn2a. 

  

  

   

 

                      

                 

                 

           

          



18 

 

Single cell RNA sequencing (scRNA-seq) 

 

Analyses of senescent cells are expected to contribute to understanding the biological 

mechanism of senescence. However, markers of senescent cells are still unknown. scRNA-seq is 

a method that can comprehensively determine transcripts of individual cells and is valuable to 

identify and specifically analyze senescent cells [18]. It is necessary to isolate dispersed cells one 

by one to perform scRNA-seq, which is commonly used in many studies [19]. Differences among 

methods of cell isolation determine the characteristics and performance of scRNA-seq. There are 

three main types of cell isolation methods. One of them is a method using an integrated fluidic 

circuit for cell isolation, and a typical example is Cell Expression by Linear amplification and 

Sequencing (CEL-Seq) 2 (C1) (Figure 6A) [20]. The droplet-based scRNA-seq is a method that 

each cell is isolated in aqueous droplets made in the oil-filled tube, and a typical example is 

Droplet-sequencing (Drop-seq) (Figure 6B) [21]. The microwell-based scRNA-seq is a method 

to isolate cells by seeding them from above into microwells with a diameter that can hold one cell 

(Figure 6C) [18]. Especially, the microwell-based method has three advantages compared to other 

methods. This method does not require large and expensive devices, this causes minimum 

damages to cells during isolation, this can obtain gene expression data from hundreds to thousands 

of cells at once [18]. Conventional methods such as microarrays and RNA-seq, which use tissue 

homogenates, cannot quantify gene expressions in a subset of cells from a large population [22]. 

In these scRNA-seq technics, the messenger ribonucleic acid (mRNA) of cells is used as a 

template for the synthesis of complementary deoxyribonucleic acid (cDNA), which is then used 

for sequence analysis. 
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Figure 6: Three main types of cell isolation methods to perform scRNA-seq. 

(A) Dispersed cells are flowed into an integrated fluid circuit to be isolated. In the integrated fluid 

circuit, units that capture cells are regularly aligned. When the first cell enters a unit, it is held at 

the central tube of a unit. Following cells cannot be held at the center tube of a unit because of 

the presence of the first cell and pass through the bypass tubes on both sides to move to the next 

unit. (B) Each cell is isolated in aqueous droplets made in the oil-filled tube. The system for the 

droplet-based method consists of an oil-filled tube and two aqueous tubes. The dispersed cells 

flow in one aqueous tube, and the reagents necessary for cDNA synthesis flow in the other 

aqueous tube. The flow rates of the aqueous solution and oil are strictly controlled. To process a 
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large number of cells in a short time, several these systems need to be simultaneously performed. 

(C) The microwell-based scRNA-seq is a method to isolate cells by seeding them from above into 

microwells with a diameter that can hold one cell. Because cells are only seeded from above, 

more cells can be isolated in a short time with minimum damage. 
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Adipose-derived stem cell (ASC) 

 

Stem cells have pluripotency, the ability to differentiate into various cells that function in 

various organs, and self-renewal, the ability to replicate cells with the same characteristics. 

Mesenchymal stem cells in animal tissues differentiate in response to the necessity to maintain 

homeostasis in the body and play an essential role in supplying new cells to tissues. Adipose-

derived stem cells (ASCs) are mesenchymal stem cells found in adipose tissue (Figure 7). ASCs 

are expected to be applied to regenerative therapies. They are being studied for clinical use 

because adipose tissue can be obtained from donors with minimally invasive procedures such as 

liposuction and surgery, and isolation of ASCs from donor’s adipose tissue is easy and convenient 

[23-26]. In addition, ASCs can be artificially induced to differentiate into various cells such as 

adipocytes, chondrocytes, and osteoblasts [25, 27]. A method for isolating ASCs from adipose 

tissue is outlined in Figure 8 [26]. First, the intercellular adhesion of adipose tissue obtained from 

a donor is digested using type I collagenase. After centrifugation, adipocytes, which accumulate 

fat intracellularly, and fatty components move to the supernatant while other cells precipitate. 

This precipitate is a cell population called the stromal vascular fraction (SVF), which contains 

ASCs, lymphocytes, and adipocyte progenitors called preadipocytes. After the SVF cells are 

cultured for two to three days, only ASCs adhere to the bottom of the culture dish. Finally, isolated 

ASCs can be obtained. 
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Figure 7: Adipose-derived stem cells (ASCs) are mesenchymal stem cells in adipose tissue 

and are expected to be applied to regenerative therapies due to their multipotency. 

ASCs have multipotency, which can differentiate into endothelial cells, osteoblasts, 

chondrocytes, adipocytes, cardiomyocytes, skeletal muscle cells, and hepatocytes. For example, 

in regenerative medicine applications, stromal vascular fraction (SVF) cells obtained from a 

patient have been injected into damaged cartilage tissue to differentiate ASCs into chondrocytes 

and regenerate cartilage tissue.  
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Figure 8: Isolation of ASCs from adipose tissue. 

Adipose tissue obtained by liposuction or surgery from donors is mainly composed of ASCs, red 

blood cells, lymphocytes, endothelial cells, preadipocytes, and adipocytes [28]. First, the 

intercellular adhesion of adipose tissue is enzymatically digested using type I collagenase. After 

centrifugation, adipocytes, which accumulate fat intracellularly, and fatty components move to 

the supernatant while other cells precipitate. This precipitate is a cell population called the stromal 

vascular fraction (SVF), which contains ASCs, lymphocytes, and adipocyte progenitors called 

preadipocytes. After the SVF cells are cultured for two to three days, only ASCs adhere to the 

bottom of the culture dish. Finally, isolated ASCs can be obtained. This method is developed by 

Sugii et al. [26]. 
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Chapter 2 Introduction 
 

Studies using subcultured ASCs  

 

 Several studies have already been reported comparing ASCs from the elderly with those from 

the young [27, 29-31]. Liu et al. compared ASCs from three different age groups: child (6 to 12 

years), young adult (22 to 27 years), elderly (60 to 73years) [27]. They reported that the 

differentiation and self-renewal potentials of ASCs from an age group of the elderly were reduced 

compared to ASCs from two age groups of the child and young adult. Maredziak et al. reported 

that proliferative efficiency and the ability to differentiate into chondrocytes and osteoblasts were 

reduced in ASCs from three elderly groups (57.5 ± 0.7 years, 67.0 ± 1.4 years, and 75 ± 2.8 years) 

compared to those from a younger group (24 ± 1.4 years) [30]. These findings indicate that the 

differentiation and self-renewal potentials of ASCs from the elderly are declined compared to 

ASCs from the young. However, these reports use ASCs that have been obtained by several times 

subcultures. ASCs can be artificially induced to differentiate into specific cells by culturing them 

in a differentiation medium (Figure 9) [25, 27]. Differentiation medium contains growth factors 

such as vascular endothelial growth factor and small molecules such as vitamin C and valproic 

acid. The culture medium components are selected according to the cells to be artificially 

differentiated [32]. Since properties of ASCs are easily changed depending on the culture medium 

components, gene expressions of ASCs may be significantly altered for a few days of subculture.  
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Figure 9: The properties of ASCs are easily changed by the culture medium components and 

culture conditions. 

ASCs isolated by cultures can be artificially differentiated into specific cells by culturing them in 

a differentiation medium. This differentiation medium contains growth factors such as vascular 

endothelial growth factor and small molecules such as vitamin C and valproic acid. The culture 

medium components are selected according to the cells to be artificially differentiated. 
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Objectives in this study 

 

Clinical studies using ASCs obtained from healthy donors to transplant to other patients are 

underway, but they have not yet been put to clinical use. On the other hand, the clinical use of 

ASCs obtained from patients for their regenerative therapies can avoid side effects such as allergy, 

rejection, and infection. The donors of ASCs are generally elderly because most patients who 

undergo regenerative therapies are also elderly. Therefore, it is important to observe whether 

ASCs from the elderly have the same level of differentiation and self-renewal potentials as those 

from the young in determining the guidelines for selecting donors for regenerative therapy. The 

preceding studies cannot exclude the effects that the culture has already altered gene expression 

in ASCs for isolation. To avoid this problem, this study examined gene expressions in the 

uncultured SVF cells using the microwell-based scRNA-seq to observe how the differentiation 

potential of ASCs alters with age (Figure 10) [33].  

This study examined gene expression in the SVF cells obtained from the epididymal fat of 6- 

and 29-month-old male mice. The epididymal fat, a member of the visceral fat, can be obtained 

stably even from low weight mice, while the subcutaneous fat is difficult to be obtained from 

them. Sex-dependent differences in the transcriptome of visceral fat have been confirmed [34]. 

Therefore, this study used epididymal fat in experiments. Mice (Mus musculus) have been used 

to study senescence and gerontology, as have other model organisms, such as nematodes (C. 

elegans) and fruit flies (Drosophila melanogaster). Because most mice younger than 6 months 

are still in the process of sexual maturation and development, 6-month-old mice, which are in the 

first stage of aging and have completed sexual maturation and development, are considered to be 

suitable as young controls in aging studies using mice [35]. On the other hand, mice have a life 

expectancy of about 32 months [36]. Therefore, this study used healthy 29-month-old mice, which 



27 

 

corresponds to approximately 73-year-old in humans, and 6-month-old mice, which corresponds 

to approximately 15-year-old in humans, to maximize the effect of aging on ASC differentiation 

potential as much as possible.  
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Figure 10: The workflow of comparing the gene expression in ASCs between young and old 

mice. 

6-month-old (young) and 29-month-old (old) C57BL/6NCr male mice were sacrificed, and 

epididymal fat was collected. The cells were dispersed using type I collagenase and were 

centrifuged to obtain the SVF. The gene expression of SVF cells was examined using the 

microwell-based scRNA-seq. The comprehensive gene expression data obtained from individual 

cells were compared between young and old ASCs using the analysis software Seurat, which is 

commonly used to analyze data obtained by the scRNA-seq. The detailed procedures of scRNA-

seq performed in this study are described in Chapter 2.  
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Chapter 3 Materials and methods 

 

Animals 

 Animal experiments were performed 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. All male mice of the C57BL/6Ncr strain were bred in 

an environment with free access to low-dose radiation (6 kGy) irradiated CRF-1 (Oriental Yeast 

Ltd., Tokyo, Japan) [37] as food and 5 μm filtered tap water containing 2 ppm chlorine as drinking 

water. The breeding environment was maintained at a room temperature of 22 ± 1°C and humidity 

of 55 ± 5% under a 12-hour light/dark cycle (light period: 8:00 - 20:00, dark period: 20:00 - 8:00) 

to keep animals comfortable. The number of animals used in the experiment was kept to the 

minimum necessary for interpretation of the data, and animal discomfort was kept to a minimum. 

 

Isolation of SVF cells 

6- and 29-month-old male mice were anesthetized using pentobarbital (Nembutal, Dainippon 

Sumitomo Pharma, Osaka, Japan) and isoflurane (Pfizer Inc., New York, NY, USA) and were 

sacrificed after confirmation of unconsciousness. Blood was removed by perfusion with 

phosphate-buffered saline from the left ventricle, and epididymal fat was collected. Intercellular 

adhesions of epididymal fat were enzymatically digested by gently agitating at 37°C for 1 hour 

in Hank's balanced salt solution (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 

containing 2 mg/ml type I collagenase (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 

1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA), 200 nM adenosine (Sigma-

Aldrich, St. Louis, MO, USA), and 50 μg/ml glucose (VWR International, Radnor, PA, USA). 
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After centrifugation at 1,450 rpm for 5 min, the supernatant containing fat components and 

adipocytes was removed. The cell pellet was suspended in Hank's balanced salt solution, followed 

by filtration through a 100 μm nylon mesh filter (Corning, Corning, NY, USA) and centrifuged at 

1,450 rpm for 5 min. To remove residual erythrocytes, the precipitate was suspended in 

ammonium-chloride-potassium lysing buffer (Lonza, Alpharetta, GA, USA). After centrifugation 

at 1,450 rpm for 5 min, the precipitated SVF cells were washed with phosphate-buffered saline 

and then performed the scRNA-seq. Trypan blue (Thermo Fisher Scientific, Waltham, MA, USA) 

was mixed with the cell suspension at a ratio of 3:1, and the cell density and cell viability were 

calculated. Purification of the SVF with enzymatic digestion was performed based on the method 

developed by Sugii et al. [26].  

 

scRNA-seq 

 This study performed the scRNA-seq developed by Hashimoto et al. (Figure 11) [18]. The 

scRNA-seq is a technique to quantify the transcripts of individual cells comprehensively. A 

microwell slide made of dimethylsiloxane contains 1.6 x 105 microwells of 20 pl volumes per 2 

mm square, and each microwell contains one barcode bead. The barcode bead is bonded with a 

single-stranded nucleotide containing two characteristic sequences: an oligo dT sequence and a 

barcode sequence. The oligo dT sequence consists of 25 bases of thymine, which allows it to 

hybridize specifically to mRNA. The barcode sequence consists of 12 randomly arranged bases 

of four types of bases: adenine, thymine, guanine, and cytosine. The SVF cells suspended in 

phosphate-buffered saline were seeded into a microwell slide from above and entered into the 

microwells in free fall by incubating at room temperature for 8 min. Then, cell lysis solution (500 

mM lithium chloride, 100 mM Tris-HCl (pH 7.5), 1% lithium dodecyl sulfate, 10 mM 

ethylenediaminetetraacetic acid, and 5 mM dithiothreitol) was added to lyse the cell membrane 
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and exposed the mRNA in the microwells. The oligo dT sequence of a barcode bead specifically 

hybridizes to the mRNA of a cell. The barcode beads were collected by centrifuging the microwell 

slide at 12,000 rpm for 10 seconds at 4°C. After centrifugation again, the precipitated beads were 

suspended in buffer (1x SSIV buffer (Invitrogen, Carlsbad, CA, USA), 1 mM dNTPs (Invitrogen, 

Carlsbad, CA, USA), 20% betaine, 6 mM MgCl2, 1.65 units/μl RNasin (Promega, Madison, WI, 

USA), 5 mM dithiothreitol). The cDNA synthesis was performed using SuperScript IV reverse 

transcriptase (Invitrogen, Carlsbad, CA, USA) under the following conditions at 35°C for 5 min, 

50°C for 10 min, and then 55°C for 10 min. cDNA was stored at -30°C until use. 
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Figure 11: The overview of scRNA-seq performed in this study. 

This study performed the scRNA-seq developed by Hashimoto et al. [18]. The microwell slide 

made of dimethylsiloxane has 1.6 x 105 microwells of 20 pl volumes per 2 mm square, and each 

microwell contains one barcode bead. The barcode bead is bonded with a single-stranded 

nucleotide containing two characteristic sequences: an oligo dT sequence and a barcode sequence. 

The oligo dT sequence consists of 25 bases of thymine, which allows it to hybridize specifically 

to mRNA. The barcode sequence consists of 12 randomly arranged bases of four types of bases: 

adenine, thymine, guanine, and cytosine. The sequence of the barcode sequence is different for 

each barcode bead. When cells are seeded into a microwell slide from above, one cell enters into 

a microwell containing one barcode bead. The oligo dT sequence hybridizes to the cell-derived 

mRNA when the cell is lysed. Analyses of the barcode sequence in synthesized cDNA with a 

sequencer, transcripts of individual cells can be quantified. 
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Preparation of the sequencing library 

 The cDNA was fragmented using the M220 Focused-ultrasonicator (Covaris Inc., Woburn, MS, 

USA), and then a sequence 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 

sequencing libraries were confirmed using an Agilent 4200 TapeStation (Agilent, Santa Clara, 

CA, USA) and Roche® KAPA Library Quantification Kits (Merck KGaA, Darmstadt, (Merck 

KGaA, Darmstadt, Germany). Sequence libraries were sequenced for 25 bases from the side of 

the barcode sequence and 60 bases from the side of the mRNA using the paired-end sequencing 

mode of the NextSeq 500/550 High Output v2 Kit (Illumina). 

 

Read alignment and gene expression quantification 

Sequence data, 60 bases from the side of the mRNA, obtained using scRNA-seq was aligned 

to Refseq transcript sequences using bowtie 2.2.6 [38]. Then, 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 (TPM) of each gene were 

calculated in each cell.  

  

Analysis of gene expression data obtained by scRNA-seq 

 The comprehensive gene expression data of individual cells in the SVF was analyzed using 

Seurat 2.4, the software for analyses of data obtained by scRNA-seq [39]. Before comparing the 

gene expression, the quality check of the gene expression data was performed as following 

procedures. First, genes expressed by less than 3 cells at less than 3 TPM were excluded as noise. 

Next, the cells with more than 400 and less than 8,000 expressed genes and less than 5% 

expression of mitochondrial genes were employed in the analysis, and other cells were excluded 
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from the analysis. Finally, 1,286 cells and 19,936 genes passed the quality check and were used 

for subsequent analysis. The cells were then classified into eleven groups by non-hierarchical 

clustering analysis, and t-distributed stochastic neighbor embedding (t-SNE) plots were generated 

using Seurat [40]. 

 

Pseudotime analysis 

Pseudotime analysis was performed using the R package Monocle 3 version 0.2.0 under R 

version 3.6.1 [41]. After normalizing the data, dimensionality reduction and clustering were 

performed to create uniform manifold approximation and projection (UMAP) plots [42]. Monocle 

3 provided a path in the UMAP space using a principal graph-embedding procedure based on the 

SimplePPT algorithm [43, 44]. Pseudotime was calculated based on Euclidean distance in the 

UMAP space after artificially setting the start and endpoints of the pseudotime course [45]. Genes 

whose expression significantly changed with the pseudotime course were extracted using spatial 

autocorrelation analysis with Moran's I test [46]. The genes with similar expression patterns were 

classified into 19 modules. The expression levels of each module were visualized by heat mapping 

and hierarchical clustering analysis. 

 

Gene ontology (GO) analysis 

GO Term is one of the annotation information of genes, and GO analysis is an analysis to search 

for characteristic GO Terms in multiple gene groups using statistical methods. In this study, GO 

Terms were searched using functional annotation of the Database for Annotation, Visualization, 

and Integrated Discovery (DAVID) version 6.8 [47, 48]. The gene sets assigned GO Term with p-

values less than 0.050 in the GOTERM_BP_DIRECT category were extracted.  
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Gene set enrichment analysis (GSEA)  

GSEA is a computational method that determines which of two groups a defined gene set is 

enriched to be expressed. Two datasets, GO (c5.all) and REACTOME (c2.all) involved the 

Molecular Signatures Database provided by the BROAD Institute in the USA, and GSEA version 

4.0.2 were used for the analysis [49, 50]. Gene symbols in gene expression data were converted 

to the Mouse Genome Informatics (MGI) ID [51], which is provided by the Jackson Laboratory 

(Bar Harbor, ME, USA), based on the GRCm38 dataset in the Ensembl Gene 98 database using 

BioMart provided by the European Bioinformatics Institute (EMBL-EBI). After ranking and 

rearranging the genes based on expression data using the Signal2Noise metric, the enrichment 

scores of the gene sets were calculated using a weighted scoring scheme. The normalized 

enrichment score (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 

confidence (more than 7.0 confidence score) [52]. Four evidence data, such as (i) co-expression, 

(ii) 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. 
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Chapter 4 Results 

 

The gene expression analysis of mouse SVF cells by scRNA-seq 

  

   To compare the gene expression of ASCs between young and old, SVF cells were isolated 

from young (6-month-old) and old (29-month-old) C57BL/6NCr male mice. The cell viability 

was 83.3% in the young SVF and 80.7% in the old SVF. The scRNA-seq provided gene expression 

data of 271 cells from young SVF cells and 1015 cells from old SVF cells. To identify the cell 

population of ASCs in SVF, a non-hierarchical clustering analysis was performed using combined 

young and old single-cell gene expression data to classify a total of 1286 SVF cell populations 

into 11 groups (Group 0 to 10): 193 cells in Group 0, 191 cells in Group 1, 146 cells in Group 2, 

136 cells in Group 3, 136 cells in Group 4, 134 cells in Group 5, 103 cells in Group 6, 94 cells in 

Group 7, 78 cells in Group 8, 42 cells in Group 9, and 33 cells in Group 10. Seurat identified the 

top 10 genes that were characteristically expressed in each group and provided a heat map 

showing expression levels of these genes (Figure 12). This heat map showed that the expression 

patterns of Group 0, 2, and 4 (Groups 0-2-4) and Group 1, 3, and 5 (Groups 1-3-5) were similar, 

although they were divided into three groups, respectively. Patterns of gene expression in each 

cell were visualized by t-SNE plots, which is one of the dimension reduction methods like 

principal component analysis (Figure 13). 
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Figure 12: Non-hierarchical clustering analysis of gene expression data from young (6-

month-old) and old (29-month-old) mice. 

SVF cells of young (cell number, n = 271) and old (cell number, n = 1015) mice were classified 

into 11 groups (Group 0 to 10) using Seurat version 2.4. This heat map shows the expression 

levels of the top 10 genes characteristically expressed in each of the 11 groups. Gene names of 

the top 10 genes characteristically expressed in each group are listed in Supplemental table 1. 
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Figure 13: The t-SNE plots generated from gene expression data obtained from young and 

old mice. 

The t-distributed stochastic neighbor embedding (t-SNE) plots were generated from gene 

expression data of SVF cells of young (cell number, n = 271) and old (cell number, n = 1015) 

mice. The plots of cells are colored according to group number (left) and age (right): 29-month-

old (29 M) and 6-month-old (6 M). 
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Identification of cell populations in the SVF 

 

GO analysis was performed using the annotation information of the top 10 genes 

characteristically expressed in each group to determine the cell types of each group in the SVF 

(Supplemental table 1). Groups 0-2-4 and Groups 1-3-5 were considered to have similar 

expression patterns based on the result of a t-SNE plot and were analyzed as one group, 

respectively (Figure 13). Then, the cell types of each group were predicted from the top 10 genes 

characteristically expressed (Supplemental table 2). 

Among the genes characteristically expressed in Groups 0-2-4, I focused on embigin (Emb), 

thymus cell antigen 1, theta (Thy1), and inhibitor of DNA binding 2 (Id2). Emb is an intercellular 

adhesion molecule that maintains hematopoietic stem cells (HSCs) in quiescence [53]. Thy1 is a 

marker gene of HSCs [54], and Id2 is involved in maintaining the self-renewal potentials of HSCs 

[55]. Based on the above, Groups 0-2-4 was predicted to be the cell population of HSCs. 

 Among the genes characteristically expressed in Group 6, I focused on lactate dehydrogenase 

C (Ldhc) and t-complex-associated testis expressed 3 (Tcte3). Ldhc, a member of the lactate 

dehydrogenase family, is highly expressed in spermatocytes, sperms, and oocytes; male and 

female Ldhc transgenic (knockout) mice have significantly low reproductive efficiencies [56]. 

Tcte3, which is highly expressed in the testis, regulates the motility in sperms [57]. Based on the 

above, Group 6 was predicted to be the cell population of sperms. Originally, the SVF does not 

contain sperms. In addition, Group 6 was composed only of cells from a young mouse (Figure 

13). This suggests that sperm may have been contaminated during the collection of the young 

mouse SVF. 

Among the genes characteristically expressed in Group 7, I focused on clusterin (Clu) and 

ectonucleotide pyrophos-phatase/phosphodiesterase 2 (Enpp2). Clu is highly expressed in Sertoli 
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cells and is involved in intercellular adhesion [58, 59]. Enpp2 is also highly expressed in Sertoli 

cells [60]. Based on the above, Group 7 was predicted to be the cell population of Sertoli cells.  

Among the genes that are characteristically expressed in Group 8, I focused on CD74 antigen 

(invariant polypeptide of major histocompatibility complex, class II antigen-associated) (Cd74), 

CD79A antigen (immunoglobulin-associated alpha) (Cd79a), and CD79B antigen (Cd79b). Cd74 

is involved in B cell maturation through the signaling pathway of nuclear factor-kappa B (NF-

κB) [61, 62]. Cd79a and Cd79b are components of a complex of receptors that recognize antigens 

on the cell surface of B cells [63]. Based on the above, Group 8 was predicted to be the cell 

population of B cells.  

Among the genes that are characteristically expressed in Group 9, I focused on 

carboxypeptidase A3, mast cell (Cpa3), chymase 1, mast cell (Cma1), chymase 2, mast cell 

(Cma2), and tryptase beta 2 (Tpsb2). Cpa3 is one of the major components of the granules of 

mast cells [64]. Cma1 and Cma2 are chymotrypsin-like serine proteases, called chymase, present 

in the granules of mast cells, Tpsb2 is a neutral serine protease present in the granules of mast 

cells, and these have been confirmed to be highly expressed in mast cells [65-67]. Based on the 

above, Group 9 was predicted to be the cell population of mast cells.  

Among the genes characteristically expressed in Group 10, I focused on CD14 antigen (Cd14), 

chemokine (C-C motif) ligand 3 (Ccl3), chemokine (C-C motif) ligand 4 (Ccl4), and chemokine 

(C-C motif) ligand 6 (Ccl6). Cd14 is a membrane protein present in the cell membranes of 

monocytes and macrophages. It induces inflammatory responses through binding to 

lipopolysaccharide (LPS), a major component of the cell wall of Gram-negative bacteria [68]. 

Ccl3, Ccl4, and Ccl6 are chemokines that induce lymphocyte migration to inflammatory sites and 

are highly expressed in macrophages [69-71]. Based on the above, Group 10 was predicted to be 

the cell population of macrophages. 
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Among the genes that are characteristically expressed in Groups 1-3-5, seventeen genes 

(gelsolin (Gsn), C-type lectin domain family 3, member b (Clec3b), glutathione peroxidase 3 

(Gpx3) follistatin-like 1 (Fstl1), phosphatidic acid phosphatase type 2B (Ppap2b), dipeptidase 1 

(Dpep1), haptoglobin (Hp), peptidase inhibitor 16 (Pi16), chemokine (C-X-C motif) ligand 1 

(Cxcl1), sulfotransferase family 1E, member 1 (Sult1e1), biglycan (Bgn), HtrA serine peptidase 3 

(Htra3), matrix metallopeptidase 2 (Mmp2), indolethylamine N-methyltransferase (Inmt), 

nidogen 1 (Nid1), SPARC-like 1 (Sparcl1), and angiotensinogen (serpin peptidase inhibitor, clade 

A, member 8) (Agt) ) were reported to be highly expressed genes in ASCs [72]. Moreover, six 

typical ASC marker genes such as Gsn, Cxcl1, collagen, type I, alpha 2 (Col1a2), collagen, type 

VI, alpha 1 (Col6a1), Mmp2, and matrix metallopeptidase 14 (membrane-inserted) (Mmp14) [73], 

were highly expressed in Groups 1-3-5 (Figure 14A). Furthermore, the expression levels of these 

genes were higher in Group 1-3-5 (indicated by X in Figure 14B) than in the other eight groups 

(indicated by Y in Figure 14B). Based on these results, Groups 1-3-5 was identified as the cell 

population of ASCs. 
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Figure 14: The expression of six typical ASC marker genes. 

(A) Heatmaps indicating the expression levels of Gsn, Cxcl1, Col1a2, Col6a1, Mmp2, and Mmp14 

in t-SNE plots. (B) Gene expression levels (transcripts per million, TPM) of Gsn, Cxcl1, Col1a2, 

Col6a1, Mmp2, and Mmp14 in Groups 1-3-5 (X) (cell number, n = 461) and the other eight groups 

(Y) (cell number, n = 825). Values are indicated as mean ± standard error. Statistical analysis was 

performed using a two-tailed Welch's t-test. *p<0.001.  

  



44 

 

The expression levels of stem cell marker proteins in the SVF 

  

  Stem cell antigen-1 (Sca1; Ly6A/E) is a marker protein for stem cells, including ASCs [74]. 

Sca1 is encoded by the Ly6a gene, a representative member of the lymphocyte antigen 6 (Ly6) 

superfamily, and the Ly6a gene has two alleles, Ly6a and Ly6e [75, 76]. Then, the expression 

levels of Ly6a and Ly6e were examined in Groups 1-3-5 and the other eight groups (Figure 15). 

The expression levels of Ly6a were high in Groups 1-3-5 (indicated by X in Figure 15). On the 

other hand, the expression levels of Ly6e were high in the other eight groups (indicated by Y in 

Figure 15). In addition, both Ly6a and Ly6e were not listed in the top 10 genes characteristically 

expressed in each group (Supplemental table 1). 
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Figure 15: Gene expression levels of stem cell marker protein in the SVF. 

Gene expression levels (TPM) of Ly6a and Ly6e in Groups 1-3-5 (X) (cell number, n = 461) and 

the other eight groups (Y) (cell number, n = 825) are shown. Values are indicated as mean ± 

standard error. Statistical analysis was performed using a two-tailed Welch's t-test. *p<0.001.  
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Age-associated changes in ASCs 

  

 The total number of cells in Groups 1-3-5 of young (cell number, n = 84) and old (cell number, 

n = 377) mice accounted for 50.0% and 37.1% of the SVF that exclude Group 6, respectively, and 

showed a lower percentage of ASCs in the old mouse SVF compared to young mouse SVF (Table 

1). On the other hand, the total number of cells in Groups 0-2-4 of young (cell number, n = 70) 

and old (cell number, n = 405) mice accounted for 41.7% and 40.0% of the SVF that exclude 

Group 6, respectively, and no significant difference was observed between young and old. The 

percentage of cells in each group among the ASCs of young and old mice was calculated (Table 

2). Group 3 was the most abundant group in young, accounting for 58.3% of young mouse ASCs, 

while Group 3 was the smallest group in old, accounting for 23.1% of old mouse ASCs. Young 

mouse ASCs were more in the order of Group 3, Group 1, and Group 5, while old mouse ASCs 

were more in the order of Group 1, Group 5, and Group 3. 

Next, the percentages of cells expressing Gsn, Cxcl1, Col1a2, Col6a1, Mmp2, and Mmp14 in 

Group 1, Group 3, and Group 5 were calculated, respectively, and were compared between young 

and old (Figure 16). Henceforth, the percentage of cells expressing genes will be indicated as 

"positive cell rate" in this study. In Group 1, the positive cell rates for Cxcl1 and Mmp2 were 

higher in old mouse ASCs than in young mouse ASCs. In Group 3, the positive cell rate for 

Mmp14 was higher in old mouse ASCs than in young mouse ASCs. In Group 5, the positive cell 

rates for Gsn and Cxcl1 were higher, and that of Col6a1 was lower in old mouse ASCs than young 

mouse ASCs. However, the positive cell rate for Col1a2 was not significantly different between 

young and old mice in any groups. 

  Although cellular senescence is a phenomenon found in studies using fibroblasts, it is 

interesting to know whether the expression of genes associated with cellular senescence is 
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enhanced in the tissues of old animals. In fibroblasts that caused cellular senescence, secretion of 

SASP factors and cell cycle arrest are observed. In this study, the positive cell rates for nine SASP 

factors such interleukin 6 (IL-6), chemokine (C-X-C motif) ligand 2 (Cxcl2), chemokine (C-C 

motif) ligand 11 (Ccl11), insulin-like growth factor binding protein 4 (Igfbp4), insulin-like growth 

factor binding protein 6 (Igfbp6), insulin-like growth factor binding protein 7 (Igfbp7), matrix 

metallopeptidase 3 (Mmp3), tissue inhibitor of metalloproteinase 2 (Timp2), and cathepsin B 

(Ctsb) [15], and three genes involved in the cell cycle arrest such Cdkn1a, transformation-related 

protein 53 (Trp53), and Cdkn2a [16], were calculated and compared between young and old 

(Figure 17). In Group 1, the positive cell rate for Timp2 was lower in old mouse ASCs than in 

young mouse ASCs. In Group 3, the positive cell rates for Cxcl2, Igfbp4, Timp2, and Ctsb were 

higher, and that of Mmp3 was lower in old mouse ASCs than in young mouse ASCs. In Group 5, 

the positive cell rates for Ccl11, Ctsb, and Cdkn1a were higher, and those of Igfbp4, Igfbp6, and 

Mmp3 were lower in old mouse ASCs than in young mouse ASCs. There was no significant 

difference in the positive cell rate for IL-6, Igfbp7, and Trp53 between old and young mice in any 

group. The expression of Cdkn2a was too low to be detected in this study. 
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 Young Old 

Group 0 30 cells (17.9%) 163 cells (16.1％) 

Group 1 23 cells (13.7%) 168 cells (16.6％) 

Group 2 19 cells (11.3％) 127 cells (12.5％) 

Group 3 49 cells (29.2％) 87 cells (8.6％) 

Group 4 21 cells (12.5％) 115 cells (11.3％) 

Group 5 12 cells (7.1％) 122 cells (12.0％) 

Group 6 103 cells 0 cells 

Group 7 5 cells (3.0％) 89 cells (8.8％) 

Group 8 5 cells (3.0％) 73 cells (7.2％) 

Group 9 2 cells (1.2％) 40 cells (3.9％) 

Group 10 2 cells (1.2％) 31 cells (3.1％) 

Groups 0-2-4 70 cells (41.7％) 405 cells (40.0％) 

Groups 1-3-5 84 cells (50.0％) 377 cells (37.1％) 

Table 1: The numbers of cells in each group of the SVF in young and old mice. 

The numbers of cells in each group, Groups 0-2-4, and Groups 1-3-5 of the SVF in young and 

old mice, are shown. The percentage of cells in each group out of 168 cells in the young mouse 

SVF, excluding Group 6, and 1015 cells in the SVF of old are shown in parentheses.  
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 Young Old 

Group 1 23 cells (27.4％)  168 cells (44.6％)  

Group 3 49 cells (58.3％)  87 cells (23.1％)  

Group 5 12 cells (14.3％)  122 cells (32.3％)  

Table 2: Differences of cells involved in Group 1, Group 3, and Group 5 between young 

and old. 

The number of cells in Group 1, Group 3, and Group 5 of young and old mice, respectively. The 

percentages of cells in each group out of 84 cells in Groups 1-3-5 of young and 377 cells in 

Groups 1-3-5 of old are shown in parentheses. 
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Figure 16: Differences in the positive cell rates of genes highly expressed in ASCs between 

young and old. 

Positive cells (%) are the positive cell rates for Gsn, Cxcl1, Col1a2, Col6a1, Mmp2, and Mmp14 

in Group 1, Group 3, and Group 5 of young (blue) and old (orange). A cell expressing more than 

1 TPM of one gene was counted as the positive cell. G1: Group 1 (cell number, n = 191), G3: 

Group 3 (cell number, n = 136), G5: Group 5 (cell number, n = 134). Statistical analysis was 

performed using a two-tailed chi-square test. *p<0.05. 
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Figure 17: Differences in the positive cell rates of genes associated with cellular senescence 

between young and old. 

Positive cells (%) is the positive cell rates for IL-6, Cxcl2, Ccl11, Igfbp4, Igfbp6, Igfbp7, Mmp3, 

Timp2, Ctsb, Cdkn1a, Trp53, and Cdkn2a in Group 1, Group 3, and Group 5 of young (blue) and 

old (orange). A cell expressing more than 1 TPM of one gene was counted as the positive cell. 

G1: Group 1 (cell number, n = 191), G3: Group 3 (cell number, n = 136), G5: Group 5 (cell 

number, n = 134). N.D: not detected. Statistical analysis was performed using a two-tailed chi-

square test. *p<0.05. 
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The differentiation stage of ASCs 

 

 Most ASCs in adipose tissue differentiate into preadipocytes and then adipocytes. Based on the 

results of t-SNE plots, I hypothesized that Groups 1-3-5 are ASCs in different stages of 

differentiation. To validate the differentiation stages of Groups 1-3-5, the expression levels of 

highly expressed genes in preadipocytes and adipocytes were examined (Figure 18). Genes such 

as epidermal growth factor receptor (Egfr), epidermal growth factor-containing fibulin-like extra-

cellular matrix protein 1 (Efemp1), and Igfbp4, are highly expressed in preadipocytes, while genes 

such fatty acid binding protein 4, adipocyte (Fabp4), CCAAT/enhancer-binding protein (C/EBP), 

alpha (C/ebpα) are highly expressed in adipocytes, and genes that are highly expressed in both 

preadipocytes and adipocytes include lipoprotein lipase (Lpl) and peroxisome proliferator 

activated receptor gamma (Pparγ) (Figure 19) [74]. The expression levels of Egfr, Efemp1 and 

Igfbp4 in Group 1 were lower than those in Group 5, and the expression levels of Lpl, Egfr, 

Efemp1, and Igfbp4 in Group 3 were lower than those in Group 5. However, there was no 

significant difference in any genes between Group 1 and Group 3. Furthermore, the expression 

levels of Pparγ, Fabp4, and C/ebpα in Group 3 were the lowest compared to those in Group 1 

and Group 5, but significant differences were not found (Figure 19). The expression of Pparγ 

could not be confirmed in Group 3. Based on these results, it was considered that Group 5 are 

close to preadipocytes and are in the most advanced stage of differentiation, Group 3 are highly 

undifferentiated and in the earliest stage of differentiation, and Group 1 are intermediate ASCs 

between Group 5 and Group 3. 
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Figure 18: Genes highly expressed in ASCs, preadipocytes, and adipocytes, respectively. 

Most ASCs in adipose tissue are considered to differentiate into preadipocytes and then 

adipocytes that accumulate fat. Several genes have been highly expressed in ASCs, 

preadipocytes, and adipocytes, respectively [73, 74]. The expression of genes involved in 

differentiation is thought to vary continuously during differentiation. 
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Figure 19: The expression levels of genes highly expressed in preadipocytes and adipocytes. 

Gene expression levels (TPM) of Lpl, Egfr, Efemp1, Igfbp4, Pparγ, Fabp4, and C/ebpα in Group 

1 (purple), Group 3 (red), and Group 5 (peach) are shown. G1: Group 1 (cell number, n = 191), 

G3: Group 3 (cell number, n = 136), G5: Group 5 (cell number, n = 134). Values are indicated as 

mean ± standard error. Statistical analysis was performed using Tukey's post hoc test. *p<0.05, 

**p<0.01. 
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Pseudotime analysis 

 

 To examine the differentiation stages of Groups 1-3-5 in more detail, gene expression data of 

only Group 3 that predicted to be highly undifferentiated ASCs, and Group 5 that predicted to be 

ASCs close to preadipocytes were extracted and reanalyzed using Monocle 3 [41]. Based on the 

gene expression data, Monocle 3 generated UMAP plots of Group 3 and Group 5 cells [42]. 

UMAP is one of the methods of dimension reduction like t-SNE. The heatmaps of genes highly 

expressed in preadipocytes such as lpl, Egfr, Efemp1, and Igfbp4 showed higher expression levels 

in Group 5 than in Group 3 (Figure 20). The same results obtained using Seurat were also 

confirmed by the analysis using Monocle3. Based on the hypothesis that Group 3 is highly 

undifferentiated ASCs and Group 5 is ASCs close to preadipocytes, I set the starting point of the 

pseudotime to Group 3 and the endpoint of the pseudotime to Group 5 on the UMAP plot (Figure 

21). 

  



57 

 

 

 

 

 

Figure 20: Expression levels of genes highly expressed in preadipocytes in reanalysis using 

Monocle 3. 

The data from Group 3 (cell number, n = 136) and Group 5 (cell number, n = 134) of young and 

old mice were reanalyzed using Monocle 3. Heatmaps show the expression levels of Lpl, Egfr, 

Efemp1, Igfbp4 in the uniform manifold approximation and projection (UMAP) plots. The gray 

dotted circles indicate the region of Group 5 in the UMAP plot. 
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Figure 21: Setting up pseudotime and generating of a pseudotime course with Monocle3. 

The black lines in the UMAP plots indicate the path of the pseudotime course. The UMAP plot 

on the left is colored by Group (red: Group 3, green: Group 5). The black dot indicates the starting 

point of the pseudotime course, and the white dot indicates the endpoint of the pseudotime course. 

The right figure is a heat map showing the pseudotime course. 
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Identification of genes whose expression levels change with the 

pseudotime course 

 

Genes whose expression significantly changed with the pseudotime course were extracted 

using spatial autocorrelation analysis called Moran's I test [46]. Extracted genes with similar 

expression patterns were classified into 19 modules (module 1 to 19) using Monocle3. The 

expression levels of each module were visualized in the heatmap, and hierarchical clustering 

analysis was performed (Figure 22). Especially, module 6 showed a significantly higher 

expression level in Group 3 than in Group 5. Genes included in module 6 are shown in Table 3. 

Moreover, GO terms abundant in module 6 were searched using the functional annotation in 

DAVID version 6.8 [47, 48]. GO Term, negative regulation of chondrocyte differentiation, was 

discovered in module 6 and consisted of three genes associated with the differentiation, 

disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 7 

(Adamts7), snail family zinc finger 2 (Snai2), and transforming growth factor, beta receptor I 

(Tgfbr1) (Table 4). Adamts7 is a metalloproteinase that inhibits chondrocyte differentiation by 

inactivating growth factor progranulin [77]. Snai2 is a transcription factor that represses the 

differentiation of human epidermal progenitor cells and adipocytes [78, 79]. Tgfbr1 is a receptor 

of transforming growth factor-β (TGF-β) and inhibits the differentiation of rat bone marrow-

derived mesenchymal stem cells into osteoblasts [80]. The gene expression of Adamts7, Snai2, 

and Tgfbr1 was high in the early half of the pseudotime and then decreased with the pseudotime 

course (Figure 23). This suggested that expressions of Adamts7, Snai2, and Tgfbr1 are 

characteristically high in the early differentiation stage of ASCs. 
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Figure 22: Expressions of groups of genes whose expression change with the pseudotime 

course in Groups 3 and Group 5. 

The Heatmap shows the expression levels of the modules and is a result of hierarchical cluster 

analysis between Group 3 (G3) and Group 5 (G5). The modules consisted of genes with similar 

expression patterns with the pseudotime course. Genes whose expression changed significantly 

with the pseudotime course were extracted using spatial autocorrelation analysis of Moran's I test. 

q<0.05. 
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Table 3: The list of all genes in module 6. 

Three genes associated with the differentiation, disintegrin-like and metallopeptidase 

(reprolysin type) with thrombospondin type 1 motif, 7 (Adamts7), snail family zinc finger 2 

(Snai2), and transforming growth factor, beta receptor I (Tgfbr1), are indicated in red. 

  

1700020D05Rik Ccne1 Fbxo45 Lhfpl1 Odf4 Samd10 Tmem151a

1700023E05Rik Cd9 Fgf5 Lman2l Olfr1426 Samt2 Tmem184b

1700026L06Rik Cdhr1 Fgf8 LOC100045026 Olfr536 Scn1b Tmem191c

1700030C10Rik Cdt1 Fkbp11 LOC105245480 Olfr70 Sebox Tmem204

1700048O20Rik Cenpb Fkbp14 Lonp2 Olfr722 Serinc5 Tmem26

2410089E03Rik Cggbp1 Fscn3 Lppr2 Olfr947-ps1 Sertad3 Tmem261

2610318N02Rik Chrna4 G6pc3 Lrrc27 Omp Shcbp1 Tmem35

2610507B11Rik Chrnb3 Gata3 Lrrc28 Otos Shisa7 Tmem98

2810021J22Rik Chst7 Gja5 Lrrc34 Otud6b Slc16a8 Tmx1

6430706D22Rik Clasp1 Gm11696 Lrrc75a Parp12 Slc17a7 Tnp2

A330069E16Rik Clstn2 Gm13139 Lrrn3 Parp2 Slc22a16 Top1mt

Abca5 Cnnm3 Gm20736 Lsg1 Pcdhgb2 Slc23a2 Tppp2

Abhd1 Comt Gm20741 Lta Pcyt2 Slc29a4 Ttc9b

Acap3 Csrp3 Gm3002 Lyzl4 Pdia4 Slit1 Ttll4

Actn2 Cxcl16 Gm5478 Mafg Pdik1l Smad1 Tuba1b

Adamts7 Cypt15 Gm5941 Map3k11 Pfdn2 Smg7 Tubb6

Adgrb2 D5Ertd579e Gng2 Mapk4 Phactr1 Smim20 Ubr2

Ahdc1 Dak Got1l1 Meig1 Pik3c2g Snai2 Ugt2a2

Alkbh2 Dctn1 Gstm2 Mfsd10 Pinc Snhg5 Uhrf2

Armc6 Decr1 Gtpbp1 Mfsd11 Pld3 Snrpf Umodl1

Armcx1 Dennd6b H1fx Mkl2 Plk3 Snx24 Unc45b

Arrdc5 Dhx37 H2afx Mmd Plvap Snx32 Usp32

Atg4c Dnpep Hap1 Mmp15 Pnmal1 Socs5 Wdr46

Atp2a1 Doc2g Hmga2 Mmp3 Polr2f Spaca3 Wdr6

Atp2a2 Dpysl5 Hmgxb4 Morc3 Proser3 Spire2 Wdr76

Atp5k Dtx3 Hspb2 Mov10 Prr15l Stard5 Wdr81

AU015836 E030002O03Rik Hspb6 Mpp4 Prrc2a Stk36 Wdr83os

B3gat1 Eapp Ifnk Mrpl14 Psg27 Stx3 Wdr91

Batf2 Eftud2 Ikzf5 Mrpl27 Pskh1 Sult1a1 Wfdc12

Bbs1 Ehmt2 Impg2 Mrpl46 Ptger3 Sult1c1 Whsc1l1

BC017643 Elavl2 Inadl Mta2 Rab19 Sult4a1 Zbtb22

BC027072 Ell3 Ino80e Mtss1l Rab30 Suz12 Zc3h4

BC051019 Emp1 Iqcc Mybbp1a Rasgrp3 Syk Zcchc5

Blvra Enox1 Iqcf4 Myeov2 Rasl11b Tab1 Zcwpw1

Bpifb9a Eps8l3 Itpa Naip5 Rbm17 Tagln3 Zfand2a

Brd9 Esm1 Kctd15 Ncbp1 Rbm19 Tbl2 Zfp235

Bst2 Fam120aos Khdrbs3 Ncoa5 Rexo4 Tcea1 Zfp260

C1ql2 Fam151a Kif18a Ndfip1 Rhbdf2 Tcof1 Zfp513

Calca Fam183b Krcc1 Nif3l1 Ric8b Tgfbr1 Zfp654

Cbx3 Fam195b Krt19 Nradd Rnf170 Tgs1 Zfp664

Ccdc148 Fam20a Lce1f Nrsn2 Ropn1 Them6 Zscan20

Ccdc3 Fam43a Lce3a Ntf5 Rp1l1 Thumpd3

Ccdc34 Fam53b Ldoc1 Nts Rpl10l Tm2d1

Ccl20 Fank1 Lefty2 Nudt2 Rps29 Tmed2

Module 6
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Table 4: GO Terms searched using DAVID based on genes in module 6. 

The functional annotation of DAVID version 6.8 was used to search for GO Terms in module 6, 

and GO Terms with p-values less than 0.050 in the GOTERM_BP_DIRECT category were 

extracted. From left to right, the table shows GO Term, p-value, and genes in Module 6 

corresponding to the GO Term.   
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Figure 23: Gene expression patterns with pseudotime course. 

The horizontal axis shows the pseudotime course, and the vertical axis shows the gene expression. 

The black line shows the gene expression pattern of Adamts7, Snai2, and Tgfbr1 with the 

pseudotime course. The red dots represent cells in Group 3 (cell number, n = 136), and the green 

dots represent cells in Group 5 (cell number, n = 134). 
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Age-associated changes with pseudotime course 

 

 The gene expression patterns of Adamts7, Snai2, and Tgfbr1, which associate with negative 

regulation of differentiation, and Lpl, Efemp1, Egfr, and Igfbp4, which are highly expressed in 

preadipocytes, were examined in young and old mice (Figure 24). There were differences in the 

expression pattern of Adamts7, Egfr, and Igfbp4 with the pseudotime course between young and 

old mice, At the same time, there were no significant differences in the expression pattern of Snai2, 

Tgfbr1, Lpl, and Efemp1 with the pseudotime course between young and old mice.   
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Figure 24: Age-associated changes in gene expression patterns with pseudotime course.  

These show the gene expression patterns of Adamts7, Snai2, Tgfbr1, Lpl, Efemp1, Egfr, and 

Igfbp4 with pseudotime course in 6-month-old (blue line) and 29-month-old (red line). Blue dots 

indicate young cells (cell number, n = 61), and orange dots indicate old cells (cell number, n = 

209). 
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Examination of age-associated changes in ASCs using  

GSEA and PPI analysis 

 

  Because Group 3 cells are highly undifferentiated among ASCs, Group 3 were focused on and 

examined the changes in gene expression in young and old mice using GSEA [49, 50]. The GSEA 

compared gene expression data of Group 3 between young and old and found that genes included 

in four gene sets such "heterochromatin organization", "coat protein complex I (COPI)-coated 

vesicle membrane", "histone H3 deacetylation", and "forkhead box O (FOXO) -mediated 

transcription of oxidative stress metabolic and neuronal genes" were more frequently enriched in 

old mouse Group 3 than in young mouse Group 3. The corresponding NESs were 1.68, 1.52, 1.48, 

and 1.54, respectively (Figure 25A-D, Supplemental table 3-6). On the other hand, genes included 

in the three gene sets such "the structural constituents of ribosomes", "cytosolic ribosomes", and 

"extracellular matrix structural constituents conferring tensile strength" were more frequently 

enriched in young mouse Group 3 than in the old mouse Group 3. The corresponding NESs were 

-2.04, -2.00, and -1.93, respectively. (Figure 25E-G, Supplemental tables 7-9). Finally, the genes 

that contributed to the increase in absolute enrichment score in each gene set were extracted and 

used to perform the PPI analysis using STRING (Figure 25) [52]. 
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Figure 25: Examination of age-associated changes in ASCs using GSEA and PPI analysis. 

GSEA results show the enrichment score (green line) and gene distributions (black line) among 

12,729 genes rearranged according to the relative expression levels in Group 3 between young 

and old mice. Bars colored according to the gene distribution between the young (blue) and old 

(red) groups are shown. (A-C), (E-G) Results were obtained using the GO public database (c5.all). 

(D) Results were obtained using a curated public database (c2.all). All figures’ nominal p-values 

are lower than 0.05. (A–G) PPI among core enrichment genes of each gene set was analyzed using 

STRING. The confidence score cutoff for showing edges was set to ‘high’ (confidence score > 

7.0). Edge colors indicated the type of evidence such as (i) co-expression (black), (ii) text-mining 

(yellow), (iii) biochemical/genetic data (“experiments”) (magenta), and (iv) previously curated 

pathway and protein-complex knowledge (“databases”) (cyan) of STRING. All genes included in 

each gene set are listed in Supplemental tables 3-9. 
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Chapter 5 Discussion 
 

 This study performed the scRNA-seq to compare ASCs in the uncultured SVF between young 

and old. Bioinformatic approaches such as Seurat, Monocle 3, GSEA, and STRING were used to 

examine the age-associated changes in gene expression of ASCs. As a result, Groups 1-3-5 was 

identified as ASCs among 11 groups of the SVF. Pseudotime analysis suggested that Group 3 was 

more undifferentiated than Group 5 and revealed age-associated high gene expression levels of 

Adamts7, Egfr, and Igfbp4 in the earliest differentiation stage of ASCs. Furthermore, GSEA was 

performed on Group 3, highly undifferentiated ASCs, and revealed that genes included in four 

gene sets such as "heterochromatin organization", "coat protein complex I (COPI)-coated vesicle 

membrane", "histone H3 deacetylation", and "forkhead box O (FOXO) -mediated transcription of 

oxidative stress metabolic and neuronal genes", were more frequently enriched in old mouse 

ASCs compared to young mouse ASCs, while genes included in three gene sets such as "the 

structural constituents of ribosomes", "cytosolic ribosomes", and "extracellular matrix structural 

constituents conferring tensile strength", were more frequently enriched in young mouse ASCs 

compared to old mouse ASCs. 
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Identification of the cell populations in the SVF 

 

The SVF cells were classified into 11 groups based on the comprehensive gene expression data 

of the SVF cells. Then, the top 10 genes that were characteristically expressed in each group were 

used to predict that Groups 0-2-4 was HSC, Groups 1-3-5 was ASC, Group 6 was sperm, Group 

7 was Sertoli cell, Group 8 was B cell, Group 9 was mast cell, and Group 10 was macrophage.  

Groups 0-2-4 was predicted to be the cell population of HSCs. HSC is a member of the somatic 

stem cells that can differentiate into hematopoietic cells such as neutrophils, red blood cells, mast 

cells, and macrophages. Most HSCs are distributed in the bone marrow. A few HSCs are thought 

to exist in adipose tissue, but it is unclear whether HSCs in adipose tissue are homogeneous with 

HSCs in bone marrow [81]. Therefore, it is considered that HSCs were included in the analysis 

of this study to be reasonable.  

Group 6 was predicted to be the cell population of sperms. However, the SVF does not usually 

contain sperms. Group 6 was composed only of cells from a young mouse. These suggest that 

sperms may have been contaminated during the collection of the SVF. Therefore, Group 6 was 

excepted from further analyses.  

Group 7 was predicted to be the cell population of Sertoli cells. Because Sertoli cells are cells 

that assist and promote spermatogenesis in the testis, it is unlikely that Sertoli cells were included 

in the SVF. However, unlike the sperms, composed only of cells from a young mouse, Group 7 

consisted of 5 and 89 cells from young and old SVF, respectively. These suggested that the cell 

population of Group 7 may have properties similar to those of Sertoli cells, although additional 

validation is needed for the more accurate prediction. 

Group 8 was predicted to be the cell population of B cells. B cells play a central role in the 

humoral immunity of the body by producing antibodies. Immunoglobulins on the cell surface of 
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a B cell recognize antigens such LPS, a major component of the cell wall of Gram-negative 

bacteria, and import the antigens into the B cell to generate antibodies against the antigens [82].  

Group 9 was predicted to be the cell population of mast cells. Mast cells have a receptor (high-

affinity receptor for IgE) that recognizes Immunoglobulin E (IgE), a type of immunoglobulin. 

When the IgE that recognized antigens binds to the receptor, mast cells secrete histamine and 

neutral serine proteases into the extracellular space [65-67]. Mast cells are widely distributed in 

animal tissues, including adipose tissue, and are considered contained in the SVF.  

Group 10 was predicted to be the cell population of macrophages. Macrophages are cells that 

phagocytose and digest dead cells and bacteria that invade from outside the body. They also have 

functions such as secreting cytokines that activate other lymphocytes and chemokines that recruit 

other lymphocytes to the inflamed site [69-71]. Because it has been reported that hematopoietic 

cells such as B cells, mast cells, and macrophages are also included in the SVF [28], it is 

considered that these hematopoietic cells were included in the analysis of this study to be 

reasonable. 

Seventeen genes highly expressed in ASCs, Gsn, Clec3b, Gpx3, Fstl1, Ppap2b, Dpep1, Hp, 

Pi16, Cxcl1, Sult1e1, Bgn, Htra3, Mmp2, Inmt, Nid1, Sparcl1, and Agt, were characteristically 

expressed in Groups 1-3-5. In addition, the expression levels of six typical ASC marker genes, 

Gsn, Cxcl1, Col1a2, Col6a1, Mmp2, and Mmp14, were higher in Groups 1-3-5 than in the other 

eight groups. Based on these results, Groups 1-3-5 was identified as the cell population of ASCs.  

Sca1 was originally identified as a marker protein for hematopoietic stem cells [75, 83] and 

mesenchymal stem cells, including ASCs [84, 85]. The expression level of Ly6a was high in 

Groups 1-3-5, while the expression level of Ly6e was low. This result suggests that Ly6a may be 

more valuable than Ly6e as a marker gene to identify ASCs.  
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Differences between young and old in the SVF 

 

 The percentages of Groups 1-3-5 in the SVF of young and old mice was 50.0% in young, and 

37.1% in old, and they were about 0.7-fold lower in old than in young. In other groups, the 

percentages of B cells (Group 8), mast cells (Group 9), and macrophages (Group 10) were 2.4, 

3.3, and 15.5 times higher in old than in young, respectively. On the other hand, the percentages 

of HSCs (Groups 0-2-4) and their three constituent groups, Group 0, Group 2, and Group 4, were 

not significantly different between young and old. However, these data are not enough to discuss 

whether the number of ASCs in the adipose tissue decreases with age. It has been reported that 

aging increases the secretion of inflammatory cytokines in adipose tissue [86]. In another report, 

the expression levels of inflammatory cytokines such as prostaglandin-endoperoxide synthase 2 

(Ptgs2), interleukin 1 (IL-1), IL-6, and tumor necrosis factor (TNF-α) were higher in the 

epididymal fat of old (22-24 months old) mice than in the epididymal fat of young (5-6 months 

old) mice [87]. In this analysis, the percentages of lymphocytes such as B cells, mast cells, and 

macrophages were higher in the old mouse SVF than in the young mouse SVF. This suggested 

that inflammation in adipose tissue might be more active with age and that the balance between 

ASCs and lymphocytes in adipose tissue may change with age.   
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Differentiation stages in ASCs 

 

 Based on the pattern of the t-SNE plots of Groups 1-3-5 and the expression levels of genes 

highly expressed in preadipocytes and adipocytes in Groups 1-3-5, it was predicted that Group 5 

are close to preadipocytes and are in the most advanced stage of differentiation, Group 3 are 

highly undifferentiated and in the earliest stage of differentiation, and Group 1 are intermediate 

ASCs between Group 5 and Group3. Monocle3 and GO analysis were performed and identified 

three genes, Adamts7, Snai2, and Tgfbr1, that were more highly expressed in Group 3 than in 

Group 5. Adamts7 is a metalloproteinase that belongs to the ADAMTS family and inhibits 

chondrocyte differentiation by inactivating the progranulin, a growth factor secreted by cultured 

ASCs [77, 88, 89]. However, it has not yet been validated whether Adamts7 is involved in the 

differentiation of ASCs through the inactivating the progranulin. In this study, pseudotime 

analysis confirmed that high expression levels of Adamts7 were observed in the early 

differentiation stage of ASCs, followed by a significant decrease in the advanced differentiation 

stage of ASCs. These results strongly suggest that Adamts7 is involved in maintaining the 

undifferentiated state of ASCs through the inactivation of progranulin. Snai2 is a transcription 

factor that represses the differentiation of human epidermal progenitor cells and adipocytes [78, 

79]. Tgfbr1 is a receptor for TGF-β and suppresses the differentiation of rat bone marrow-derived 

mesenchymal stem cells into osteoblasts [80]. However, the relationship between Tgfbr1 and the 

differentiation of ASC is still unclear. It is considered that the pseudotime obtained from Monocle 

3 shows the course of differentiation of ASCs because these three genes are negative regulators 

of differentiation and their expression decreased with pseudotime course. These supported the 

initial prediction. 
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Age-associated changes in ASCs 

 

 Based on the previous results, ASCs were examined and compared between young and old. In 

Young mouse ASCs, there were more cells in Group 3, Group 1, and Group 5 in that order, while 

in old mouse ASCs, there were more cells in Group 1, Group 5, and Group 3 in that order. 

Compared to young, the percentages of Group1 and Group 5 in old mouse ASCs were 1.6-fold 

and 2.3-fold higher, respectively, while the percentage of Group 3 was 0.4-fold lower. These 

results suggest that the relative number of undifferentiated ASCs might decrease with age.  

 Next, the positive cell rates for six typical ASC marker genes, Gsn, Cxcl1, Col1a2, Col6a1, 

Mmp2, and Mmp14, were examined in Groups 1, Group 3, and Group 5. Differences in the 

positive cell rates of Gsn, Cxcl1, Col6a1, Mmp2, and Mmp14 were confirmed, but there were no 

significant differences in the positive cell rates of Col1a2 between young and old mice in any 

group. However, these statistical differences are too small to consider biological differences. 

Therefore, these results suggest that age-associated changes in the positive cell rates for the six 

typical ASC marker genes are not particularly large. 

 To examine age-associated changes in expression of genes associated cellular senescence in 

ASCs, the positive cell rates of nine SASP factors, IL-6, Cxcl2, Ccl11, Igfbp4, Igfbp6, Igfbp7, 

Mmp3, Timp2, and Ctsb, and three genes associated with the cell cycle arrest, Cdkn1a, Trp53, and 

Cdkn2a, were compared between young and old. Differences in the positive cell rates of Cxcl2, 

Ccl11, Igfbp4, Igfbp6, Mmp3, Timp2, Ctsb, and Cdkn1a were confirmed. However, these 

statistical differences are too small to consider biological differences. There were no significant 

differences in the positive cell rates for IL-6, Igfbp7, and Trp53 between young and old in any of 

the groups, and the expression of Cdkn2a was too low to be detected in this study. Since there 

were differences in the positive cell rates of seven SASP factors, these genes expressions might 
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have a few age-associated changes. On the other hand, these results of Cdkn1a, Trp53, and 

Cdkn2a suggest that age-related changes in the positive cell rates of the genes associated with the 

cell cycle arrest are also not particularly large. 
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Age-associated differences in the expression patterns  

with pseudotime course 

 

The high expression levels of Adamts7 were observed in the early differentiation stages of old 

mouse ASCs and did not decrease significantly with pseudotime course. On the other hand, the 

high expression levels of Adamts7 decreased significantly with the pseudotime course. Moreover, 

pseudotime analysis of Monocle3 showed that the gene expression of Egfr and Igfbp4 differed 

between young and old ASCs in the early differentiation stage. Egfr is a receptor for epidermal 

growth factor and activates intracellular signaling pathways involved in cell differentiation and 

proliferation [90]. When epidermal growth factor was added to the medium culturing ASCs 

isolated from human adipose tissue, the expression levels of genes associated with cell cycle 

progression, cyclin D1 (CCND1), cyclin-dependent kinase 2 (CDK2), cyclin-dependent kinase 6 

(CDK6), E2F transcription factor 1 (E2F1), and high mobility group AT-hook 1 (HMGA1), and 

genes associated with adipocyte differentiation, PPARγ, peroxisome proliferator-activated 

receptor-γ coactivator-1α (PGC1α), and C/EBPα, increased in human ASCs [91]. In this study, 

the expression level of Egfr was low in the early differentiation stage of young mouse ASCs and 

then increased with pseudotime course. On the other hand, there was no significant change in the 

expression level of Egfr across all differentiation stages in old mouse ASCs. 

Igfbp4 is also highly expressed in adipocytes and contributes to adipose tissue development 

[92]. In this study, the gene expression of Igfbp4 was low in the early differentiation stage of 

young mouse ASCs compared to old mouse ASCs. On the other hand, there was no significant 

change in the expression level of Igfbp4 across all differentiation stages in old mouse ASCs. The 

stem cell differentiation is strictly controlled by the balance of transcription factors such as Pparγ 
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and Cebpα and signaling pathways activated by bioactive substances such as the endothelial 

growth factor and the fibroblast growth factor [93]. Therefore, these results suggest that old mouse 

ASCs cannot maintain strictly the balance of the transcription factors and bioactive substances 

involved in ASCs differentiation with age-associated changes in regulatory mechanisms of these 

gene expressions compared to young mouse ASCs and may have difficulty progressing 

differentiation as needed. This suggestion is consistent with the idea of dysdifferentiation 

hypotheses of aging proposed by Richard G. Cutler [1]. One of the factors that cause instability 

in gene expression regulation is age-associated changes of epigenetics such as DNA methylation, 

histone modifications, and microRNA expression. The study examining age-related changes in 

epigenetics of Adamts7, Egfr, and Igfbp4 would contribute to elucidating the mechanism of age-

related decline in differentiation potential in ASCs. Because it is the function of ASCs to 

differentiate as needed correctly, it is also considered that ASCs that have less stringency of the 

regulation of the expression of some genes involved in differentiation are senescent cells.  

 

It is interesting to see how these senescent cells are distributed in the epididymal fat of an aged 

animal. However, the scRNA-seq cannot provide us with information on the distribution of 

senescent cells in tissues of an aged animal. In the future, I would like to investigate the 

distribution of senescent cells in tissues using the spatial transcriptome such as sequential 

fluorescence in situ hybridization (seqFISH+) [94] and multiplexed error-robust FISH 

(MERFISH) [95], which can simultaneously examine the location of senescent cells in tissues in 

addition to comprehensive gene expression analysis. This study examines transcriptome in mouse 

SVFs with low damages as far as possible. However, some treatments during the collection of 

SVFs, such as centrifugation and incubation with type I collagenase might affect gene expression 

differently because of differences in sensitivity to any extrinsic stimulations between young and 
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old ASCs. This spatial transcriptome can examine gene expressions with less invasiveness than 

this study and allows us to analyze the properties of ASCs under conditions closer to those of 

living organisms. 
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Age-associated changes of gene expression in Group 3 

 

 GSEA was performed using only the gene expression data of Group 3 because it is considered 

Group 3 to represent the earliest differentiation stage of ASCs from young and old mice from the 

pseudotime analysis using Monocle3. GSEA found that genes included in four gene sets such 

"heterochromatin organization", "coat protein complex I (COPI)-coated vesicle membrane", 

"histone H3 deacetylation", and “forkhead box O (FOXO) -mediated transcription of oxidative 

stress metabolic and neuronal genes" were more frequently enriched in old mouse Group 3 than 

in young mouse Group 3 (Supplemental table 3-6). Genes in the gene set "heterochromatin 

organization" that contributed to the increase in absolute enrichment score included Hmga1, DNA 

polymerase epsilon 3, accessory subunit (Pole3), and chromatin accessibility complex subunit 1 

(Chrac1). The CHRAC1/POLE3 heterodimer promotes ATP-dependent chromatin remodeling 

and is also involved in repairing DNA double-strand breaks [96, 97]. Hmga1 is important for 

forming the characteristic heterochromatin structure observed in a type of senescent cells [98]. 

The coat protein complex I (COPI) is a major factor in the maturation of the Golgi cis-tank and 

retrograde transport from the Golgi to the endoplasmic reticulum and is composed of seven 

subunits (α, β, β', γ, δ, ε, ζ) [99]. The "coat protein complex I (COPI)-coated vesicle membrane" 

gene set contained α, β, γ, ε, and ζ of the seven COPI subunits, and these subunits contributed to 

the increase in the absolute enrichment score. These results suggest that the structure of COPI 

may become unstable with age, and the function of retrograde transport may be impaired.  

The "histone H3 deacetylation" gene set contained sirtuin 1 (Sirt1), sirtuin 2 (Sirt2), and histone 

deacetylase 6 (Hdac6), and these genes contributed to the increase in absolute enrichment score. 

SIRT1 and SIRT2 are protein deacetylases, and their main targets are Trp53 (p53), DNA 

methyltransferase 1 (DNMT1), and proteins belonging to the FOXO family [100]. Knockdown 
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of SIRT1 inhibits proliferation and differentiation of human ASCs [101], while knockdown of 

Sirt2 promotes differentiation of mouse 3T3-L1 preadipocytes into adipocytes [102]. PPI analysis 

using STRING found the relationship between Hdac6 and Sirt1. HDAC6/SIRT1 inhibits 

nucleotide excision repair via deacetylation of replication protein A1 in eukaryotic cells [103]. 

Because Chrac1, Pole3, Sirt1, and Hdac6 are highly expressed in Group 3 of an old mouse, 

various DNA repair systems might be promoted in the earliest differentiation stage of ASCs from 

an old mouse.  

The "forkhead box O (FOXO)-mediated transcription of oxidative stress metabolic and 

neuronal genes" gene set contained Foxo1, Foxo4, and superoxide dismutase 2 (Sod2), and these 

genes contributed to the increase in absolute enrichment score. PPI analysis using STRING 

revealed two relationships, one between Foxo1 and Sod2 and the other between Foxo1 and Foxo4. 

Foxo1 and Sod2 regulate differentiation into adipocytes [104, 105]. On the other hand, Foxo4, 

which inhibits apoptosis by directly binding to p53, is associated with cellular senescence and 

targets senolytic drugs, specifically inducing apoptosis in senescent cells [17, 106]. The high 

expression of Foxo4 and Hmga1 in Group 3 of the old mouse suggested that Group 3 of the old 

mouse is in a previous phase of cell cycle arrest. 

 

Furthermore, GSEA found that genes included in three gene sets such "the structural 

constituents of ribosomes," "cytosolic ribosomes," and "extracellular matrix structural 

constituents conferring tensile strength" were more frequently enriched in young mouse Group 3 

than in old mouse Group 3 (Supplemental table 7-8). Two gene sets, "the structural constituents 

of ribosomes" and "cytosolic ribosomes," contain genes that encode ribosomes responsible for 

protein translation. The "cytosolic ribosomes" gene set contained 52 genes encoding ribosomal 

proteins that function in cells. The structural constituents of ribosomes" contained 64 genes 
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encoding ribosomal proteins that function in mitochondria and the 52 genes included in the 

"cytosolic ribosomes" gene set. Among these genes, 43 ribosomal proteins that function in cells 

and 7 ribosomal proteins that function in mitochondria contributed to the increase in absolute 

enrichment score. These results suggested that ribosomal protein biosynthesis's potential to 

function in cells declined in old mouse ASCs in the earliest differentiation stage. Ribosome 

biosynthesis plays an essential role in the differentiation of mesenchymal stem cells [107]. 

Diamond-Blackfan anemia is a congenital heart disease caused by genetic mutations in multiple 

ribosomal proteins. Genetic mutations in ribosomal proteins reduce the amount of ribosomal 

proteins in hematopoietic stem cells and prevent the normal differentiation into red blood cells 

[108]. There had been no reports of age-associated changes in ribosomal proteins in ASCs.  

The "extracellular matrix structural constituents conferring tensile strength" gene set contained 

genes belonging to the family of type VI collagen alpha (Col6a) (Supplemental table 9). PPI 

analysis using STRING did not find any relationships between collagen type VI alpha 5 chain 

(Col6a5) and other members of the Col6a family, and the role of Col6a5 in ASCs is still unclear. 

Type VI collagens are major components of the extracellular matrix of adipose tissue [109, 110] 

and play an important role in the self-renewal potentials of ASCs and their differentiation into 

adipocytes [110]. The deficiency of COL6A in knockout mice induces adipocyte hypertrophy and 

fragility of the extracellular matrix in adipose tissue, although the total fat weight is lower than in 

wild-type mice [110]. Adipocytes in epididymal and subcutaneous fat of C57BL6 male mice 

become enlarged with age [111]. GSEA indicated that the expressions of type VI collagens 

decreased in old mouse ASCs in the earliest differentiation stage. These results suggested that the 

low expressions of type VI collagens in old mouse ASCs might be factoring in the age-related 

hypertrophy of adipocytes and the reduction of self-renew and differentiation potentials of ASCs. 
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The future of senescence studies in ASCs 

 

 This study examined the transcriptome of SVFs obtained from young and old male mouse 

epididymal fat. Since sex-dependent differences in the transcriptome of visceral fat have been 

confirmed [34], the findings of this study should be confirmed in female mouse gonadal fat in 

further analysis. 

 In the 20th century, the search for genes with life-extending effects was actively pursued using 

model organisms such as C. elegans, Drosophila melanogaster, and Mus musculus to reveal the 

biological mechanisms of senescence. Considering the application to humans, it is ethically 

difficult to edit such genes of a fetus to extend its lifespan. Recently, many researchers have been 

trying to develop senolytic drugs, which are drugs that specifically induce apoptosis in senescent 

cells. It is expected to extend healthy life expectancy using senolytic drugs. Famous senolytic 

drugs include Quercetin, a polyphenol found in onion peels, and Dasatinib, a molecular target 

drug that binds to tyrosine kinase and inhibits its activity, used in the treatment of chronic myeloid 

leukemia [112]. In 2017, FOXO4-DRI (forkhead box O4 peptide in a D-retro inverso 

conformation), a peptide synthesized from a portion of Foxo4 with D-amino acids, was developed 

as a senolytic drug and improved walking ability, renal function, and body fur density of old mice 

by administration [113]. Moreover, N, N'- [Thiobis (2,1-ethanediyl-1,3,4-thiadiazole-5,2-diyl)] 

bisbenzeneacetamide (BPTES), which was already known as an inhibitor of glutaminase 1 

(GLS1), a glutamine-metabolizing enzyme, was found to be a senolytic drug. The administration 

of BPTES improved muscular endurance and renal function and decreased serum levels of 

inflammatory cytokines TNF-α and IL-6 in old mice [114]. Each senolytic drug that has already 

been developed targets a different molecule. Therefore, it is necessary to combine multiple 

senolytic drugs or develop more useful senolytic drugs for clinical application in humans. 
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However, even if senescent cells are selectively induced cell death in animal tissues using 

senolytic drugs, it does not necessarily mean that the physiological functions of organs will be 

improved, or that healthy life expectancy will be extended. 

 There is no senolytic drug that acts on senescent ASCs. In this study, the expression patterns of 

Adamts7 with pseudotime course were different between young and old. However, it is difficult 

to apply Adamts7 to a target for senolytic drugs because young mouse ASCs also express Adamts7. 

This study suggests that old mouse ASCs cannot strictly maintain the balance of the transcription 

factors and bioactive substances involved in ASCs differentiation with age-associated changes in 

regulatory mechanisms of these gene expressions compared to young mouse ASCs and may have 

difficulty progressing differentiation as needed. Since epigenetics, the regulatory mechanisms of 

gene expression, such as DNA methylation, histone protein modification, and microRNA 

expression, are altered during aging [9-11], epigenetics is expected to be a candidate as a target 

for senolytic drugs instead of Adamts7. In the future, I would like to identify the epigenetics that 

are characteristic of old animal ASCs and develop senolytic drugs targeting them. It is important 

to confirm whether a cell expressing a target for senolytic drugs is the senescent cell. Functional 

and molecular characteristics of senescent cells are still largely unknown. Since senescent cells 

are defined as cells whose physiological functions decline with age, physiological functions 

which decline with age should be different for each cell type. For example, ASCs whose 

differentiation and self-renewal potentials decline with age can be considered senescent cells 

because these are major functions of ASCs. If the differentiation potential in old mouse ASCs 

recovers to the same level as that in young mouse ASCs after administration of the drug under 

development, the drug could be considered to induce cell death in senescent cells. These senolytic 

drugs are expected to contribute to further improvements in the outcome of patients who have 

undergone regenerative medicine using ASCs.  
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Chapter 6 Conclusion 

 

In this study, microwell-based scRNA-seq was performed to examine comprehensive gene 

expression in uncultured ASCs and compare them between young and old mice. This study 

suggested that old mouse ASCs have less stringency of the regulatory mechanism of some gene 

expressions involved in ASCs differentiation than young mouse ASCs and may have difficulty 

progressing differentiation as needed. This suggestion is consistent with the idea of 

dysdifferentiation hypotheses of aging proposed by Richard G. Cutler. Since it is the function of 

ASCs to differentiate as needed correctly, it is considered that ASCs that have less stringency of 

the regulation of the expression of some genes involved in differentiation are senescent cells. The 

distribution of senescent ASCs in adipose tissue is still unclear. I would like to investigate the 

distribution of these senescent cells in adipose tissue using spatial transcriptome techniques such 

as seqFISH+ [94] and MERFISH [95] in the future. Although additional studies are needed to 

conclude whether the differentiation potential of elderly people declines with age similar to that 

of mice, the observations obtained from this study could contribute to understanding age-

associated changes of ASCs. However, it is necessary to experimentally validate each finding in 

this study in a different way. The age-associated changes of epigenetics are supposed to be one of 

the factors that destabilize the regulation of gene expression. Therefore, I focus on epigenetics as 

candidates for the target of senolytic drugs. In the future, I would like to identify the epigenetics 

characteristic of senescent ASCs and develop senolytic drugs targeting identified epigenetic 

characteristics. I hope that the development of senolytic drugs would contribute to the extension 

of healthy life expectancy and the elucidation of biological mechanisms of senescence.   
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Supplementary information 
Group GO Term p-value Genes in the GO Term 

0-2-4 

negative regulation of T cell apoptotic 

process 
0.015 

SERPINB9, CCL5 

positive regulation of gene expression 0.015 SERPINB9, ID2, CD3E, CCL5 

negative regulation of neural precursor 

cell proliferation 
0.018 

BTG2, ID2 

aging 0.022 ND4, COX1, ATP6 

positive regulation of T cell activation 0.022 CD3E, THY1 

response to copper ion 0.024 COX1, CYTB 

response to hyperoxia 0.024 CYTB, ATP6 

transport 
0.029 

RAMP3, ND1, ND4, COX1, 

VPS37B, CYTB, ATP6 

response to electrical stimulus 0.039 BTG2, COX1 

negative regulation of viral genome 

replication 
0.042 

ZC3HAV1, CCL5 

1-3-5 

endodermal cell differentiation <0.000 COL6A1, MMP14, MMP2, FN1 

astrocyte activation <0.000 EGFR, AGT, MT2 

positive regulation of fibroblast 

proliferation 
<0.000 

EGFR, AGT, SERPINE1, FN1 

positive regulation of superoxide anion 

generation 
<0.000 

EGFR, CXCL1, AGT 

angiogenesis 
<0.000 

SERPINE1, MMP14, TNFAIP2, 

MMP2, FN1 

response to oxidative stress 0.001 EGFR, GPX3, MMP14, MMP2 

cellular response to amino acid stimulus 
0.001 

EGFR, COL1A2, COL6A1, 

MMP2 

positive regulation of cell migration 0.003 EGFR, MMP14, MMP2, FN1 

blood vessel development 0.005 AGT, COL1A2, PLPP3 

cellular response to drug 0.005 EGFR, SERPINE1, DPEP1 

cell-matrix adhesion 0.006 AGT, NID1, FN1 

wound healing 0.008 EGFR, SERPINE1, FN1 

proteolysis 
0.009 

HP, HTRA3, MMP14, MMP2, 

DPEP1 
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extracellular matrix organization 0.012 AGT, NID1, FN1 

cellular response to cadmium ion 0.017 GSN, MT2 

positive regulation of gene expression 0.019 GSN, AGT, SERPINE1, FN1 

tissue remodeling 0.020 MMP14, MMP2 

positive regulation of vascular smooth 

muscle cell proliferation 
0.020 

AGT, MMP2 

protein heterotrimerization 0.027 COL1A2, COL6A1 

cell adhesion 0.032 COL6A1, NID1, PLPP3, FN1 

collagen catabolic process 0.034 MMP14, MMP2 

cellular response to estradiol stimulus 0.046 EGFR, MMP2 

acute-phase response 0.049 HP, FN1 

6 

microtubule-based movement <0.000 GM3417, GM3448, TCTE3 

microtubule-based process 0.014 TUBA3B, TUBA3A 

transport 
0.016 

FABP9, GM3417, GM3448, 

TCTE3 

7 
activation of protein kinase B activity 0.011 FGF1, GAS6 

positive regulation of cell proliferation 0.028 ENPP2, CLU, FGF1 

8 

adaptive immune response 
<0.000 

JCHAIN, CD79B, CD79A, 

CTSS, CD74 

antigen processing and presentation <0.000 H2-AB1, CTSS, CD74 

immune system process 0.001 CD79B, H2-AB1, CD79A, CD74 

antigen processing and presentation of 

peptide antigen 
0.002 

H2-AB1, CTSS 

antigen processing and presentation of 

exogenous peptide antigen via MHC 

class II 

0.007 

H2-AB1, CD74 

immune response 0.008 H2-AB1, CTSS, CD74 

B cell receptor signaling pathway 0.027 CD79B, CD79A 

B cell differentiation 0.040 CD79B, CD79A 

9 

protein processing 0.001 MCPT4, CMA1, CMA2 

regulation of angiotensin levels in blood 0.001 MCPT4, CPA3 

proteolysis 0.002 MCPT4, CPA3, CMA1, TPSB2 

immune response 0.008 MCPT4, CMA1, CMA2 

positive regulation of mast cell 0.008 FCER1A, GATA2 
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degranulation 

10 

immune response 
<0.000 

CCL3, H2-EB1, IL1B, H2-AA, 

H2-AB1, CCL4, CCL6 

cellular response to interferon-gamma <0.000 CCL3, H2-AB1, CCL4, CCL6 

neutrophil chemotaxis <0.000 CCL3, IL1B, CCL4, CCL6 

antigen processing and presentation of 

peptide or polysaccharide antigen via 

MHC class II 

<0.000 

H2-EB1, H2-AA, H2-AB1 

inflammatory response 
<0.000 

CCL3, IL1B, CCL4, CD14, 

CCL6 

antigen processing and presentation of 

exogenous peptide antigen via MHC 

class II 

<0.000 

H2-EB1, H2-AA, H2-AB1 

positive regulation of ERK1 and ERK2 

cascade 
<0.000 

CCL3, IL1B, CCL4, CCL6 

lipopolysaccharide-mediated signaling 

pathway 
<0.000 

CCL3, IL1B, CD14 

lymphocyte chemotaxis <0.000 CCL3, CCL4, CCL6 

monocyte chemotaxis <0.000 CCL3, CCL4, CCL6 

antigen processing and presentation <0.000 H2-EB1, H2-AA, H2-AB1 

chemokine-mediated signaling pathway <0.000 CCL3, CCL4, CCL6 

positive regulation of tumor necrosis 

factor production 
<0.000 

CCL3, CCL4, CD14 

positive regulation of inflammatory 

response 
<0.000 

CCL3, CCL4, CCL6 

cell chemotaxis 0.001 CCL3, CCL4, CCL6 

cellular response to interleukin-1 0.001 CCL3, CCL4, CCL6 

immune system process 0.001 H2-EB1, H2-AA, H2-AB1, CD14 

cellular response to tumor necrosis 

factor 
0.001 

CCL3, CCL4, CCL6 

chemotaxis 0.001 CCL3, CCL4, CCL6 

antigen processing and presentation of 

peptide antigen 
0.002 

H2-AA, H2-AB1 

positive regulation of GTPase activity 0.002 CCL3, CCL4, CCL6 

positive regulation of natural killer cell 0.003 CCL3, CCL4 
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chemotaxis 

cell wall macromolecule catabolic 

process 
0.005 

LYZ2, LYZ1 

negative regulation by host of viral 

transcription 
0.006 

CCL3, CCL4 

leukocyte chemotaxis 0.011 CCL3, CCL4 

positive regulation of calcium-mediated 

signaling 
0.012 

CCL3, CCL4 

cytolysis 0.012 LYZ2, LYZ1 

response to interferon-gamma 0.013 H2-EB1, H2-AA 

positive regulation of calcium ion 

transport 
0.015 

CCL3, CCL4 

protein kinase B signaling 0.019 CCL3, IL1B 

negative regulation of T cell 

proliferation 
0.020 

H2-AA, H2-AB1 

positive regulation of interferon-gamma 

production 
0.026 

IL1B, CD14 

defense response to Gram-negative 

bacterium 
0.028 

LYZ2, LYZ1 

MAPK cascade 0.034 CCL3, IL1B 

positive regulation of neuron apoptotic 

process 
0.034 

CCL3, IL1B 

cellular response to organic cyclic 

compound 
0.037 

CCL3, IL1B 

cellular response to drug 0.037 IL1B, CCL4 

response to toxic substance 0.042 CCL3, CCL4 

defense response to Gram-positive 

bacterium 
0.045 

LYZ2, LYZ1 

Supplemental table 1: GO analysis using the annotation information of the top 10 genes 

characteristically expressed in each group.  

The functional annotation of DAVID version 6.8 was performed to search for GO Terms in each 

group. GO Terms with p-values less than 0.050 in the GOTERM_BP_DIRECT category were 

extracted.  
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Group Gene symbol Gene name Predicted cell type 

0-2-4 

Cxcr6 chemokine (C-X-C motif) receptor 6 

(Cxcr6)  
H

S
C

s 

Ctla2a cytotoxic T lymphocyte-associated 

protein 2 alpha (Ctla2a)  

Dgat1 diacylglycerol O-acyltransferase 1 

(Dgat1)  

Emb embigin (Emb)  

Il2rb interleukin 2 receptor, beta chain (Il2rb)  

Neurl3 neuralized E3 ubiquitin protein ligase 3 

(Neurl3)  

Ramp3 receptor (calcitonin) activity modifying 

protein 3 (Ramp3)  

Thy1 thymus cell antigen 1, theta (Thy1)  

Zc3hav1 zinc finger CCCH type, antiviral 1 

(Zc3hav1)  

D16Ertd472e DNA segment, Chr 16, ERATO Doi 472, 

expressed (D16Ertd472e)  

Cd3e CD3 antigen, epsilon polypeptide (Cd3e)  

Gimap3 GTPase, IMAP family member 3 

(Gimap3)  

Ccl5 chemokine (C-C motif) ligand 5 (Ccl5)  

Rnf125 ring finger protein 125 (Rnf125)  

Serpinb9 serine (or cysteine) peptidase inhibitor, 

clade B, member 9 (Serpinb9)  

Vps37b vacuolar protein sorting 37B (Vps37b)  

Gimap4 GTPase, IMAP family member 4 

(Gimap4)  

Ms4a4b membrane-spanning 4-domains, 

subfamily A, member 4B (Ms4a4b)  

Nkg7 natural killer cell group 7 sequence 

(Nkg7)  

Btg2 B cell translocation gene 2, anti-

proliferative (Btg2)  

Id2 inhibitor of DNA binding 2 (Id2)  
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Tnp2 transition protein 2 (Tnp2)  

MT-Atp6 ATP synthase F0 subunit 6 (ATP6, MT-

Atp6)  

MT-Co1 cytochrome c oxidase subunit I (COX1, 

MT-Co1)  

MT-Cytb cytochrome b (CYTB, MT-Cytb)  

MT-Nd1 NADH dehydrogenase subunit 1 (ND1, 

MT-Nd1)  

MT-Nd4 NADH dehydrogenase subunit 4 (ND4, 

MT-Nd4)  

MT-Rnr1 s-rRNA (Rnr1)  

MT-Rnr2 16S ribosomal RNA (Rnr2, MT-Rnr1)  

1-3-5 

Clec3b C-type lectin domain family 3, member b 

(Clec3b)  

A
S

C
s 

Dpep1 dipeptidase 1 (renal) (Dpep1)  

Fn1 fibronectin 1 (Fn1)  

Fstl1 follistatin-like 1 (Fstl1)  

Gsn gelsolin (Gsn)  

Gpx3 glutathione peroxidase 3 (Gpx3)  

Hp haptoglobin (Hp)  

Pi16 peptidase inhibitor 16 (Pi16)  

Tnfaip2 tumor necrosis factor, alpha-induced 

protein 2 (Tnfaip2)  

Ppap2b phosphatidic acid phosphatase type 2B 

(Ppap2b)  

Htra3 HtrA serine peptidase 3 (Htra3)  

Bgn biglycan (Bgn)  

Cxcl1 chemokine (C-X-C motif) ligand 1 

(Cxcl1)  

Col6a1 collagen, type VI, alpha 1 (Col6a1)  

Gfpt2 glutamine fructose-6-phosphate 

transaminase 2 (Gfpt2)  

Mt2 metallothionein 2 (Mt2)  

Sult1e1 sulfotransferase family 1E, member 1 

(Sult1e1)  
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Gm9780 predicted gene 9780 (Gm9780)  

Cebpd CCAAT/enhancer binding protein 

(C/EBP), delta (Cebpd)  

Sparcl1 SPARC-like 1 (Sparcl1)  

Agt angiotensinogen (serpin peptidase 

inhibitor, clade A, member 8) (Agt)  

Col1a2 collagen, type I, alpha 2 (Col1a2)  

Egfr epidermal growth factor receptor (Egfr)  

Inmt indolethylamine N-methyltransferase 

(Inmt)  

Mmp14 matrix metallopeptidase 14 (membrane-

inserted) (Mmp14)  

Mmp2 matrix metallopeptidase 2 (Mmp2)  

Nid1 nidogen 1 (Nid1)  

Serpine1 serine (or cysteine) peptidase inhibitor, 

clade E, member 1 (Serpine1)  

6 

Fabp9 fatty acid binding protein 9, testis 

(Fabp9)  

S
p

erm
s 

Ldhc lactate dehydrogenase C (Ldhc)  

Gm3417 predicted gene 3417 (Gm3417)  

Gm3448 predicted gene 3448 (Gm3448)  

Tcte3 t-complex-associated testis expressed 3 

(Tcte3)  

Tuba3a tubulin, alpha 3A (Tuba3a)  

Tuba3b tubulin, alpha 3B (Tuba3b)  

Fhl4 four and a half LIM domains 4 (Fhl4)  

Rbakdn RB-associated KRAB zinc finger 

downstream neighbor (non-protein 

coding) (Rbakdn)  

Spata4 spermatogenesis associated 4 (Spata4)  

7 

Nkain4 Na+/K+ transporting ATPase 

interacting 4 (Nkain4)  

S
erto

li 

cells Clu clusterin (Clu)  

Cfb complement factor B (Cfb)  
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Csrp2 cysteine and glycine-rich protein 2 

(Csrp2)  

Enpp2 ectonucleotide 

pyrophosphatase/phosphodiesterase 2 

(Enpp2)  

Fgf1 fibroblast growth factor 1 (Fgf1)  

Gas6 growth arrest specific 6 (Gas6)  

Slpi secretory leukocyte peptidase inhibitor 

(Slpi)  

Tmem119 transmembrane protein 119 (Tmem119)  

Upk1b uroplakin 1B (Upk1b)  

8 

Cd74 CD74 antigen (invariant polypeptide of 

major histocompatibility complex, class 

II antigen-associated) (Cd74)  

B
 cells 

Cd79a CD79A antigen (immunoglobulin-

associated alpha) (Cd79a)  

Cd79b CD79B antigen (Cd79b)  

Pou2af1 POU domain, class 2, associating factor 

1 (Pou2af1)  

Ctss cathepsin S (Ctss)  

H2-Ab1 histocompatibility 2, class II antigen A, 

beta 1 (H2-Ab1)  

Herpud1 homocysteine-inducible, endoplasmic 

reticulum stress-inducible, ubiquitin-like 

domain member 1 (Herpud1)  

Ly6d lymphocyte antigen 6 complex, locus D 

(Ly6d)  

Mzb1 marginal zone B and B1 cell-specific 

protein 1 (Mzb1)  

Igj immunoglobulin joining chain (Jchain, 

Igj)  

9 

Fcer1a Fc receptor, IgE, high affinity I, alpha 

polypeptide (Fcer1a)  

M
ast 

cells 

Gata2 GATA binding protein 2 (Gata2)  
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Mrgprb1 MAS-related GPR, member B1 

(Mrgprb1)  

Cpa3 carboxypeptidase A3, mast cell (Cpa3)  

Cma1 chymase 1, mast cell (Cma1)  

Cma2 chymase 2, mast cell (Cma2)  

Csf2rb colony stimulating factor 2 receptor, 

beta, low-affinity (granulocyte-

macrophage) (Csf2rb)  

Hdc histidine decarboxylase (Hdc)  

Mcpt4 mast cell protease 4 (Mcpt4)  

Tpsb2 tryptase beta 2 (Tpsb2)  

10 

Cd14 CD14 antigen (Cd14)  

M
acro

p
h

ag
es 

Ccl3 chemokine (C-C motif) ligand 3 (Ccl3)  

Ccl4 chemokine (C-C motif) ligand 4 (Ccl4)  

Ccl6 chemokine (C-C motif) ligand 6 (Ccl6)  

H2-Aa histocompatibility 2, class II antigen A, 

alpha (H2-Aa)  

H2-Ab1 histocompatibility 2, class II antigen A, 

beta 1 (H2-Ab1)  

H2-Eb1 histocompatibility 2, class II antigen E 

beta (H2-Eb1)  

Il1b interleukin 1 beta (Il1b)  

Lyz1 lysozyme 1 (Lyz1)  

Lyz2 lysozyme 2 (Lyz2)  

Supplemental table 2: Predicted cell types and genes characteristically expressed in each 

group. 
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Gene symbol Gene name (from dataset)  
RUNNING 

ES 
＊ 

HMGA1 high mobility group AT-hook 1 [Source: HGNC Symbol; 

Acc: HGNC:5010] 

0.153 Yes 

MTHFR methylenetetrahydrofolate reductase [Source: HGNC 

Symbol; Acc: HGNC:7436] 

0.282 Yes 

POLE3 DNA polymerase epsilon 3, accessory subunit [Source: 

HGNC Symbol; Acc: HGNC:13546] 

0.329 Yes 

AC016586.1 sirtuin 6 [Source: NCBI gene; Acc:51548] 0.426 Yes 

CHRAC1 chromatin accessibility complex subunit 1 [Source: 

HGNC Symbol; Acc: HGNC:13544] 

0.520 Yes 

TPR translocated promoter region, nuclear basket protein 

[Source: HGNC Symbol; Acc: HGNC:12017] 

0.595 Yes 

HP1BP3 heterochromatin protein 1 binding protein 3 [Source: 

HGNC Symbol; Acc: HGNC:24973] 

0.636 Yes 

BAHD1 bromo adjacent homology domain containing 1 [Source: 

HGNC Symbol; Acc: HGNC:29153] 

0.689 Yes 

MECOM MDS1 and EVI1 complex locus [Source: HGNC Symbol; 

Acc: HGNC:3498] 

0.682 Yes 

LOXL2 lysyl oxidase like 2 [Source: HGNC Symbol; Acc: 

HGNC:6666] 

0.717 Yes 

HELLS helicase, lymphoid specific [Source: HGNC Symbol; Acc: 

HGNC:4861] 

0.713 No 

SNAI1 snail family transcriptional repressor 1 [Source: HGNC 

Symbol; Acc: HGNC:11128] 

0.646 No 

CENPV centromere protein V [Source: HGNC Symbol; Acc: 

HGNC:29920] 

0.558 No 

SETD7 SET domain containing 7, histone lysine 

methyltransferase [Source: HGNC Symbol; Acc: 

HGNC:30412] 

0.494 No 

SMCHD1 structural maintenance of chromosomes flexible hinge 

domain containing 1 [Source: HGNC Symbol; Acc: 

HGNC:29090] 

0.482 No 

Supplemental table 3: Genes included in the 

“GO_HETEROCHROMATIN_ORGANIZATION” gene set. 
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When “Yes” is indicated in column of core enrichment gene, it shows that the gene contributed 

to the increase in the absolute enrichment score. RUNNING ES shows the enrichment score at 

that time point. *: core enrichment gene. 
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Gene symbol Gene name (from dataset)  
RUNNING 

ES 
＊ 

COPG1 coatomer protein complex subunit gamma 1 [Source: 

HGNC Symbol; Acc: HGNC:2236] 

0.100 Yes 

KDELR1 KDEL endoplasmic reticulum protein retention receptor 1 

[Source: HGNC Symbol; Acc: HGNC:6304] 

0.214 Yes 

COPB2 coatomer protein complex subunit beta 2 [Source: HGNC 

Symbol; Acc: HGNC:2232] 

0.327 Yes 

COPZ2 coatomer protein complex subunit zeta 2 [Source: HGNC 

Symbol; Acc: HGNC:19356] 

0.394 Yes 

COPB1 coatomer protein complex subunit beta 1 [Source: HGNC 

Symbol; Acc: HGNC:2231] 

0.477 Yes 

COPZ1 coatomer protein complex subunit zeta 1 [Source: HGNC 

Symbol; Acc: HGNC:2243] 

0.547 Yes 

ARCN1 archain 1 [Source: HGNC Symbol; Acc: HGNC:649] 0.618 Yes 

ARFGAP3 ADP ribosylation factor GTPase activating protein 3 

[Source: HGNC Symbol; Acc: HGNC:661] 

0.606 Yes 

TMED7 transmembrane p24 trafficking protein 7 [Source: HGNC 

Symbol; Acc: HGNC:24253] 

0.666 Yes 

COPA coatomer protein complex subunit alpha [Source: HGNC 

Symbol; Acc: HGNC:2230] 

0.639 No 

COPG2 coatomer protein complex subunit gamma 2 [Source: 

HGNC Symbol; Acc: HGNC:2237] 

0.367 No 

TMEM199 transmembrane protein 199 [Source: HGNC Symbol; 

Acc: HGNC:18085] 

0.350 No 

ARFGAP2 ADP ribosylation factor GTPase activating protein 2 

[Source: HGNC Symbol; Acc: HGNC:13504] 

0.282 No 

SCYL1 SCY1 like pseudokinase 1 [Source: HGNC Symbol; Acc: 

HGNC:14372] 

0.242 No 

TMED3 transmembrane p24 trafficking protein 3 [Source: HGNC 

Symbol; Acc: HGNC:28889] 

0.191 No 

COPE coatomer protein complex subunit epsilon [Source: 

HGNC Symbol; Acc: HGNC:2234] 

0.160 No 

Supplemental table 4: Genes included in the 

“GO_COPI_COATED_VESICLE_MEMBRANE” gene set. 
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When “Yes” is indicated in column of core enrichment gene, it shows that the gene contributed 

to the increase in the absolute enrichment score. RUNNING ES shows the enrichment score at 

that time point. *: core enrichment gene. 
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Gene symbol Gene name (from dataset)  
RUNNING 

ES 
＊ 

HDAC5 histone deacetylase 5 [Source: HGNC Symbol; Acc: 

HGNC:14068] 

0.146 Yes 

HDAC1 histone deacetylase 1 [Source: HGNC Symbol; Acc: 

HGNC:4852] 

0.251 Yes 

HDAC6 histone deacetylase 6 [Source: HGNC Symbol; Acc: 

HGNC:14064] 

0.239 Yes 

AC016586.1 sirtuin 6 [Source: NCBI gene; Acc:51548] 0.293 Yes 

SIRT7 sirtuin 7 [Source: HGNC Symbol; Acc: HGNC:14935] 0.348 Yes 

HDAC8 histone deacetylase 8 [Source: HGNC Symbol; Acc: 

HGNC:13315] 

0.416 Yes 

AC129492.1 period circadian regulator 1 [Source: NCBI gene; 

Acc:5187] 

0.467 Yes 

HDAC9 histone deacetylase 9 [Source: HGNC Symbol; Acc: 

HGNC:14065] 

0.455 Yes 

HDAC2 histone deacetylase 2 [Source: HGNC Symbol; Acc: 

HGNC:4853] 

0.491 Yes 

HDAC4 histone deacetylase 4 [Source: HGNC Symbol; Acc: 

HGNC:14063] 

0.531 Yes 

SIRT2 sirtuin 2 [Source: HGNC Symbol; Acc: HGNC:10886] 0.567 Yes 

ELK4 ETS transcription factor ELK4 [Source: HGNC Symbol; 

Acc: HGNC:3326] 

0.577 Yes 

ATXN3L ataxin 3 like [Source: HGNC Symbol; Acc: 

HGNC:24173] 

0.592 Yes 

SIRT1 sirtuin 1 [Source: HGNC Symbol; Acc: HGNC:14929] 0.607 Yes 

SFPQ splicing factor proline and glutamine rich [Source: 

HGNC Symbol; Acc: HGNC:10774] 

0.611 Yes 

HDAC3 histone deacetylase 3 [Source: HGNC Symbol; Acc: 

HGNC:4854] 

0.581 No 

HDAC11 histone deacetylase 11 [Source: HGNC Symbol; Acc: 

HGNC:19086] 

0.383 No 

SMARCAD1 SWI/SNF-related, matrix-associated actin-dependent 

regulator of chromatin, subfamily a, containing DEAD/H 

box 1 [Source: HGNC Symbol; Acc: HGNC:18398] 

0.309 No 
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PER2 period circadian regulator 2 [Source: HGNC Symbol; 

Acc: HGNC:8846] 

0.269 No 

HDAC7 histone deacetylase 7 [Source: HGNC Symbol; Acc: 

HGNC:14067] 

0.071 No 

Supplemental table 5: Genes included in the “GO_HISTONE_H3_DEACETYLATION” 

gene set. 

When “Yes” is indicated in column of core enrichment gene, it shows that the gene contributed 

to the increase in the absolute enrichment score. RUNNING ES shows the enrichment score at 

that time point. *: core enrichment gene. 
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Gene symbol Gene name (from dataset)  
RUNNING 

ES 
＊ 

ABCA6 ATP binding cassette subfamily A member 6 [Source: 

HGNC Symbol; Acc: HGNC:36] 

0.132 Yes 

HDAC1 histone deacetylase 1 [Source: HGNC Symbol; Acc: 

HGNC:4852] 

0.260 Yes 

SOD2 superoxide dismutase 2 [Source: HGNC Symbol; Acc: 

HGNC:11180] 

0.320 Yes 

SIRT3 sirtuin 3 [Source: HGNC Symbol; Acc: HGNC:14931] 0.360 Yes 

FOXO4 forkhead box O4 [Source: HGNC Symbol; Acc: 

HGNC:7139] 

0.430 Yes 

FOXO3 forkhead box O3 [Source: HGNC Symbol; Acc: 

HGNC:3821] 

0.503 Yes 

FOXO1 forkhead box O1 [Source: HGNC Symbol; Acc: 

HGNC:3819] 

0.547 Yes 

NR3C1 nuclear receptor subfamily 3 group C member 1 [Source: 

HGNC Symbol; Acc: HGNC:7978] 

0.591 Yes 

G6PC glucose-6-phosphatase catalytic subunit [Source: HGNC 

Symbol; Acc: HGNC:4056] 

0.600 Yes 

HDAC2 histone deacetylase 2 [Source: HGNC Symbol; Acc: 

HGNC:4853] 

0.649 Yes 

SMAD3 SMAD family member 3 [Source: HGNC Symbol; Acc: 

HGNC:6769] 

0.666 Yes 

CAT catalase [Source: HGNC Symbol; Acc: HGNC:1516] 0.606 No 

POMC proopiomelanocortin [Source: HGNC Symbol; Acc: 

HGNC:9201] 

0.565 No 

SMAD2 SMAD family member 2 [Source: HGNC Symbol; Acc: 

HGNC:6768] 

0.519 No 

SMAD4 SMAD family member 4 [Source: HGNC Symbol; Acc: 

HGNC:6770] 

0.519 No 

PPARGC1A PPARG coactivator 1 alpha [Source: HGNC Symbol; 

Acc: HGNC:9237] 

0.492 No 

FOXO6 forkhead box O6 [Source: HGNC Symbol; Acc: 

HGNC:24814] 

0.489 No 

RETN resistin [Source: HGNC Symbol; Acc: HGNC:20389] 0.357 No 
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PLXNA4 plexin A4 [Source: HGNC Symbol; Acc: HGNC:9102] 0.352 No 

TRIM63 tripartite motif containing 63 [Source: HGNC Symbol; 

Acc: HGNC:16007] 

0.313 No 

SIN3A SIN3 transcription regulator family member A [Source: 

HGNC Symbol; Acc: HGNC:19353] 

0.227 No 

SREBF1 sterol regulatory element binding transcription factor 1 

[Source: HGNC Symbol; Acc: HGNC:11289] 

0.178 No 

Supplemental table 6: Genes included in the 

“REACTOME_FOXO_MEDIATED_TRANSCRIPTION_OF_OXIDATIVE_STRESS_M

ETABOLIC_AND_NEURONAL_GENES” gene set. 

When “Yes” is indicated in column of core enrichment gene, it shows that the gene contributed 

to the increase in the absolute enrichment score. RUNNING ES shows the enrichment score at 

that time point. *: core enrichment gene. 
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Gene symbol Gene name (from dataset)  
RUNNING 

ES 
＊ 

MRPL23 mitochondrial ribosomal protein L23 [Source: HGNC 

Symbol; Acc: HGNC:10322] 

-0.022 No 

MRPL4 mitochondrial ribosomal protein L4 [Source: HGNC 

Symbol; Acc: HGNC:14276] 

-0.022 No 

MRPS18B mitochondrial ribosomal protein S18B [Source: HGNC 

Symbol; Acc: HGNC:14516] 

-0.020 No 

MRPS24 mitochondrial ribosomal protein S24 [Source: HGNC 

Symbol; Acc: HGNC:14510] 

-0.014 No 

MRPS9 mitochondrial ribosomal protein S9 [Source: HGNC 

Symbol; Acc: HGNC:14501] 

-0.034 No 

MRPS18C mitochondrial ribosomal protein S18C [Source: HGNC 

Symbol; Acc: HGNC:16633] 

-0.033 No 

MRPL24 mitochondrial ribosomal protein L24 [Source: HGNC 

Symbol; Acc: HGNC:14037] 

-0.039 No 

MRPS12 mitochondrial ribosomal protein S12 [Source: HGNC 

Symbol; Acc: HGNC:10380] 

-0.047 No 

MRPL11 mitochondrial ribosomal protein L11 [Source: HGNC 

Symbol; Acc: HGNC:14042] 

-0.047 No 

MRPS2 mitochondrial ribosomal protein S2 [Source: HGNC 

Symbol; Acc: HGNC:14495] 

-0.053 No 

MRPS25 mitochondrial ribosomal protein S25 [Source: HGNC 

Symbol; Acc: HGNC:14511] 

-0.050 No 

MRPL12 mitochondrial ribosomal protein L12 [Source: HGNC 

Symbol; Acc: HGNC:10378] 

-0.044 No 

MRPS17 mitochondrial ribosomal protein S17 [Source: HGNC 

Symbol; Acc: HGNC:14047] 

-0.042 No 

MRPS35 mitochondrial ribosomal protein S35 [Source: HGNC 

Symbol; Acc: HGNC:16635] 

-0.045 No 

RPL3 ribosomal protein L3 [Source: HGNC Symbol; Acc: 

HGNC:10332] 

-0.060 No 

MRPS6 mitochondrial ribosomal protein S6 [Source: HGNC 

Symbol; Acc: HGNC:14051] 

-0.059 No 

MRPS36 mitochondrial ribosomal protein S36 [Source: HGNC 

Symbol; Acc: HGNC:16631] 

-0.054 No 
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MRPL32 mitochondrial ribosomal protein L32 [Source: HGNC 

Symbol; Acc: HGNC:14035] 

-0.085 No 

NDUFA7 NADH: ubiquinone oxidoreductase subunit A7 [Source: 

HGNC Symbol; Acc: HGNC:7691] 

-0.095 No 

MRPS30 mitochondrial ribosomal protein S30 [Source: HGNC 

Symbol; Acc: HGNC:8769] 

-0.093 No 

MRPL15 mitochondrial ribosomal protein L15 [Source: HGNC 

Symbol; Acc: HGNC:14054] 

-0.113 No 

MRPL35 mitochondrial ribosomal protein L35 [Source: HGNC 

Symbol; Acc: HGNC:14489] 

-0.118 No 

MRPS18A mitochondrial ribosomal protein S18A [Source: HGNC 

Symbol; Acc: HGNC:14515] 

-0.117 No 

MRPL13 mitochondrial ribosomal protein L13 [Source: HGNC 

Symbol; Acc: HGNC:14278] 

-0.151 No 

MRPL17 mitochondrial ribosomal protein L17 [Source: HGNC 

Symbol; Acc: HGNC:14053] 

-0.151 No 

RPL7L1 ribosomal protein L7 like 1 [Source: HGNC Symbol; 

Acc: HGNC:21370] 

-0.151 No 

MRPS22 mitochondrial ribosomal protein S22 [Source: HGNC 

Symbol; Acc: HGNC:14508] 

-0.160 No 

MRPL30 mitochondrial ribosomal protein L30 [Source: HGNC 

Symbol; Acc: HGNC:14036] 

-0.163 No 

MRPL3 mitochondrial ribosomal protein L3 [Source: HGNC 

Symbol; Acc: HGNC:10379] 

-0.196 No 

MRPL2 mitochondrial ribosomal protein L2 [Source: HGNC 

Symbol; Acc: HGNC:14056] 

-0.196 No 

MRPS7 mitochondrial ribosomal protein S7 [Source: HGNC 

Symbol; Acc: HGNC:14499] 

-0.198 No 

MRPS5 mitochondrial ribosomal protein S5 [Source: HGNC 

Symbol; Acc: HGNC:14498] 

-0.198 No 

MRPL18 mitochondrial ribosomal protein L18 [Source: HGNC 

Symbol; Acc: HGNC:14477] 

-0.340 No 

MRPL16 mitochondrial ribosomal protein L16 [Source: HGNC 

Symbol; Acc: HGNC:14476] 

-0.340 No 

MRPL28 mitochondrial ribosomal protein L28 [Source: HGNC 

Symbol; Acc: HGNC:14484] 

-0.341 No 



119 

 

MRPL22 mitochondrial ribosomal protein L22 [Source: HGNC 

Symbol; Acc: HGNC:14480] 

-0.341 No 

MRPL36 mitochondrial ribosomal protein L36 [Source: HGNC 

Symbol; Acc: HGNC:14490] 

-0.342 No 

MRPL37 mitochondrial ribosomal protein L37 [Source: HGNC 

Symbol; Acc: HGNC:14034] 

-0.342 No 

MRPL34 mitochondrial ribosomal protein L34 [Source: HGNC 

Symbol; Acc: HGNC:14488] 

-0.342 No 

MRPL41 mitochondrial ribosomal protein L41 [Source: HGNC 

Symbol; Acc: HGNC:14492] 

-0.343 No 

MRPL42 mitochondrial ribosomal protein L42 [Source: HGNC 

Symbol; Acc: HGNC:14493] 

-0.343 No 

MRPL49 mitochondrial ribosomal protein L49 [Source: HGNC 

Symbol; Acc: HGNC:1176] 

-0.343 No 

MRPL47 mitochondrial ribosomal protein L47 [Source: HGNC 

Symbol; Acc: HGNC:16652] 

-0.343 No 

MRPL57 mitochondrial ribosomal protein L57 [Source: HGNC 

Symbol; Acc: HGNC:14514] 

-0.344 No 

MRPL55 mitochondrial ribosomal protein L55 [Source: HGNC 

Symbol; Acc: HGNC:16686] 

-0.344 No 

MRPS16 mitochondrial ribosomal protein S16 [Source: HGNC 

Symbol; Acc: HGNC:14048] 

-0.373 No 

MRPS34 mitochondrial ribosomal protein S34 [Source: HGNC 

Symbol; Acc: HGNC:16618] 

-0.373 No 

SRBD1 S1 RNA binding domain 1 [Source: HGNC Symbol; Acc: 

HGNC:25521] 

-0.471 No 

MRPS21 mitochondrial ribosomal protein S21 [Source: HGNC 

Symbol; Acc: HGNC:14046] 

-0.577 No 

RPL4 ribosomal protein L4 [Source: HGNC Symbol; Acc: 

HGNC:10353] 

-0.594 No 

MRPL43 mitochondrial ribosomal protein L43 [Source: HGNC 

Symbol; Acc: HGNC:14517] 

-0.595 No 

RSL24D1 ribosomal L24 domain containing 1 [Source: HGNC 

Symbol; Acc: HGNC:18479] 

-0.618 No 

MRPL9 mitochondrial ribosomal protein L9 [Source: HGNC 

Symbol; Acc: HGNC:14277] 

-0.617 No 
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RPS7 ribosomal protein S7 [Source: HGNC Symbol; Acc: 

HGNC:10440] 

-0.625 No 

MRPS14 mitochondrial ribosomal protein S14 [Source: HGNC 

Symbol; Acc: HGNC:14049] 

-0.627 No 

RPL22 ribosomal protein L22 [Source: HGNC Symbol; Acc: 

HGNC:10315] 

-0.627 No 

MRPL27 mitochondrial ribosomal protein L27 [Source: HGNC 

Symbol; Acc: HGNC:14483] 

-0.645 No 

MRPL52 mitochondrial ribosomal protein L52 [Source: HGNC 

Symbol; Acc: HGNC:16655] 

-0.648 No 

MRPL21 mitochondrial ribosomal protein L21 [Source: HGNC 

Symbol; Acc: HGNC:14479] 

-0.650 No 

RPL21 ribosomal protein L21 [Source: HGNC Symbol; Acc: 

HGNC:10313] 

-0.658 No 

MRPL1 mitochondrial ribosomal protein L1 [Source: HGNC 

Symbol; Acc: HGNC:14275] 

-0.657 No 

RPL38 ribosomal protein L38 [Source: HGNC Symbol; Acc: 

HGNC:10349] 

-0.655 No 

RPL12 ribosomal protein L12 [Source: HGNC Symbol; Acc: 

HGNC:10302] 

-0.664 No 

MRPS33 mitochondrial ribosomal protein S33 [Source: HGNC 

Symbol; Acc: HGNC:16634] 

-0.658 No 

MRPS11 mitochondrial ribosomal protein S11 [Source: HGNC 

Symbol; Acc: HGNC:14050] 

-0.657 No 

MRPS15 mitochondrial ribosomal protein S15 [Source: HGNC 

Symbol; Acc: HGNC:14504] 

-0.651 No 

MRPS31 mitochondrial ribosomal protein S31 [Source: HGNC 

Symbol; Acc: HGNC:16632] 

-0.651 No 

MRPL54 mitochondrial ribosomal protein L54 [Source: HGNC 

Symbol; Acc: HGNC:16685] 

-0.654 No 

MRPL10 mitochondrial ribosomal protein L10 [Source: HGNC 

Symbol; Acc: HGNC:14055] 

-0.671 Yes 

MRPL19 mitochondrial ribosomal protein L19 [Source: HGNC 

Symbol; Acc: HGNC:14052] 

-0.667 Yes 

RPS27L ribosomal protein S27 like [Source: HGNC Symbol; Acc: 

HGNC:18476] 

-0.660 Yes 
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DAP3 death associated protein 3 [Source: HGNC Symbol; Acc: 

HGNC:2673] 

-0.657 Yes 

RPL23A ribosomal protein L23a [Source: HGNC Symbol; Acc: 

HGNC:10317] 

-0.653 Yes 

RPL35 ribosomal protein L35 [Source: HGNC Symbol; Acc: 

HGNC:10344] 

-0.654 Yes 

RPL39 ribosomal protein L39 [Source: HGNC Symbol; Acc: 

HGNC:10350] 

-0.648 Yes 

RPL36 ribosomal protein L36 [Source: HGNC Symbol; Acc: 

HGNC:13631] 

-0.645 Yes 

AC004086.1 ribosomal protein L6 [Source: NCBI gene; Acc:6128] -0.641 Yes 

RPL14 ribosomal protein L14 [Source: HGNC Symbol; Acc: 

HGNC:10305] 

-0.631 Yes 

RPL11 ribosomal protein L11 [Source: HGNC Symbol; Acc: 

HGNC:10301] 

-0.622 Yes 

RPL15 ribosomal protein L15 [Source: HGNC Symbol; Acc: 

HGNC:10306] 

-0.615 Yes 

MRPL20 mitochondrial ribosomal protein L20 [Source: HGNC 

Symbol; Acc: HGNC:14478] 

-0.607 Yes 

RPS3 ribosomal protein S3 [Source: HGNC Symbol; Acc: 

HGNC:10420] 

-0.599 Yes 

RPL29 ribosomal protein L29 [Source: HGNC Symbol; Acc: 

HGNC:10331] 

-0.590 Yes 

MRPL51 mitochondrial ribosomal protein L51 [Source: HGNC 

Symbol; Acc: HGNC:14044] 

-0.581 Yes 

RPL28 ribosomal protein L28 [Source: HGNC Symbol; Acc: 

HGNC:10330] 

-0.574 Yes 

RPL19 ribosomal protein L19 [Source: HGNC Symbol; Acc: 

HGNC:10312] 

-0.568 Yes 

RPL18 ribosomal protein L18 [Source: HGNC Symbol; Acc: 

HGNC:10310] 

-0.558 Yes 

RPS5 ribosomal protein S5 [Source: HGNC Symbol; Acc: 

HGNC:10426] 

-0.553 Yes 

RPL30 ribosomal protein L30 [Source: HGNC Symbol; Acc: 

HGNC:10333] 

-0.540 Yes 
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RPL22L1 ribosomal protein L22 like 1 [Source: HGNC Symbol; 

Acc: HGNC:27610] 

-0.528 Yes 

RPS28 ribosomal protein S28 [Source: HGNC Symbol; Acc: 

HGNC:10418] 

-0.515 Yes 

RPL10A ribosomal protein L10a [Source: HGNC Symbol; Acc: 

HGNC:10299] 

-0.501 Yes 

MRPL33 mitochondrial ribosomal protein L33 [Source: HGNC 

Symbol; Acc: HGNC:14487] 

-0.488 Yes 

RPS17 ribosomal protein S17 [Source: HGNC Symbol; Acc: 

HGNC:10397] 

-0.475 Yes 

RPL24 ribosomal protein L24 [Source: HGNC Symbol; Acc: 

HGNC:10325] 

-0.461 Yes 

RPS26 ribosomal protein S26 [Source: HGNC Symbol; Acc: 

HGNC:10414] 

-0.447 Yes 

RPL36A ribosomal protein L36a [Source: HGNC Symbol; Acc: 

HGNC:10359] 

-0.433 Yes 

RPS19 ribosomal protein S19 [Source: HGNC Symbol; Acc: 

HGNC:10402] 

-0.419 Yes 

RPL8 ribosomal protein L8 [Source: HGNC Symbol; Acc: 

HGNC:10368] 

-0.405 Yes 

RPS13 ribosomal protein S13 [Source: HGNC Symbol; Acc: 

HGNC:10386] 

-0.390 Yes 

RPS11 ribosomal protein S11 [Source: HGNC Symbol; Acc: 

HGNC:10384] 

-0.376 Yes 

RPS15A ribosomal protein S15a [Source: HGNC Symbol; Acc: 

HGNC:10389] 

-0.359 Yes 

RPS27 ribosomal protein S27 [Source: HGNC Symbol; Acc: 

HGNC:10416] 

-0.343 Yes 

MRPL14 mitochondrial ribosomal protein L14 [Source: HGNC 

Symbol; Acc: HGNC:14279] 

-0.325 Yes 

RPS9 ribosomal protein S9 [Source: HGNC Symbol; Acc: 

HGNC:10442] 

-0.308 Yes 

RPS14 ribosomal protein S14 [Source: HGNC Symbol; Acc: 

HGNC:10387] 

-0.291 Yes 

RPL10L ribosomal protein L10 like [Source: HGNC Symbol; Acc: 

HGNC:17976] 

-0.273 Yes 
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RPS24 ribosomal protein S24 [Source: HGNC Symbol; Acc: 

HGNC:10411] 

-0.256 Yes 

RPS23 ribosomal protein S23 [Source: HGNC Symbol; Acc: 

HGNC:10410] 

-0.238 Yes 

RPS15 ribosomal protein S15 [Source: HGNC Symbol; Acc: 

HGNC:10388] 

-0.219 Yes 

RPL35A ribosomal protein L35a [Source: HGNC Symbol; Acc: 

HGNC:10345] 

-0.198 Yes 

RPL13 ribosomal protein L13 [Source: HGNC Symbol; Acc: 

HGNC:10303] 

-0.176 Yes 

RPS4X ribosomal protein S4 X-linked [Source: HGNC Symbol; 

Acc: HGNC:10424] 

-0.154 Yes 

RPS16 ribosomal protein S16 [Source: HGNC Symbol; Acc: 

HGNC:10396] 

-0.132 Yes 

RPLP2 ribosomal protein lateral stalk subunit P2 [Source: 

HGNC Symbol; Acc: HGNC:10377] 

-0.109 Yes 

RPL37A ribosomal protein L37a [Source: HGNC Symbol; Acc: 

HGNC:10348] 

-0.084 Yes 

RPLP1 ribosomal protein lateral stalk subunit P1 [Source: 

HGNC Symbol; Acc: HGNC:10372] 

-0.058 Yes 

MRPL46 mitochondrial ribosomal protein L46 [Source: HGNC 

Symbol; Acc: HGNC:1192] 

-0.030 Yes 

RPS21 ribosomal protein S21 [Source: HGNC Symbol; Acc: 

HGNC:10409] 

0.000 Yes 

Supplemental table 7: Genes included in the 

“GO_STRUCTURAL_CONSTITUENT_OF_RIBOSOME” gene set. 

When “Yes” is indicated in column of core enrichment gene, it shows that the gene contributed 

to the increase in the absolute enrichment score. RUNNING ES shows the enrichment score at 

that time point. *: core enrichment gene. 

  



124 

 

Gene symbol Gene name (from dataset)  
RUNNING 

ES 
＊ 

APOD apolipoprotein D [Source: HGNC Symbol; Acc: 

HGNC:612] 

0.007 No 

EIF2AK3 eukaryotic translation initiation factor 2 alpha kinase 3 

[Source: HGNC Symbol; Acc: HGNC:3255] 

-0.090 No 

RPL3 ribosomal protein L3 [Source: HGNC Symbol; Acc: 

HGNC:10332] 

-0.125 No 

SURF6 surfeit 6 [Source: HGNC Symbol; Acc: HGNC:11478] -0.144 No 

MCTS1 MCTS1 re-initiation and release factor [Source: HGNC 

Symbol; Acc: HGNC:23357] 

-0.185 No 

EIF2AK4 eukaryotic translation initiation factor 2 alpha kinase 4 

[Source: HGNC Symbol; Acc: HGNC:19687] 

-0.197 No 

HBA2 hemoglobin subunit alpha 2 [Source: HGNC Symbol; 

Acc: HGNC:4824] 

-0.211 No 

RPL7L1 ribosomal protein L7 like 1 [Source: HGNC Symbol; 

Acc: HGNC:21370] 

-0.235 No 

EIF2D eukaryotic translation initiation factor 2D [Source: 

HGNC Symbol; Acc: HGNC:6583] 

-0.306 No 

EIF2A eukaryotic translation initiation factor 2A [Source: 

HGNC Symbol; Acc: HGNC:3254] 

-0.306 No 

PPARGC1A PPARG coactivator 1 alpha [Source: HGNC Symbol; 

Acc: HGNC:9237] 

-0.374 No 

HBA1 hemoglobin subunit alpha 1 [Source: HGNC Symbol; 

Acc: HGNC:4823] 

-0.433 No 

GEMIN5 gem nuclear organelle associated protein 5 [Source: 

HGNC Symbol; Acc: HGNC:20043] 

-0.632 No 

ZNF622 zinc finger protein 622 [Source: HGNC Symbol; Acc: 

HGNC:30958] 

-0.671 No 

RPL4 ribosomal protein L4 [Source: HGNC Symbol; Acc: 

HGNC:10353] 

-0.676 No 

RSL24D1 ribosomal L24 domain containing 1 [Source: HGNC 

Symbol; Acc: HGNC:18479] 

-0.702 No 

RPS7 ribosomal protein S7 [Source: HGNC Symbol; Acc: 

HGNC:10440] 

-0.711 No 
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RPL22 ribosomal protein L22 [Source: HGNC Symbol; Acc: 

HGNC:10315] 

-0.717 No 

NUFIP1 nuclear FMR1 interacting protein 1 [Source: HGNC 

Symbol; Acc: HGNC:8057] 

-0.739 No 

FXR2 FMR1 autosomal homolog 2 [Source: HGNC Symbol; 

Acc: HGNC:4024] 

-0.738 No 

RPL21 ribosomal protein L21 [Source: HGNC Symbol; Acc: 

HGNC:10313] 

-0.748 No 

MRPL1 mitochondrial ribosomal protein L1 [Source: HGNC 

Symbol; Acc: HGNC:14275] 

-0.746 No 

RPL38 ribosomal protein L38 [Source: HGNC Symbol; Acc: 

HGNC:10349] 

-0.742 No 

LARP4 La ribonucleoprotein domain family member 4 [Source: 

HGNC Symbol; Acc: HGNC:24320] 

-0.742 No 

RPL12 ribosomal protein L12 [Source: HGNC Symbol; Acc: 

HGNC:10302] 

-0.740 No 

EIF4G1 eukaryotic translation initiation factor 4 gamma 1 

[Source: HGNC Symbol; Acc: HGNC:3296] 

-0.755 No 

RPS27L ribosomal protein S27 like [Source: HGNC Symbol; Acc: 

HGNC:18476] 

-0.775 Yes 

RPL23A ribosomal protein L23a [Source: HGNC Symbol; Acc: 

HGNC:10317] 

-0.774 Yes 

DDX3X DEAD-box helicase 3 X-linked [Source: HGNC Symbol; 

Acc: HGNC:2745] 

-0.769 Yes 

RPL35 ribosomal protein L35 [Source: HGNC Symbol; Acc: 

HGNC:10344] 

-0.762 Yes 

RPL39 ribosomal protein L39 [Source: HGNC Symbol; Acc: 

HGNC:10350] 

-0.753 Yes 

RPL36 ribosomal protein L36 [Source: HGNC Symbol; Acc: 

HGNC:13631] 

-0.748 Yes 

EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2 

[Source: HGNC Symbol; Acc: HGNC:9437] 

-0.738 Yes 

AC004086.1 ribosomal protein L6 [Source: NCBI gene; Acc:6128] -0.729 Yes 

RPL14 ribosomal protein L14 [Source: HGNC Symbol; Acc: 

HGNC:10305] 

-0.717 Yes 
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RPL11 ribosomal protein L11 [Source: HGNC Symbol; Acc: 

HGNC:10301] 

-0.705 Yes 

RPL15 ribosomal protein L15 [Source: HGNC Symbol; Acc: 

HGNC:10306] 

-0.695 Yes 

RPS3 ribosomal protein S3 [Source: HGNC Symbol; Acc: 

HGNC:10420] 

-0.687 Yes 

RPL29 ribosomal protein L29 [Source: HGNC Symbol; Acc: 

HGNC:10331] 

-0.675 Yes 

RPL28 ribosomal protein L28 [Source: HGNC Symbol; Acc: 

HGNC:10330] 

-0.666 Yes 

RPL19 ribosomal protein L19 [Source: HGNC Symbol; Acc: 

HGNC:10312] 

-0.657 Yes 

RPL18 ribosomal protein L18 [Source: HGNC Symbol; Acc: 

HGNC:10310] 

-0.643 Yes 

RPS5 ribosomal protein S5 [Source: HGNC Symbol; Acc: 

HGNC:10426] 

-0.636 Yes 

RPL30 ribosomal protein L30 [Source: HGNC Symbol; Acc: 

HGNC:10333] 

-0.619 Yes 

RPL22L1 ribosomal protein L22 like 1 [Source: HGNC Symbol; 

Acc: HGNC:27610] 

-0.603 Yes 

RPS28 ribosomal protein S28 [Source: HGNC Symbol; Acc: 

HGNC:10418] 

-0.586 Yes 

RPL10A ribosomal protein L10a [Source: HGNC Symbol; Acc: 

HGNC:10299] 

-0.569 Yes 

RPS17 ribosomal protein S17 [Source: HGNC Symbol; Acc: 

HGNC:10397] 

-0.552 Yes 

RPL24 ribosomal protein L24 [Source: HGNC Symbol; Acc: 

HGNC:10325] 

-0.534 Yes 

RPS26 ribosomal protein S26 [Source: HGNC Symbol; Acc: 

HGNC:10414] 

-0.517 Yes 

RPL36A ribosomal protein L36a [Source: HGNC Symbol; Acc: 

HGNC:10359] 

-0.498 Yes 

RPS19 ribosomal protein S19 [Source: HGNC Symbol; Acc: 

HGNC:10402] 

-0.480 Yes 

RPL8 ribosomal protein L8 [Source: HGNC Symbol; Acc: 

HGNC:10368] 

-0.462 Yes 
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RPS13 ribosomal protein S13 [Source: HGNC Symbol; Acc: 

HGNC:10386] 

-0.443 Yes 

RPS11 ribosomal protein S11 [Source: HGNC Symbol; Acc: 

HGNC:10384] 

-0.424 Yes 

RPS15A ribosomal protein S15a [Source: HGNC Symbol; Acc: 

HGNC:10389] 

-0.403 Yes 

RPS27 ribosomal protein S27 [Source: HGNC Symbol; Acc: 

HGNC:10416] 

-0.382 Yes 

RPS9 ribosomal protein S9 [Source: HGNC Symbol; Acc: 

HGNC:10442] 

-0.359 Yes 

RPS14 ribosomal protein S14 [Source: HGNC Symbol; Acc: 

HGNC:10387] 

-0.337 Yes 

RPL10L ribosomal protein L10 like [Source: HGNC Symbol; Acc: 

HGNC:17976] 

-0.315 Yes 

RPS24 ribosomal protein S24 [Source: HGNC Symbol; Acc: 

HGNC:10411] 

-0.293 Yes 

RPS23 ribosomal protein S23 [Source: HGNC Symbol; Acc: 

HGNC:10410] 

-0.269 Yes 

RPS15 ribosomal protein S15 [Source: HGNC Symbol; Acc: 

HGNC:10388] 

-0.245 Yes 

RPL35A ribosomal protein L35a [Source: HGNC Symbol; Acc: 

HGNC:10345] 

-0.217 Yes 

RPL13 ribosomal protein L13 [Source: HGNC Symbol; Acc: 

HGNC:10303] 

-0.190 Yes 

RPS4X ribosomal protein S4 X-linked [Source: HGNC Symbol; 

Acc: HGNC:10424] 

-0.162 Yes 

RPS16 ribosomal protein S16 [Source: HGNC Symbol; Acc: 

HGNC:10396] 

-0.133 Yes 

RPLP2 ribosomal protein lateral stalk subunit P2 [Source: 

HGNC Symbol; Acc: HGNC:10377] 

-0.103 Yes 

RPL37A ribosomal protein L37a [Source: HGNC Symbol; Acc: 

HGNC:10348] 

-0.072 Yes 

RPLP1 ribosomal protein lateral stalk subunit P1 [Source: 

HGNC Symbol; Acc: HGNC:10372] 

-0.038 Yes 

RPS21 ribosomal protein S21 [Source: HGNC Symbol; Acc: 

HGNC:10409] 

0.000 Yes 
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Supplemental table 8: Genes included in the “GO_CYTOSOLIC_RIBOSOME” gene set. 

When “Yes” is indicated in column of core enrichment gene, it shows that the gene contributed 

to the increase in the absolute enrichment score. RUNNING ES shows the enrichment score at 

that time point. *: core enrichment gene. 
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Gene symbol Gene name (from dataset)  
RUNNING 

ES 
＊ 

COL28A1 collagen type XXVIII alpha 1 chain [Source: HGNC 

Symbol; Acc: HGNC:22442] 

-0.090 No 

COL4A5 collagen type IV alpha 5 chain [Source: HGNC Symbol; 

Acc: HGNC:2207] 

-0.142 No 

COL16A1 collagen type XVI alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2193] 

-0.152 No 

COL27A1 collagen type XXVII alpha 1 chain [Source: HGNC 

Symbol; Acc: HGNC:22986] 

-0.231 No 

COL8A2 collagen type VIII alpha 2 chain [Source: HGNC 

Symbol; Acc: HGNC:2216] 

-0.359 No 

COL23A1 collagen type XXIII alpha 1 chain [Source: HGNC 

Symbol; Acc: HGNC:22990] 

-0.377 No 

COL11A2 collagen type XI alpha 2 chain [Source: HGNC Symbol; 

Acc: HGNC:2187] 

-0.394 No 

COL12A1 collagen type XII alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2188] 

-0.402 No 

COL4A4 collagen type IV alpha 4 chain [Source: HGNC Symbol; 

Acc: HGNC:2206] 

-0.411 No 

COL14A1 collagen type XIV alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2191] 

-0.615 No 

COL5A1 collagen type V alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2209] 

-0.675 Yes 

COL18A1 collagen type XVIII alpha 1 chain [Source: HGNC 

Symbol; Acc: HGNC:2195] 

-0.645 Yes 

COL5A2 collagen type V alpha 2 chain [Source: HGNC Symbol; 

Acc: HGNC:2210] 

-0.646 Yes 

COL6A6 collagen type VI alpha 6 chain [Source: HGNC Symbol; 

Acc: HGNC:27023] 

-0.608 Yes 

COL3A1 collagen type III alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2201] 

-0.644 Yes 

COL8A1 collagen type VIII alpha 1 chain [Source: HGNC 

Symbol; Acc: HGNC:2215] 

-0.610 Yes 

COL1A1 collagen type I alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2197] 

-0.563 Yes 
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COL15A1 collagen type XV alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2192] 

-0.524 Yes 

COL6A3 collagen type VI alpha 3 chain [Source: HGNC Symbol; 

Acc: HGNC:2213] 

-0.468 Yes 

COL1A2 collagen type I alpha 2 chain [Source: HGNC Symbol; 

Acc: HGNC:2198] 

-0.418 Yes 

COL6A1 collagen type VI alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2211] 

-0.352 Yes 

COL4A1 collagen type IV alpha 1 chain [Source: HGNC Symbol; 

Acc: HGNC:2202] 

-0.282 Yes 

COL6A2 collagen type VI alpha 2 chain [Source: HGNC Symbol; 

Acc: HGNC:2212] 

-0.210 Yes 

COL6A5 collagen type VI alpha 5 chain [Source: HGNC Symbol; 

Acc: HGNC:26674] 

-0.137 Yes 

COL5A3 collagen type V alpha 3 chain [Source: HGNC Symbol; 

Acc: HGNC:14864] 

-0.062 Yes 

COL4A2 collagen type IV alpha 2 chain [Source: HGNC Symbol; 

Acc: HGNC:2203] 

0.018 Yes 

Supplemental table 9: Genes included in the 

“GO_EXTRACELLULAR_MATRIX_STRUCTURAL_CONSTITUENT_CONFERRIN

G_TENSILE_STRENGTH” gene set. 

When “Yes” is indicated in column of core enrichment gene, it shows that the gene contributed 

to the increase in the absolute enrichment score. RUNNING ES shows the enrichment score at 

that time point. *: core enrichment gene. 
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