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ABSTRACT

Immunomodulatory properties and 

senescence-associated secretory 

phenotypes in human mesenchymal 

stem cell aging

Jin Young Lee

Interdisciplinary Program in Zoonotic Animal Diseases,

College of Veterinary Medicine

Graduate School of Seoul National University

Supervisor: Kyung-Sun Kang, D.V.M., Ph.D.

Because human mesenchymal stem cells (hMSC) have profound 

immunomodulatory effects, many attempts have been made to use 

hMSCs in preclinical and clinical trials. For hMSCs to be used in 

therapy, a large population of hMSCs must be generated by in vitro 

expansion. However, the immunomodulatory changes following the in 

vitro expansion of hMSCs have not been elucidated. In the first and 
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second part of this study, I evaluated the effect of senescence on the 

immunomodulatory ability of hMSCs. Late-passage hMSCs showed impa

ired suppressive effect on mitogen-induced mononuclear cell 

proliferation. Interestingly, late-passage hMSCs had a significantly 

compromised protective effect against mouse experimental colitis, which 

was confirmed by gross and histologic examination. Among the 

anti-inflammatory cytokines, the production of prostaglandin E2 (PGE2) 

and the expression of its primary enzyme, cyclooxygenase-2 (COX-2), 

were profoundly increased by pre-stimulation with interferon gamma 

(IFN-γ) and tumor necrosis factor alpha (TNF-α), and this response was 

significantly decreased with consecutive passages. I demonstrated that 

the impaired phosphorylation activity of p38 MAP kinase (p38 MAPK) 

in late-passage hMSCs led to a compromised immunomodulatory ability 

through the regulation of COX-2. These results indicate that the 

immunomodulatory ability of hMSCs gradually declines with consecutive 

passages via a p38-mediated alteration of COX-2 and PGE2 levels.

Low oxygen environment have been reported to inhibit 

senescence and maintain undifferentiated states in somatic stem cells. In 

the second part of study, I evaluated the effects of hypoxia on cellular 

senescence and the immunomodulatory abilities of hMSCs. 

Hypoxic-cultured human umbilical cord blood-derived mesenchymal stem 

cells (hUCB-MSCs) showed enhanced proliferation and had increased 

immunosuppressive effects on mitogen-induced mononuclear cell 

proliferation. I found that BMI1, a member of the polycomb repressive 

complex protein group, showed increased expression in hypoxic-cultured 

hUCB-MSCs, and the further knock down of BMI1 in hypoxic cells 

induced decreased proliferative and immunomodulatory abilities in 

hUCB-MSCs, along with COX-2/PGE2 down-regulation. Furthermore, the 

expression of phosphorylated p38 MAP kinase increased in response to 
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the over-expression of BMI1 in normoxic conditions, suggesting that 

BMI1 regulates the immunomodulatory properties of hUCB-MSCs via 

p38 MAP kinase-mediated COX-2 expression. More importantly, I 

identified BMI1 as a direct repressor of MAP kinase phosphatase-1 

(MKP-1)/DUSP1, which suppresses p38 MAP kinase activity. The 

results demonstrate that hypoxia induced BMI1 plays a key role in the 

regulation of the immunomodulatory properties of hMSCs.

Defects in the nuclear lamina occur during physiological aging 

and as a result of premature aging disorders. Aging is also 

accompanied by an increase in transcription of genes encoding 

cytokines and chemokines, a phenomenon known as the 

senescence-associated secretory phenotype (SASP). Progerin and 

prelamin A trigger premature senescence and loss of function of 

hMSCs, but little is known about how defects in nuclear lamin A 

regulate SASP. In the third part of study, I show that both progerin 

overexpression and ZMPSTE24 depletion induce paracrine senescence, 

especially through expression of monocyte chemoattractant protein-1 

(MCP-1), in hMSCs. Importantly, I identified that GATA binding 

protein 4 (GATA4) is a mediator regulating MCP-1 expression in 

response to prelamin A or progerin in hMSCs. Co-immunoprecipitation 

revealed that GATA4 expression is maintained due to impaired 

p62-mediated degradation in progerin-expressing hMSCs. Furthermore, 

depletion of GATA4 abrogated SASP-dependent senescence through 

suppression of NF-ĸB and MCP-1 in hMSCs with progerin or prelamin 

A. Thus, my findings indicate that abnormal lamin A proteins trigger 

paracrine senescence through a GATA4-dependent pathway in hMSCs. 

This molecular link between defective lamin A and GATA4 can 

provide insights into physiological aging and pathological aging 

disorders.
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In conclusion, cellular senescence can alter immunomodulatory 

abilities and paracrine senescence phenotypes in hMSCs. The molecular 

mechanisms demonstrated in this study can provide insights into 

physiological aging and pathological aging disorders. These findings also 

suggest a strategy to enhance the functionality of hMSCs for use in 

therapeutic applications.

Keywords : Mesenchymal stem cell, COX-2, PGE2, BMI1, Senescence,  

        Lamin A, ZMPSTE24, MCP-1

Student number : 2012-21554
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LITERATURE REVIEW

Stem cell aging

The life-long persistent stem cells in the body accumulate 

cellular damage, which may lead to the degeneration and loss of 

functions of organs. The persistent growth arrest and decreased 

self-renewal capacity of stem cells contribute to the impairment in 

tissue regeneration (Figure 1). For example, the decline of the 

self-renewal capacity of hematopoietic stem cells (HSCs) impairs both 

the innate and adaptive immune systems (Geiger et al., 2013). 

Similarly, the decrease of self-renewal of muscle satellite cells has 

deleterious effects on muscle regeneration (Blau et al., 2015). In 

addition to the impaired functions, senescent stem cells show distinctive 

cellular senescence phenotype. Cellular senescence refers to the state of 

irreversible growth arrest in response to various stress factors. In 

general, senescent cells exhibit distinguishing characteristics, including 

increased cell sizes, DNA damage markers and heterochromatin foci. 

Furthermore, senescent cells are reported to accumulate in aged tissues 

as indicated by the high senescence-associated β-galactosidase (SA-β

-gal) activity and increased expression of the senescence marker 

p16Ink4a (Burd et al., 2013; Krishnamurthy et al., 2004). Interestingly, 

analysis of senescent stem cells in diverse tissues revealed common 

effectors and signaling pathways that ameliorate stem cell function in 

response to toxic metabolites. Among these, reactive oxygen species 

(ROS) related pathways, which are produced during mitochondrial 

oxidative phosphorylation contribute to declined stem cell function and 

fate conversion in the aging process (Harris et al., 2013; Takubo et al., 
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2013).

The organismal aging is associated with decreased functions of 

organs and impaired maintenance of tissues. The declined regenerative 

capacity is accompanied by a dysfunction of stem cells, resulting in 

degenerative diseases. Furthermore, the ability to regenerate somatic 

tissues and stem cells is affected by the niche and the systemic milieu. 

Recent studies demonstrated the contribution of the systemic 

environment to the regeneration of tissues and stem cells in aging. 

Young blood infusion into old animals improves cognitive function and 

exercise capability (Baht et al., 2015; Sinha et al., 2014; Villeda et al., 

2014). The circulating protein growth differentiation factor 11 (GDF11) 

in the young blood rejuvenates muscle stem cells and increased their 

functional capacities. Understanding the interactions of 

microenvironments and the specific stem cells is important to study 

aging and it may contribute to the regenerative therapies. Furthermore, 

the knowledge of age-associated stem cell dysfunction will be essential 

to therapeutic interventions that may slow or reverse age-related 

degenerative changes to improve repair processes and functions in aging 

tissues.
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Figure 1. Aged stem cells in the aging process. 

The figure illustrates aging phenotypes and pathways contributing to 

stem cell aging during the organismal aging. The life-long persistence 

of stem cells in the body accumulates cellular damage, which can lead 

to death, senescence or loss of functions of cells. Stem cells in diverse 

tissues have been reported to undergo changes with age, exhibiting 

diminished responsiveness to tissue injury, proliferative abilities and 

functional capacities. These changes contribute to declined regeneration 

of tissues in aged organisms. This figure is modified from (Oh et al., 

2014).
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Mesenchymal stem cells

MSCs which could also be defined as multipotent mesenchymal 

stromal cells, are cells that have morphology similar to fibroblasts, form 

colonies in vitro and can differentiate into 3 lineages including bone, 

cartilage and fat (Horwitz et al., 2005). MSCs have been isolated from 

diverse tissues including bone marrow, adipose tissue, nervous tissue, 

hair follicle, intestinal epithelium, cardiac tissue, amniotic fluid, 

placenta, Wharton's jelly of the umbilical cord and umbilical cord 

blood. Most MSCs exhibit a spindle morphology like fibroblasts and 

proliferate for several passages without significant decrease in major 

properties. Generally, there is a consensus that human MSCs do not 

express the haematopoietic markers CD34, CD45 and CD14 or 

co-stimulatory molecules CD80, CD86 and CD40, while they express 

CD105, CD73, CD44, CD90, CD71. The expression level of these 

markers are variable according to species differences, tissue source and 

culture conditions.

Human MSCs are easy to access and isolate. The isolated 

MSCs can expand to large scale enough for clinical use in a short 

period of time (Colter et al., 2000). In addition, MSCs can be 

preserved without loss of potency and stored for delivery. Above all, 

human trials of MSCs have not shown adverse effects to allogeneic 

versus autologous MSC transplants, enabling production of a pool of 

donor MSCs to increase the number of patients by a single isolation 

(Fouillard et al., 2007; Marmont et al., 2006). For these reasons, 

researchers have explored the therapeutic use of MSCs. MSC 

transplantation is considered safe and has been widely tried for clinical 

trials of diverse disease including cardiovascular and immunological 
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diseases (Chen et al., 2004; Lazarus et al., 2005). Unfortunately, within 

past years, several of the leading trials either have been terminated 

early or have failed to meet primary aims. These results suggest an 

incomplete understanding of the mechanisms of action of MSC and 

imply the importance of further preclinical development. A more refined 

understanding of the functions of MSCs may provide the insight into 

their mode of action.

In addition to the therapeutic potentials, MSCs have 

significance for the investigations of the mechanisms of aging and 

progeroid. Interestingly, MSCs from progeria patients exhibit a wrinkled 

nuclear morphology and impaired differentiation potentials as well as 

phenotypes of premature senescence (Scaffidi and Misteli, 2008), (Liu 

et al., 2011a). Progeria is a premature aging disorder such as 

Hutchinson-Gilford Progeria Syndrome (HGPS) and Werner syndrome. 

The patients of the diseases recapitulate physiological aging at early 

age. Importantly, MSCs differentiated from HGPS patient derived 

induced pluripotent stem cells (iPSCs) show accelerated aging 

phenotype. Because of these properties, mesenchymal stem cells have 

been used to elucidate the mechanism of physiological aging and 

premature aging syndrome. (Liu et al., 2011a), (Zhang et al., 2011).
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Figure 2. A brief history of mesenchymal stem cells.

This figure is modified from (Parekkadan and Milwid, 2010).
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Mesenchymal stem cells for regenerative medicine and 

inflammatory diseases

MSCs have been explored for use in humans due to their 

potent ability to treat diverse diseases in animals. Though the 

mechanisms of effects have not been fully elucidated, many studies 

reported that MSCs can induce endogenous repair for resolution of 

disease. MSCs have been reported to protect tissues and cells from 

injury and promote tissue repair (Ortiz et al., 2003; Rojas et al., 2005). 

In the disease model of acute renal failure, MSCs prevent apoptosis 

and induce proliferation of renal-tubule epithelial cells (Togel et al., 

2005; Togel et al., 2007). In the infarction model, MSCs which are 

injected into the myocardium decrease the formation of scar (Amado et 

al., 2005; Shake et al., 2002). When administered to the model of 

diabetes, MSCs protect β-islet cells from autoimmune response and 

temporarily promote glucose regulation (Fiorina et al., 2009) 

MSCs have also been reported to modulate the immune system 

and attenuate tissue damage due to excessive inflammation. The 

immunomodulatory aspects of MSCs were first investigated in the 

concern of transplantation studies in animals and humans. Initial clinical 

trials exhibited that autologous and allogeneic MSCs did not show 

immune rejection when transplanted (Horwitz et al., 1999; Lazarus et 

al., 1995). Human MSCs can be transplanted and remain in many 

tissues in prenatal and adult sheep without rejection (Liechty et al., 

2000). The immunosuppressive ability of MSCs was first tried clinically 

in the treatment of a patient with severe graft versus host disease 

(GvHD), who was not respond to steroid (Le Blanc et al., 2004). The 

transplantation of MSCs successfully treat the patient. In recent years, 
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MSCs have been investigated for therapeutics because they have potent 

immunomodulatory properties and they are safe to use in therapeutic 

applications (Kim et al., 2013; Kim et al., 2015; Le Blanc et al., 

2008b; Reinders et al., 2013). Although plenty of studies have reported 

the immunosuppressive activities of MSCs, the underlying mechanisms 

have been partially elucidated. Several soluble immune-suppressive 

factors are involved immune-regulation of MSCs including nitric oxide, 

transforming growth factor-β1 (TGFβ1) and PGE2. For example, 

hUCB-MSCs exert immune-suppressive effects via secretion of PGE2 in 

the inflammatory environment. In the model of atopic dermatitis and 

colitis in mice, injected hUCB-MSCs effectively alleviated inflammation 

with secreted PGE2 (Kim et al., 2013; Kim et al., 2015). For these 

potent immune suppressive properties, hMSCs have been tried for the 

therapeutics in inflammatory diseases. The mechanistic studies for the 

underlying MSC immunomodulation may contribute to the development 

of cell therapeutics using MSCs. 
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Figure 3. Role of MSCs in tissue repair and inflammation.

Recent studies on MSC-mediated immuoregulation imply that MSCs are 

recruited to sites of tissue damage and activated by inflammatory 

cytokines produced by inflammatory cells. The activation of MSCs lead 

to the production of immunoregulatory factors and trophic factors. This 

figure is modified from (Shi et al.,2012). 
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Senescence-associated secretory phenotype (SASP) in 

stem cells

Recently, emerging evidence suggests that senescent cells, 

particularly senescent fibroblasts induced by DNA damage, secrete 

pro-inflammatory factors referred to as senescence-associated secretory 

phenotype (SASP) (Freund et al., 2011; Herranz et al., 2015; Kang et 

al., 2015; Laberge et al., 2015). In general, SASP factors are induced 

at the mRNA levels and encompass a wide range of cytokines, 

chemokines, proteases and growth factors (Freund et al., 2010; Tchkonia 

et al., 2013). Senescent cells spread the stress response by SASP and 

change their microenvironment by interacting with neighboring cells. 

SASP is predominantly activated by the transcription factors nuclear 

factor-κB (NF-κB) and CCAAT/enhancer-binding protein beta (C/EBPβ) 

(Acosta et al., 2008; Chien et al., 2011), and includes chemokines, 

proinflammatory cytokines (IL-1α, IL-1β, IL-6 and IL-8), growth factors 

(HGF, TGFβ, granulocyte-macrophage colony-stimulating factor and 

matrix-remodeling enzymes (Coppe et al., 2008; Kuilman et al., 2008). 

These factors functions together to produce a proinflammatory 

environment, playing a crucial role in propagating senescence to 

neighboring cells and in recruiting immune cells to the senescent tissue 

(Figure 4). 

Senescent stem cells also secrete pro-inflammatory cytokines, 

which may induce senescence in neighboring cells. Jin and colleagues 

reported that the late-passage human MSCs secrete a member of SASP, 

namely monocyte chemoattractant protein 1 (MCP-1) (Jin et al., 2016). 

The knock-down of C-C chemokine receptor type 2 (CCR-2), which is 

a receptor recognizing MCP-1, improved the therapeutic efficacies of 
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human MSCs in a murine allergic asthma model. Moreover, Insulin-like 

growth factor binding proteins 4 and 7 (IGFBP4 and IGFBP7) have 

been reported as secretory factors in senescent human MSCs (Severino 

et al., 2013). Since two SASPs, IGFBP4 and IGFBP7 were secreted, it 

induced cellular senescence in the early passage MSCs. The SASP of 

stem cells may ameliorate the functions of neighboring stem cells as 

well as exert deleterious effects in the mesenchymal niche. HSCs also 

exhibited decreased functions and blood output in response to the 

exposure to interleukin-1 (IL-1), which is a key pro-inflammatory 

cytokine (Pietras et al., 2016). IL-1 treated HSCs exhibited an elevated 

myeloid output and suppressed lymphoid production that is observed in 

senescent HSCs. In addition, chronic exposure to IL-1 impaired the 

self-renewal of HSCs, which suggests that IL-1 may induce the 

senescence of HSCs. These results imply that secretory cytokines from 

the niche of stem cells may also induce senescence and impair the 

functions of residing stem cells in vivo. The senescent stem cells may 

contribute to the degeneration of organs and consequently organismal 

aging.
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Figure 4. Effects of the SASP on tissues.

The SASP affects the senescent cell itself by stimulating clearance by 

immune cells and reinforcing the growth arrest. The SASP also 

promotes invasion of neoplastic cells via an epithelial to mesenchymal 

transition and stimulates angiogenesis by stimulating migration and 

invasion of endothelial cells. Those process disrupts structures and 

functions of normal tissues. This figure is modified from (Freund et al., 

2010).
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Polycomb group proteins in stem cell aging

Changes of histone modifications and chromatin remodeling 

proteins in stem cell aging have been intensely investigated as well as 

age-dependent chromatin profilings. Polycomb group proteins (PcGs) are 

epigenetic regulators that are involved in maintenance of cell state 

through gene silencing. PcGs, which are transcriptional suppressors, 

repress the INK4a locus to prevent senescence with the suppressive 

histone marker H3K27me3 (Martin et al., 2013), (Jacobs et al., 1999). 

PcGs are composed of polycomb repressive complex 1 (PRC1) and 

PRC2. PRC2 consists of suppressor of zeste 12 (SUZ12), embryonic 

ectoderm development (EED), and enhancer of zeste 2 (EZH2). PRC1 

is made up of more complicated complex of proteins including B 

cell-specific Moloney murine leukemia virus integration site 1 (BMI1). 

Several genome-wide mapping studies identified targets of PcGs 

including Hox genes (Schwartz et al., 2006; Tolhuis et al., 2011). The 

identified targets mostly implicated especially in developmental 

regulation and various cellular functions. Interestingly, several targets of 

PcGs are stemness factors that are required for the undifferentiated 

embryonic stem cells (ESCs) (Boyer et al., 2006). PcG mediated 

repression was reported to be a broad mechanism that keeps the 

inactive state of mainly differentiation-specific targets. 

During the senescence, some proteins of PcGs are 

down-regulated, leading to the up-regulation of its target, p16INK4a

(Figure 5). The repressive marker, H3K27me3 increased with age in 

both HSCs and muscle stem cells. In HSCs, the increased pattern of 

H3K27me3 was consistent with the decline of the lymphoid 

differentiation potential in aged HSCs (Sun et al., 2014). Senescent 
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MuSCs also exhibited altered patterns of H3K4me3 and H3K27me3 in 

myogenic genes (Liu et al., 2013b). In MSCs, histone deacetylase 

inhibitors decreased the expression of EZH2 and SUZ12 by 

hypo-phosphorylated RB binding to the E2F transcription factor (Jung et 

al., 2010). The senescence-dependent altered epigenetic markers revealed 

that the accumulation of epigenetic changes may result in a functional 

decline in stem cells. In addition to the senescence, PcGs have a role 

in self-renewal and fate conversion in somatic stem cells (Jaenisch and 

Young, 2008). For example, EZH2 selectively silenced target genes with 

H3K27me3 during the process of reprogramming and inactivation of 

EZH2 abolished the reprogramming (Fragola et al., 2013). The 

establishment of functional induced pluripotent stem cells (iPSCs) 
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Figure 5. Graphical model for how polycomb group proteins regulate 

cellular senescence.

In young proliferating cells, the PRC2 is highly abundant and maintains 

H3K27me3 along the INK4A-ARF loci. This ensures the following 

association of PRC1. In older or stressed cells, PRC2 is dissociated and 

loss of H3K27me3 along the loci is occurred. Without H3K27me3, the 

PRC1 complex is also displaced. This figure is modified from (Bracken 

et al., 2007)



xxxiv

Lamin A-mediated senescence

The premature aging disease Hutchinson-Gilford progeria 

syndrome (HGPS) is caused by progerin, a mutant form of the nuclear 

membrane protein lamin A. A de novo G608G mutation in LMNA gene 

is the predominant cause of HGPS. The G608G mutation gives rise to a 

truncated prelamin A termed progerin, which lacks the proteolytic 

cleavage site of ZMPSTE24 (Rusiñol and Sinensky, 2006) (Figure 3). 

HGPS is a unique ‘window’ to investigate the mechanisms of aging 

because the disease has in common with physiological aging, including 

an abnormal nuclear morphology and increased DNA damage (Scaffidi 

and Misteli, 2006). Besides, lamin A processing enzyme, ZMPSTE24, 

has a causative role in nuclear lamina defects and premature senescence. 

The depletion of ZMPSTE24, which is a metalloproteinase involved in 

prelamin A processing to produce mature lamin A, leads to nuclear 

architecture abnormalities, a shortened lifespan, and multiple aging-related 

phenotypes (Espada et al., 2008). Importantly, MSCs that express 

progerin or prelamin A exhibit a senescence phenotype with a loss of 

the differentiation potential (Scaffidi and Misteli, 2008), (Espada et al., 

2008; Yu et al., 2013). MSCs differentiated from HGPS patient 

fibroblast-derived induced pluripotent stem cells (iPSCs) also retain 

nuclear abnormalities, DNA damage and senescence with high expression 

of progerin (Zhang et al., 2011). In addition, modeling of Werner 

syndrome, another premature aging disorder, leads to an accelerated 

cellular senescence of MSCs with changes in the heterochromatin 

architecture (Zhang et al., 2015). Recent studies revealed that progerin or 

deficiency of ZMPSTE24 is associated with histone modification and 

DNA damage (Ghosh et al., 2015; Krishnan et al., 2011; Liu et al., 
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2013a). Lamin A directly interacts with methyltransferases or 

acetyltransferases, whereas prelamin A/progerin expression altered the 

interactions. 
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Figure 6. Processing of lamin A and progerin.

The nuclear lamina is an intermediate filament that exists beneath the 

inner nuclear membrane. One of the principal protein components of the 

nuclear lamina is lamin A. Prelamin A undergoes post-translational 

processing steps. A deficiency of ZMPSTE24 prevents the last steps, 

leading to an accumulation of a farnesylated version of prelamin A and 

a progeroid disorder. HGPS is caused by a point mutation in codon of 

prelamin A, resulting in a 50 amino acid deletion prelamin A. The 

deletion removes the ZMPSTE24 cleavage site, inhibiting the production 

of lamin A and resulting in the accumulation of a truncated prelamin A, 

progerin. This figure is modified from (Young et al., 2013).
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CHAPTER I

A p38 MAPK-mediated alteration of 

COX-2/PGE2 regulates immunomodulatory 

properties in human mesenchymal stem cell aging
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1.1 INTRODUCTION

MSCs have been isolated from almost all tissues (Chamberlain 

et al., 2007), and they exhibit a fibroblastic spindle shape and can be 

directed to differentiate into several different cell types, such as 

adipocytes, chondrocytes and osteoblasts (Pittenger et al., 1999). It has 

been reported that MSCs play critical roles in many physiological 

functions, such as tissue homeostasis, regeneration and wound healing 

(Uccelli et al., 2008). Together with their broad tissue distribution and 

ability to locate sites of injury, the immunomodulatory properties of 

MSCs hold great potential for therapeutic use (Karp and Leng Teo, 

2009; Shi et al., 2010). The immunomodulatory properties of MSCs are 

elicited by proinflammatory cytokines, such as IFN-γ, TNF-α and IL-1, 

which produced during an immune response (Ren et al., 2008). The 

combination of these proinflammatory cytokines provokes the production 

of several inducible soluble factors, specifically, transforming growth 

factor-β1 (TGF-β1), prostaglandin E2 (PGE2), nitric oxide (NO) and 

indoleamine 2, 3-dioxygenase (IDO), which in turn induce the 

immunosuppressive functions of MSCs (Shi et al., 2010; Uccelli et al., 

2008). Interestingly, proinflammatory cytokine-stimulated murine MSCs 

use NO as a major mediator to exert their immunosuppressive 

functions, whereas the immunosuppressive functions of proinflammatory 

cytokine-stimulated human MSCs are executed through IDO (Meisel et 

al., 2004; Ren et al., 2009). However, PGE2 is secreted in both murine 

and human MSCs upon stimulation with inflammatory cytokines. PGE2

induces macrophages to produce a higher level of IL-10 through the 

prostaglandin EP2 and EP4 receptors (Nemeth et al., 2009). 

Furthermore, PGE2 shows a strong inhibitory effect on monocyte-derived 
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dendritic cells (DC) (Spaggiari et al., 2009), natural killer (NK) cells 

and T cells (Aggarwal and Pittenger, 2005; Spaggiari et al., 2008). 

Previous studies reported that transplantation of human MSCs into 

xenogeneic disease models, including mouse, rat, rabbit and dog, 

showed significant improvements, suggesting that human MSCs can 

regulate the immune/inflammatory response in vivo with their 

immunomodulatory property (Lin et al., 2012). I recently demonstrated 

that MSCs can suppress mononuclear cell proliferation and reduce the 

severity of colitis in mice by producing PGE2 via the nucleotide-binding 

oligomerization domain 2 (NOD2)-receptor-interacting 

serine/threonine-protein kinase 2 (RIP2) pathway (Kim et al., 2013). 

Cyclooxygenase (COX) enzyme plays important roles in the 

biosynthesis of prostaglandins from arachidonic acid. There are two 

COX isoforms: COX-1 is constitutively expressed in a wide range of 

tissues and COX-2 is an inducible enzyme that produces PGE2 during 

inflammation (Greenhough et al., 2009). p38 MAPK is preferentially 

activated by inflammatory stimuli and post-transcriptionally regulates 

COX-2 mRNA expression (Saklatvala, 2004). Treatment of SB203580, a 

specific inhibitor of p38 MAPK that acts by competing with ATP for 

the nucleotide binding site of p38, caused a rapid disappearance of 

COX-2 mRNA, suggesting that p38 MAPK is involved in the 

transcription and stabilization of COX-2 mRNA (Dean et al., 1999).

It is important to isolate and expand MSCs in vitro for 

therapeutic use. Unlike pluripotent stem cells, such as embryonic stem 

cells, MSCs undergo replicative senescence in vitro after 20-40 rounds 

of cell division, which is characterized by cell enlargement, changes in 

morphology, DNA damage response and growth arrest (Banfi et al., 

2002; Wagner et al., 2008). Many groups have recently reported the 

molecular mechanisms are controlled by the hMSC aging process. 



4

During the progression of MSC senescence, the activity of histone 

deacetylases (HDACs), which regulates PcGs and jumonji 

domain-containing 3 (JMJD3), is down-regulated (Jung et al., 2010). 

ZMPSTE24, which is involved in the post-translational maturation of 

lamin A, is decreased during MSC senescence, leading to the 

accumulation of prelamin A in the nuclear envelope (Yu et al., 2013). 

MSC properties, including multilineage differentiation, proliferation, 

homing and wound healing, gradually become compromised as MSCs 

undergo senescence (Yu and Kang, 2013). However, the changes in 

immunomodulatory properties during MSC aging in the context of 

COX-2/PGE2 expression have not yet been elucidated. An understanding 

of the changes in the immunomodulatory properties of MSCs during the 

aging process is required for their use of in clinical applications. In 

this study, I assessed the effect that consecutive MSC passages have on 

the immunomodulatory ability of hMSCs and the underlying 

mechanisms involved in these effects.
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1.2 MATERIALS AND METHODS

1.2.1 Cell culture

Umbilical cord blood samples were obtained from the umbilical 

vein with the written informed consent of the mother and the approval 

of the Boramae Hospital Institutional Review Board (IRB) and the 

Seoul National University IRB (IRB no. 1109/001-006). The UCB 

samples were mixed with the HetaSep solution (StemCell Technologies, 

Vancouver, Canada) at a ratio of 5:1 and were incubated at room 

temperature to deplete the erythrocytes. The supernatant was carefully 

collected, and the mononuclear cells were isolated using Ficoll 

density-gradient centrifugation at 1200 g for 20 minutes. The cells were 

washed twice with PBS. Cells were seeded at a density of 2x105 to 

2x106 cells/cm2 on plates in growth medium consisting of D-medium 

(formula no. 78-5470EF, Gibco BRL, Grand Island, NY) containing 

EGM-2 SingleQuot and 10% fetal bovine serum (Gibco BRL). After 3 

days, the non-adherent cells were removed. For long-term culture, the 

cells were seeded at a density of 4x105 cells/10 cm plate and the cells 

were subcultured upon reaching ~80-90% confluency.

1.2.2 Flow cytometric analysis

hMSCs were triturated into single cells and labeled with 

monoclonal mouse anti-human fluorochrome-conjugated antibodies: 

CD29-PE, CD34-FITC, CD45-FITC, CD105-FITC, CD73-PE, and 

HLA-DR (BD Bioscience, San Jose, CA). The labeled cells were 

analyzed by flow cytometry using a FACS calibur (BD Biosciences, 

San Jose, CA).
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1.2.3 In vitro differentiation assay

For differentiation into osteoblasts and adipocytes, 1x105 cells 

were plated in 6-well plates. After the cells reached 70-80% confluency, 

they were treated with an osteogenic differentiation induction medium 

(DMEM containing 10% FBS, 100 nM dexamethasone, 50 μM ascorbic 

acid 2-phosphate, and 10 mM β-glycerophosphate) or an adipogenic 

differentiation induction medium (DMEM supplemented with 10% FBS 

and 200 μM indomethacin, 1 μM dexamethasone, 0.5 mM isobutyl 

methylxanthine, and 0.5 μg/ml insulin) (all materials from 

Sigma-Aldrich, St. Louis, MO). The medium was changed every 3 

days. After 2 weeks of induction, the cells were stained to confirm 

osteogenic or adipogenic differentiation. To confirm osteogenic 

differentiation, Alizarin Red S staining, which is specific for calcium, 

was performed to detect alkaline phosphate activity. Briefly, cells were 

rinsed with PBS and fixed with 70% ice-cold ethanol for 1 hour at 

4℃. After 3 washes with distilled water, the cells were stained using 

40 mM Alizarin Red S (Sigma-Aldrich) for 10 minutes at room 

temperature. To confirm the adipogenic differentiation, Oil Red O 

staining was conducted to detect fat droplets in differentiated cells. 

Briefly, cells were fixed with 10% formalin for 1 hour and were rinsed 

with 60% isopropanol before incubation in fresh diluted Oil Red O for 

10 minutes. For chondrogenic differentiation, 5x105 cells were placed in 

a 15-mL polypropylene tube and maintained with 1 mL of chondrocyte 

differentiation medium (Lonza, Wakersville, MD) for 3 weeks. The 

round pellets were embedded in paraffin and cut into 3-μm sections. 

The sections were stained with toluidine blue to detect 

glycosaminoglycans.

1.2.4 Isolation and culture of hUCB-derived MNCs
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Human mononuclear cells were isolated from UCB samples. 

The UCB samples were mixed with the HetaSep solution (StemCell 

Technologies, Vancouver, Canada) at a ratio of 5:1 and were then 

incubated at room temperature to deplete erythrocyte counts. The 

supernatant was carefully collected and mononuclear cells were obtained 

using Ficoll density-gradient centrifugation at 2,500 rpm for 20 minutes. 

The cells were washed twice in PBS and seeded in growth media 

consisted of RPMI 1640 (Gibco BRL, Grand Island, NY) containing 

10% fetal bovine serum.

1.2.5 Senescence-associated betagalactosidase (SA β-gal) staining

The hMSCs were seeded on 6-well plates at a density of 

1x105 cells/well for late-passage cells and 5x104 cells/well for 

early-passage cells. The cells were incubated for 3 days until they 

reached the appropriate confluency. The cells were then washed twice 

with PBS and fixed with 0.5% glutaraldehyde in PBS (pH 7.2) for 5 

minutes at room temperature. The cells were then washed with PBS 

containing MgCl2 (pH 7.2, 1 mM MgCl2) and stained with X-gal 

solution [1 mg/ml X-gal, 0.12 mM K3Fe(CN)6, 1 mM MgCl2 in PBS, 

pH 6.0] overnight at 37°C. The cells were washed twice with PBS and 

the images were captured using a microscope (IX70, Olympus, Japan)

1.2.6 Cumulative population doubling level (CPDL)

hMSCs were maintained in a medium containing 10% FBS and 

were subcultured every 3 day. The proliferation potential of 

early-passage and late-passage hMSCs was determined by calculating the 

cumulative population doubling level in continual subculture and growth 

from a known number of cells. At each subculture, the CPDL was 

calculated from the cell count using the equation: ln(Nf/Ni)/ln2, where 
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Ni and Nf are the initial and final cell count numbers, respectively, and 

ln is the natural log. A total number of 5x104 cells were initially 

plated in a 6-well culture plate (Nunc, Rochester, NY) and were 

counted at each subculture. Calculated CPDL rates were added serially 

and represented as a broken line graph.

1.2.7 Mixed Lymphocyte Reaction (MLR)

hMSCs were treated with 25 μg/ml of mitomycin C 

(Mitomycin C from Streptomyces caespitosus) at 37℃ for 1 hour. After 

washing twice in PBS, the cells were seeded in 96-well plates at 

1x104/well and were incubated for 24 hours. hMNCs were prepared as 

previously described, treated with Concanavalin A (Con A from 

Canavalia ensiformis) in RPMI medium and added cultured at 1x105

cells/well. After 3 days of a mixed leukocyte reaction (MLR), MNC 

proliferation was determined using a cell proliferation ELISA kit, BrdU 

kit (Roche, Indianapolis, IN).

1.2.8 Colitis induction

C57BL/6J mice (male; aged 8-10 weeks; 18-25g) were obtained 

from Jackson Laboratory (Bar Harbor, ME). Mice were group-housed in 

the animal facility of Seoul National University. All experiments were 

conducted at the Seoul National University. All of the experiments were 

approved by and followed the regulations of the Institute of Laboratory 

Animals Resources (SNU-131209-1 Seoul National University). The 

experimental protocol was approved by the Seoul National University 

Institutional Animal Care and Use Committee (SNU IACUC). 

Institutional guidelines for animal care and use were followed 

throughout the experiments. Mice were monitored until they had 

reached criteria for humane endpoints. Mice losing above 30% of their 
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original body weight or showing signs of distress (unphysiological 

bodily posture, shaggy fur, and breathlessness/panting etc) were 

sacrificed using CO2 asphyxiation. At the designated time points for 

tissue harvesting, mice were sacrificed by CO2-asphyxiation. Every 

effort was made to minimize suffering. This study was performed in 

strict accordance with the recommendations in the Guide for the Care 

and Use of Laboratory Animals of the National Institutes of Health.

Colitis was induced by administration of dextran sulfate sodium 

(DSS, MP Biochemicals, Solon, OH) in drinking water as previously 

reported (Kim et al., 2013). Briefly, colitis was induced in mice from 

specific pathogen-free (SPF) facilities by the administration of 3% (w/v) 

DSS in drinking water for 7 days followed by normal drinking water 

until the end of the experiment. Early- and late-passage hUCB-MSCs 

resuspended in PBS (2x106 cells in 200 μl) were injected 

intraperitoneally into mice 1 day after the administration of DSS. 

Colitis-induced mice were randomly assigned to the following groups in 

experiment. The mice were checked each day for morbidity (n=12 for 

negative control mice, n=12 for positive control mice, n=12 for 

early-passage hMSC injected mice and n=12 for late-passage hMSC 

injected mice) and body weight was recorded over 14 days at a 

specific time of a day (n=6 for negative control mice, n=18 for 

positive control mice, n=15 for early-passage hMSC injected mice and 

n=15 for late-passage hMSC injected mice). At day 9, colitis severity 

was measured by evaluating the disease activity index through the 

scoring of weight loss (0~4), stool consistency (0~4), bleeding (0~4), 

coat roughness (0~4), mouse activity (0~2), and bedding contamination 

by stool and blood (0~2). At the peak of the disease (day 10), the 

mice were sacrificed by CO2-asphyxiation and their colon length and 

weight were measured (n=7 for negative control mice, n=15 for positive 
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control mice, n=16 for early-passage hMSC injected mice and n=16 for 

late-passage hMSC injected mice). Histopathological evaluation was 

performed with the tissue acquired.

1.2.9 Cytokine production

Cells were treated with recombinant human IFN-γ and TNF-α 

(Peprotech. Rocky Hill, NJ) for 24 hours, and PGE2 production was 

determined from the culture supernatant using a commercial ELISA kit 

(R&D Systems). For the NO measurement, hMSCs were treated with 

IFN-γ and TNF-α for 24 hours, and the concentration was measured 

using an ELISA kit (Promega, Madison, WI). TGF-β1 production was 

measured from the MSC culture supernatant after treatment of IFN-γ 

and TNF-α for 24 hours using a commercial ELISA kit (eBioscience, 

San Diego, CA).

1.2.10 Western blot analysis

After treatment with recombinant human IFN-γ and TNF-α 

(Peprotech) for 24 hours or 15 to 60 minutes, whole cell protein 

lysates were extracted in a solution containing 1% Triton X-100, 20 

mM Tris HCL (pH8), 137 mM NaCl, 10% glycerol and 2 mM EDTA 

(Sigma-Aldrich), and the protein concentrations were determined using a 

DC assay kit (Bio-Rad, Hercules, CA). The proteins were separated by 

10% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), transferred to nitrocellulose membranes at 100 V and 350 

mA for 2 hours and probed with primary antibodies. The primary 

antibodies used to detect each protein were as follows: COX-2 

(polyclonal, Abcam, Cambridge, MA, 1:1000), p-p38 (polyclonal, Cell 

Signaling, Danvers, MA, 1:1000), p38 (monoclonal, Abcam, 1:1000), 

IFNGR1 (polyclonal, Abcam, 1:1000), TNFR (monoclonal, Millipore, 
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Billerica, MA 1:1000), β-actin (monoclonal, Cell-signaling, 1:5000). The 

secondary antibodies were used according to the manufacturer’s 

specifications and binding was detected using an enhanced 

chemiluminescence (ECL) detection kit (Amersham, Piscataway, NJ) 

according to the manufacturer’s instructions.

1.2.11 Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 10 min at room 

temperature after treatment with recombinant human IFN-γ and TNF-α 

(Peprotech) for 30 min or 24 hours. The cells were permeabilized by 

exposure to 0.5% Triton X-100 in PBS for 10 min and were then 

blocked for 2 h with 10% normal goat serum (Zymed, San Francisco, 

CA) at room temperature. The cells were then stained with antibodies 

against COX-2 (polyclonal, Abcam, 1:200) or p-p38 (polyclonal, Cell 

Signaling, 1:200), followed by incubation for 1 hour with an 

Alexa-Fluor-488- or Alexa-Fluor-594-labeled secondary antibody (1:1000; 

Molecular Probes, Oregon). The nuclei were stained with Hoechst 

33258 (1 μg/ml for 10 minutes), and the images were captured using a 

confocal microscope (Eclipse TE200, Nikon, Japan).

1.2.12 Statistical analysis

All of the experiments were conducted at least three times (n 

= 3) and the results are expressed as the mean ± SD. All of the 

statistical comparisons were made by one-way analysis of variance 

followed by a Bonferroni post hoc test for multigroup comparisons 

using GraphPad Prism software (version 5.01; GraphPad Software, San 

Diego, CA). Statistical significance designated is indicated in the Figure 

Legends.
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1.3 RESULTS

1.3.1 Characterization of hMSCs

To determine the differentiation capacity of hMSCs, I induced 

the in vitro differentiation of the adipogenic, osteogenic and 

chondrogenic lineages. Under adipogenic induction, accumulated lipid 

droplets were visualized using Oil Red O staining after 2 weeks. 

Mineral deposition was visualized with Alizarin Red S staining after 2 

weeks of osteogenic induction. Chondrogenic differentiation was 

confirmed by Toluidine Blue staining after 3 weeks (Figures 

1.1A-1.1C). The cell surface marker expression of hMSCs was 

examined by flow cytometric analysis. The hMSCs were positive for 

stromal markers (CD29, CD73, and CD105) but negative for 

hematopoietic cell and leukocyte markers (CD34, CD45, and HLA-DR) 

(Figure 1.1D).
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Figure 1.1. Characterization of hMSCs. 
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(A-C) Images of differentiated hMSCs after induction into specific 

tissues. (A) The lipid droplet accumulation in differentiated cells was 

visualized using Oil Red O staining after 2 weeks of adipogenic 

induction. (B) Calcium deposition was stained with Alizarin Red S after 

2 weeks of osteogenic induction. (C) Glycosaminoglycans in cell pellets 

were revealed by Toluidine blue staining after 2 weeks of chondrogenic 

induction. (D) hMSCs (1×106 cells/ml) were stained with FITC- or PE- 

conjugated antibodies specific for human CD29, CD34, CD45, CD73, 

CD105, and HLA-DR.
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1.3.2 Replicatively senescent hMSCs show senescence phenotypes with 

a compromised immunosuppressive ability

hMSCs must be expanded in vitro for maximum efficiency in 

clinical and pre-clinical applications. To determine the effects of 

consecutive hMSC cell divisions, I investigated the senescence 

phenotype and immunomodulatory properties in early-passage (5-10 

passages) and late-passage (15-20 passages) hMSCs. Late-passage 

hMSCs exhibited a flattened shape and cell enlargement morphology as 

well as increased SA-β-gal activity compared to early-passage hMSCs 

(Figure 1.2A). Furthermore, late-passage hMSCs exhibited a significantly 

decreased proliferation rate (Figure 1.2B). To determine whether the 

immune modulatory functions of hMSCs were related to the 

physiological aging of the cells, I performed a mixed lymphocyte 

reaction (MLR) with early- and late-passage hMSCs. Under cell-to-cell 

contact, the inhibitory effect of hMSCs on the proliferation of mitogen 

(Concanavalin A)-induced human umbilical cord blood-derived 

mononuclear cells (hUCB-MNCs) was investigated. Remarkably, 

hUCB-MNC proliferation was suppressed more in the presence of early- 

passage hMSCs than late-passage hMSCs (Figures 1.2C and 1.2D). 

These data suggest that a decrease in the immunosuppressive properties 

of hMSCs correlates with the senescence induced by prolonged in vitro 

cell culture. Consistently, the decline in immunosuppressive function of 

late-passage hMSCs was observed when CD3/28 and IL-2 were used 

instead of ConA to induce the activation and proliferation of T cells 

specifically (Figures 1.2E and 1.2F). These data suggest that a decrease 

in the immunosuppressive properties of hMSCs correlates with the 

senescence induced by prolonged in vitro cell culture.
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Figure 1.2. Replicative senescent hMSCs show impaired 

immunosuppressive ability. 

(A) Phase contrast images of early- and late-passage hMSCs. β-gal 

staining was performed in the early-passage and late-passage hMSCs to 

confirm their senescence. (B) The cumulative population doubling levels 

of hMSCs were calculated after each repeated subculture to evaluate the 

loss of their proliferation potential. n=3. (** P<0.01).  (C, D) hMNCs 
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were treated with Concanavalin A to stimulate proliferation and colony 

formation. Stimulated hMNCs were co-cultured with early- or 

late-passage hMSCs at a 1:10 ratio (MSC:MNC). White arrows indicate 

colonies of MNCs (C). hMNC proliferation was assessed after 72 hours 

using a BrdU kit (D). The results show four representative results from 

experiments using three different hMSC lines. Scale bar = 100 μm. 

n=3. (** P<0.01). (E, F) Human primary T cell proliferation was 

induced by treatment of anti-CD3 monoclonal antibody, anti-CD28 

monoclonal antibody and IL-2 to hMNCs. Activated human T cells 

were co-cultured with early- or late-passage hMSCs at a 1:10 ratio 

(MSC:MNC) (E). T cell proliferation was measured by BrdU assay 

after 72 hours (F). The graph shows two representative results from 

experiments using three different hMSC lines. Scale bar = 100 μm. 

n=3. (** P<0.01).
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1.3.3 Early- passage hMSCs show enhanced protective effects against 

DSS-induced colitis in mice

To support the observation that the decrease in the hMSC 

immunosuppressive properties correlates with replicative senescence in 

vitro, I subsequently investigated the potential therapeutic efficacy of 

early- and late-hMSCs in the experimental model of acute colitis that 

was induced by oral DSS administration. It has been reported that DSS 

causes intestinal inflammation due to the exposure of the submucosa to 

exterior antigens (intestinal bacteria and food), leading to the 

recruitment or activation of inflammatory cells associated with innate 

immunity (Cooper et al., 1993). Oral administration of a 3% DSS 

solution induced acute colitis, characterized by clinical symptoms 

(diarrhea and bloody stool) with sustained weight loss resulting in 50% 

mortality. Intraperitoneal injection of early-passage hMSCs reduced the 

loss of body-weight and decreased the mortality of mice compared to 

PBS- or late-passage hMSC injections (Figures 1.3A and 1.3B). 

Strikingly, the transplantation of early-passage hMSCs rescued 100% of 

the mice from colitis-induced lethality (Figure 1.3B). Treatment of 

late-passage hMSCs, however, did not exert these beneficial effects. On 

day 7, the disease activity index was significantly decreased by 

treatment with early-passage MSCs. In contrast, the administration of 

late-passage hMSCs did not show beneficial effects on the disease 

activity index (Figure 1.3C). The disease activity index was measured 

according to standards for the quantification of symptoms of patients 

with Crohn’s disease (Andre et al., 1981). On day 10, the mice were 

sacrificed, and the entire colon from the cecum to the anus was 

acquired. The length, mass weight and histopathology of the colon were 

investigated to determine the inflammation status. The colon length 

decreased in mice treated with PBS or late-passage hMSCs. However, 
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the colon length was restored by an injection of early-passage hMSCs 

(Figure 1.3D). The increased mass-to-length ratio revealed that both 

hyperemia and inflammation were exhibited in the colons of 

colitis-induced mice. Early-passage hMSCs reduced the mass-to-length 

ratio significantly compared to late-passage hMSCs (Figure 1.3E). Colon 

samples were processed and stained with H&E for histopathological 

evaluation. Histologic examination showed the destruction of the entire 

epithelium and submucosal edema and the infiltration of inflammatory 

cells into the lamina propria and submucosa in the colon of 

DSS-treated mice (Figure 1.3F). Importantly, the administration of 

early-passage hMSCs greatly reduced histologic damage and the 

histologic score in the colon. In contrast, late-passage hMSCs did not 

prevent histologic damage or decrease the histologic score (Figures 1.3F 

and 1.3G). These in vivo data suggest that replicative senescence 

significantly impairs the ability of hMSCs to deactivate the colonic 

inflammatory response.
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Figure 1.3. Administration of late-passage hMSCs reduces the protective 

effects against DSS-induced colitis in mice. 

(A-F) 3% DSS water was administered to mice for seven days to 

induce colitis. Early- or late-passage hMSCs were injected 

intraperitoneally one day after the administration of DSS. The 

percentage of body weight loss (A), the Mantel Cox analysis of 

survival rate (B) and the disease activity index for colitis severity (C) 

were monitored as clinical progression. Mice were sacrificed ten days 

after the induction of colitis with DSS, and the length (D), 

weight-to-length ratios of the colons (E) and colon sections were 
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stained with H&E and histopathologic evaluation was investigated by 

determining lymphocyte infiltration and intestinal damage (F, G). (* 

P<0.05, ** P<0.01)



22

1.3.4 Alteration of immunomodulatory activities during hMSC aging is 

dependent on PGE2 production

NO, PGE2, IDO and TGF-β1 have previously been identified as 

relevant mediators in the regulation of the immunomodulatory properties 

of MSCs (Shi et al., 2012). To determine whether compromised 

immunosuppressive functions in hMSC aging are affected by these 

mediators, I measured the expression levels of each molecule from the 

culture media of early- and late-passage hMSCs. Because previous 

reports have shown evidence that the immunosuppressive functions of 

MSCs are elicited by proinflammatory cytokines (Ren et al., 2008), 

early- and late-passage hMSCs were primed with IFN-γ and TNF-α for 

24 hours. There was no significant difference in the NO and TGF-β1 

levels in the presence or absence of proinflammatory cytokines in both 

early- and late-passage hMSCs. However, the PGE2 concentration was 

dramatically increased in the presence of proinflammatory cytokines. 

Interestingly, the PGE2 concentration in early-passage hMSCs was 

higher than in late-passage hMSCs (Figure 1.4A). I next investigated 

the expression levels of immunomodulatory molecules after 

proinflammatory cytokine activation using Western blot analysis. 

Consistent with the results from an ELISA assay, only the expression 

of COX-2, a key enzyme in production of PGE2, was significantly 

decreased in late-passage hMSCs (Figure 1.4B). Furthermore, COX-2 

expression was significantly down-regulated in late-passage hMSCs 

compared to early-passage hMSCs, whereas Fibronectin expression was 

not changed, which was confirmed by immunocytochemistry (Figure 

1.4C). To identify whether the expression of PGE2 and COX-2 

decreased following hMSC passages, I investigated the secretion level 

of PGE2 and the expression of the COX-2 protein in consecutive 

passages of hMSCs. The PGE2 concentration and COX-2 expression 
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decreased gradually with the increasing hMSC passage number (Figures 

1.4D and 1.4E). To determine the effect of COX-2/PGE2 on hMSC 

immunosuppressive functions, I performed an MLR assay in the 

presence or absence of celecoxib, a selective COX-2 inhibitor. 

Celecoxib-treated, early-passage hMSCs exhibited significantly 

compromised immunosuppressive abilities (Figure 1.4F). Taken together, 

these results indicate that the immunosuppressive properties of hMSCs 

gradually decrease upon consecutive passages via down-regulation of 

COX-2/PGE2 expression.
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Figure 1.4. Declined immune-inhibitory effect of late-passage hMSCs is 

regulated by PGE2 and COX-2. 

(A-E) Early- and late-passage hMSCs were treated with or without 

IFN-γ and TNF-α for 24 hours. (A, D) The PGE2 concentration was 

measured from the culture supernatant by an ELISA after IFN-γ and 
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TNF-α treatment for 24 hours. n=3. (** P<0.01) (B, C, E) COX-2 

expression was investigated using Western blot and 

immunocytochemistry after exposure to IFN-γ and TNF-α for 24 hours. 

Actin was used for normalization. n=3. (** P<0.01) (F) Concanavalin 

A stimulated hMNCs were cultured alone or co-cultured with early- , 

late- passage and celecoxib-treated hMSCs at a 1:10 ratio (MSC:MNC). 

The proliferation of hMNCs was measured by a BrdU assay after 72 

hours. n=3. (** P<0.01)
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1.3.5 p38 MAP kinase is responsible for the reduced expression of 

COX-2

p38 MAPK is one of the major intracellular signaling pathways 

activated by inflammatory stimuli, such as IFN-γ and TNF-α. It has 

been reported that p38 MAPK plays a significant role in activating the 

immune response by regulating PGE2/COX-2 synthesis synthesis (Chen 

et al., 1999; Dean et al., 1999). To determine whether the p38 MAPK 

pathway is activated upon hMSC aging, I examined the phosphorylation 

level of p38 MAPK. Phosphorylation of p38 MAPK was determined by 

western blot analysis after the treatment of hMSCs with IFN-γ and 

TNF-α. Early-passage hMSCs showed a higher level and duration of 

p38 MAPK activation without affecting the expression of IFN-γ and 

TNF-α receptors (Figure 1.5A). Phosphorylation of p38 MAPK was also 

investigated immunocytochemically after exposure to IFN-γ and TNF-α 

and was found to decrease in late-passage hMSCs compared to 

early-passage hMSCs (Figures 1.5B and 1.5C). To confirm whether 

COX-2 expression was dependent on the phosphorylation of p38 

MAPK, I investigated the expression of phosphorylated p38 MAPK and 

COX-2 after the treatment of hMSCs with SB203580, a p38 specific 

inhibitor. hMSCs were pretreated with SB203580 for 1 hour and were 

then stimulated with IFN-γ and TNF-α for 30 minutes to confirm he 

phosphorylation of p38 MAPK and for 24 hours for COX-2 expression. 

The expression of phosphorylated p38 MAPK and COX-2 was 

significantly decreased by treatment with SB203580 (Figures 1.5D and 

1.5E). These results suggest that the impaired activation of p38 MAPK 

in late-passage hMSCs might lead to the down-regulation of 

COX-2/PGE2 expression.
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Figure 1.5. p38 MAP kinase is responsible for senescence-associated 

COX-2 expression. 

(A) Phosphorylation of p38 MAPK was investigated by Western blot 

analysis after treatment with IFN-γ and TNF-α, as indicated. (B, C) 

Expression of the phosphorylated form of p38 MAPK in early- and 

late-passage hMSCs was determined by immunocytochemistry after 

treatment with IFN-γ and TNF-α for 30 minutes. (D, E) After treating 

cells with SB203580, the expression levels of COX-2 and p-p38 were 

confirmed by Western blot analysis. Cells were treated with IFN-γ and 

TNF-α for 30 minutes to detect the expression of p-p38 and for 24 

hours to detect COX-2 expression. n=3. (* P<0.05)
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1.4 DISCUSSION

The results presented here are the first demonstration that 

replicative senescence in hMSCs impairs the secretion of soluble factors 

in response to the inflammatory milieu, thereby resulting in the loss of 

the immunoregulatory functions of hMSCs. Several studies have 

reported that cellular senescence affects the proliferation, multilineage 

differentiation and soluble factor production of MSCs (Crisostomo et 

al., 2006; Gruber et al., 2012; Lee et al., 2009; Zaim et al., 2012). 

However, none of these studies investigated whether cellular senescence 

affects their immunomodulatory ability. In this study, serial passaging 

by long-term culture significantly decreased the inhibitory effect of 

hMSCs on the mitogen-induced proliferation of hMNCs. This finding 

led me to confirm the in vivo anti-inflammatory effect of hMSCs using 

a chemically induced colitis model in which our team previously 

verified the therapeutic effect of hMSCs (Kim et al., 2013). Consistent 

with in vitro co-culture experiments, the protective effect of 

early-passage hMSCs against DSS-induced colitis in mice was 

completely abrogated when late-passage hMSCs were administered. 

Recently, Scruggs et al. (Scruggs et al., 2013) reported that human 

adipose-derived MSCs from old donors failed to ameliorate mouse 

experimental autoimmune encephalomyelitis, a model for human multiple 

sclerosis. Although this result correlates with this study in the respect 

that donor age or long-term culture affected the immunoregulatory 

ability of hMSCs, a further study may be required to elucidate the 

precise senescence-related characteristics of old donor-derived MSCs and 

long-term cultured, late-passage MSCs.    
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A previous study by Liu et al. (Liu et al., 2012) showed that 

the immunosuppressive properties of MSCs decreased with increasing 

passage. The main finding of this study was that although mouse MSCs 

sustained the secretion of TGF-β during long-term cultivation, the 

immunosuppressive ability of MSCs was diminished as their 

immunogenicity concomitantly increased. Similarly, in this study, the 

basal secretion level of soluble factors from hMSCs, including NO, 

TGF-β1 and PGE2, was not affected by cellular senescence. However, 

when hMSCs were treated with IFN-γ and TNF-α, prominent cytokines 

in type 1 helper T cell-mediated autoimmune diseases, such as 

inflammatory bowel disease, multiple sclerosis and type I diabetes, 

early-passage hMSCs produced a much higher level of PGE2 in 

response to cytokine treatment compared to late-passage hMSCs. In 

addition, the elevation in PGE2 production and COX-2 expression of 

hMSCs by cytokine treatment gradually diminished as passage increased. 

Furthermore, I showed that celecoxib-induced COX-2 inhibition in 

early-passage hMSCs diminished the suppressive effect of hMSCs on 

hMNC proliferation to the same extent observed in late-passage hMSCs. 

These results imply that PGE2 is a critical soluble factor through which 

hMSCs exert their suppressive effect on MNC and that the 

responsiveness of hMSCs against inflammatory cytokines might be the 

main reason for the loss of immunomodulatory functions in late-passage 

hMSCs, regardless of their immunogenicity. Liu et al. (Liu et al., 2012)

also demonstrated that TGF-β from MSCs and IL-10 from MNCs were 

pivotal regulatory factors for an in vitro immune-inhibitory effect but 

not for an in vivo effect, indicating that factors other than TGF-β or 

IL-10 are involved in the physiological function of MSCs. The previous 

study showed that hMSCs alleviated the DSS-induced colitis model 

through the production of PGE2 and that COX-2 inhibition led to the 
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loss of this therapeutic effect (Kim et al., 2013). Based on these 

findings, one can envision that hMSC-derived PGE2 may be the crucial 

factor for the regulation of both cellular and physiological inflammation 

and that impaired PGE2 production in senescent hMSCs upon an 

inflammatory trigger may result in the loss of their therapeutic effect 

against inflammatory diseases. 

A recent study by Gu et al. (Gu et al., 2012) showed that 

human bone marrow-derived MSCs from systemic lupus erythematosus 

(SLE) patients were senescent and that the expression of p16INK4a, a 

major molecule that induces premature senescence, was significantly 

increased. Additionally, the inhibition of p16INK4a expression reversed the 

senescent characteristics of MSCs via the activation of the extracellular 

signal regulated kinase (ERK) pathway, resulting in the up-regulation of 

TGF-β production and regulatory T cell induction. Therefore, in this 

study, I explored the key signaling pathway responsible for the 

senescence-mediated loss of responsiveness to inflammatory stimuli. 

Interestingly, phosphorylation of p38 MAPK upon stimulation with 

IFN-γ and TNF-α was decreased in late-passage hMSCs, whereas ERK 

signaling upon cytokine stimulation was not affected by cellular 

senescence. Furthermore, I showed that p38 MAPK phosphorylation 

regulates COX-2 expression. It is apparent that future work will require 

the precise verification of senescence-regulated signaling to restore the 

therapeutic function of immunosenescent hMSCs.  

I conclude that consecutive cell divisions for the ex vivo 

expansion of hMSCs may alter their immunomodulatory properties. I 

show that PGE2 and COX-2, a key enzyme of PGE2 production, play 

positive roles in the immunomodulatory abilities of hMSCs. In addition, 

the immunomodulatory ability of hMSCs gradually declines with 

successive passages through a p38 MAP kinase-dependent change of the 
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PGE2 and COX-2 levels. This study provides new insights into the 

mechanisms that regulate hMSC aging and may have implications for 

prolonging the effect of hMSCs in therapeutic applications.
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CHAPTER Ⅱ

BMI1 inhibits senescence and enhances the 

immunomodulatory properties of human 

mesenchymal stem cells via the direct 

suppression of MKP-1/DUSP1
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2.1 INTRODUCTION

Mesenchymal stem cells are a promising source for cell therapy 

of inflammatory diseases because of their profound immunomodulatory 

abilities, which include effects on the proliferation and function of 

immune cells through their secretory molecules (Chabannes et al., 2007; 

Sato et al., 2007). Due to their potent immunosuppressive properties, 

MSCs have been used for treating acute and chronic inflammatory 

disorders, including graft-versus-host diseases and atopic dermatitis (Kim 

et al., 2015; Le Blanc et al., 2008a; Reinders et al., 2013). However, 

previous studies have reported that MSCs enter senescence and show 

chromosomal aberrations during long-term cultures for the expansion of 

the cell population (Schallmoser et al., 2010; Schellenberg et al., 2011; 

Wagner et al., 2008). Furthermore, I previously reported that 

replicatively senescent MSCs lose their therapeutic efficacies because of 

decreased immunomodulatory cytokine production (Yu et al., 2014). In 

this context, the effects of senescence in attempts to expand the number 

of cells is a critical factor in regulating the quality as well as the 

quantity of MSCs available for the therapeutic applications.

Because the partial pressure of oxygen changes as blood 

circulates through the circulatory system, adult tissues experience 

differences in the distribution of oxygen tensions (Brahimi-Horn and 

Pouyssegur, 2007). MSCs reside in their niche in vivo, where the 

oxygen level is relatively lower (1~8%) than it is in the atmosphere of 

regular cell cultures (20%) (Mohyeldin et al., 2010). Also, in clinical 

applications, MSCs are transplanted into the injured sites, where the 

oxygen tension is low. Low oxygen levels during the in vitro culture 

of MSCs enhances proliferation and early chondrogenic differentiation 
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and diminishes osteogenesis/adipogenesis (Holzwarth et al., 2010; Xu et 

al., 2007). Recent evidence suggests that low-oxygen environments have 

beneficial effects on protecting stem cells from cellular senescence 

(Beegle et al., 2015; Tsai et al., 2011; van den Beucken et al., 2014). 

Furthermore, several groups have reported that hypoxic preconditioning 

enhances the therapeutic efficacies of MSCs in treating ischemic injuries 

by inducing metabolic changes and by facilitating vascular cell 

mobilization and skeletal muscle fiber regeneration (Beegle et al., 2015; 

Leroux et al., 2010).

One of the prominent immunomodulatory factors of MSCs is 

PGE2, which is synthesized from arachidonic acid catalyzed by 

cyclooxygenase-1 and cyclooxygenase-2 (Spaggiari et al., 2008). COX-2 

is a key enzyme for producing PGE2 in response to inflammatory 

stimuli (Williams et al., 1999), and it has been investigated as a 

therapeutic target to alleviate excess inflammatory responses (Masferrer 

et al., 1994; Talley et al., 2000). My previous studies explored the 

mechanism by which COX-2/PGE2 expression is regulated via the 

phosphorylation of p38 MAP kinase in response to inflammatory stimuli 

in hUCB-MSCs (Yu et al., 2014). MAP kinase phosphatase (MKP)-1, 

also referred to as dual-specific phosphatase 1 (DUSP1), has been 

reported to decrease COX-2 expression through the suppression of the 

p38 MAP kinase pathway (Chuang et al., 2014; Sun et al., 1993; 

Turpeinen et al., 2010). However, the regulatory mechanisms by which 

MKP-1 controls the immunosuppressive properties of MSCs remain to 

be determined.

BMI1 is a member of the polycomb repressive complex (PRC) 

protein group that plays pivotal roles in maintaining the ability for 

self-renewal and proliferation in various types of stem cells. PRCs 

suppress target genes through modifying the methylation and 
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ubiquitination of histones (Chiacchiera et al., 2016; Luis et al., 2011). 

BMI1 in particular has been reported to regulate cellular senescence and 

proliferation via the repression of the INK4A-ARF locus, which encodes 

the tumor suppressor p16INK4a (Dhawan et al., 2009; Itahana et al., 

2003). Mice deficient in Bmi1 show premature senescence and a 

decreased life span, as well as a loss of mitochondrial function 

accompanied by increased reactive oxygen species (ROS) levels and the 

activation of DNA damage responses (Jacobs et al., 1999; Liu et al., 

2009). Although the up-regulation of BMI1 expression in hypoxia via 

the cooperative transactivation of hypoxia-inducible factor-1α (HIF-1α) 

and Twist has been reported (Du et al., 2014), the role of BMI1 in 

regulating the therapeutic properties of hMSCs has not been elucidated.

In the present study, I assessed the effects of BMI1-induced 

senescence on the immunomodulatory functions of hUCB-MSCs and 

investigated the underlying mechanisms. My study provides evidence 

that BMI1 expression levels are maintained following consecutive 

passages in hypoxia, and the regulation of BMI1 gene expression alters 

immunosuppressive functions by suppressing MKP-1, a major negative 

regulator of p38 MAP kinase in hUCB-MSCs. My results highlight the 

advantages of hypoxic cultures for hUCB-MSCs, revealing a novel 

mechanism by which BMI1 regulates the immune response of 

hUCB-MSCs.
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2.2 MATERIALS AND METHODS

2.2.1 Cell culture

For the isolation of hUCB-MSCs, UCB samples were obtained 

from the umbilical vein immediately after delivery with the informed 

consent of the mothers. Procedures were approved by the Boramae 

Hospital Institutional Review Board (IRB) and the Seoul National 

University IRB (IRB no. E1507/001-011). Briefly, the UCB samples 

were mixed with HetaSep solution (StemCell Technologies, Vancouver, 

Canada) at a ratio of 5:1 and then incubated at room temperature to 

deplete the erythrocytes. The supernatant was carefully collected, and 

mononuclear cells were obtained using Ficoll density-gradient 

centrifugation at 2500 rpm for 20 minutes. The cells were washed 

twice in PBS. Cells were seeded at a density of 2x105 to 2x106

cells/cm2 on plates in growth medium made from a KSB-3 Complete 

Medium kit (Kangstem Biotech, Seoul, Korea) and 10% fetal bovine 

serum (Gibco BRL, USA). After 3 days, the adherent cells formed 

colonies and the non-adherent cells were removed. For long-term 

cultures, the cells were seeded at a density of 4x105 cells/10-cm plate, 

and the cells were subcultured upon reaching 80~90% confluency. For 

hypoxic cultures, cells were cultured in an incubator maintained at 5% 

CO2 and 1% O2 using the delivery of nitrogen gas (N2) from a tank 

containing pure N2 for at least 3 days.

2.2.2 Characterization of hUCB-MSCs

hUCB-MSCs were triturated into single cells and labeled with 

monoclonal mouse anti-human fluorochrome-conjugated antibodies: 

CD29-PE, CD34-FITC, CD45-FITC, CD105-FITC, CD73-PE, and 

HLA-DR (BD Bioscience, San Jose, USA). The labeled cells were 
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analyzed via flow cytometry using a FACSCalibur system (BD 

Biosciences).

2.2.3 In vitro differentiation assay

For differentiation into osteoblasts and adipocytes, 1x105 cells 

were plated in 6-well plates. After the cells reached 70-80% confluency, 

they were treated with an osteogenic differentiation-inducing medium 

(DMEM containing 10% FBS, 100 nM dexamethasone, 50 μM ascorbic 

acid 2-phosphate, and 10 mM β-glycerophosphate) or an adipogenic 

differentiation-inducing medium (DMEM supplemented with 10% FBS, 

200 μM indomethacin, 1 μM dexamethasone, 0.5 mM isobutyl 

methylxanthine, and 0.5 μg/ml insulin) (all materials from 

Sigma-Aldrich, St. Louis, USA). The medium was changed every 2-3 

days. After 2 weeks of induction, the cells were stained to confirm 

osteogenic or adipogenic differentiation. To confirm adipogenic 

differentiation, Oil Red O staining was conducted to detect fat droplets 

in the differentiated cells. Briefly, cells were fixed with 10% formalin 

for 1 hour and rinsed with 60% isopropanol before incubation in fresh 

diluted Oil Red O for 10 minutes. To confirm osteogenic 

differentiation, Alizarin Red S staining, which is specific for calcium, 

was performed to detect alkaline phosphate activity. Briefly, cells were 

rinsed with PBS and fixed with 70% ice-cold ethanol for 1 hour at 

4°C. After 3 washes with distilled water, the cells were stained using 

40 mM Alizarin Red S (Sigma-Aldrich) for 10 minutes at room 

temperature.

2.2.4 Cumulative population doubling level (CPDL)

The proliferation potential of MSCs under each condition 

(normoxia and hypoxia, regulation of BMI1 expression) was determined 
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by calculating the cumulative population doubling level in continual 

subculture and growth from a number of cells. At each subculture, the 

CPDL was calculated from the cell count using the following equation: 

ln(Nf/Ni)/ln2, where Ni and Nf are initial and final cell count numbers, 

respectively, and ln is the natural log.

2.2.5 Senescence-associated beta-galactosidase (SA-ß-gal) staining

The hUCB-MSCs were seeded on 6-well plates and incubated 

for 2-3 days until reaching 70-80% confluency. The cells were washed 

twice with PBS and fixed with 0.5% glutaraldehyde in PBS (pH 7.2) 

for 5 minutes at room temperature. The cells were then washed with 

PBS containing 1 mM MgCl2 (pH 7.2) and stained with X-gal solution 

[1 mg/ml X-gal, 0.12 mM K3Fe(CN)6, 1 mM MgCl2 in PBS at pH 

6.0] overnight at 37°C. The cells were washed twice with PBS, and the 

images were captured using a light microscope (IX70, Olympus, Tokyo, 

Japan).

2.2.6 MTT assay

The proliferative potential of the hUCB-MSCs was measured 

using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT, Sigma-Aldrich) assay, which is based on the ability of live cells 

to convert a tetrazolium salt into purple formazan. hUCB-MSCs (20,000 

per well) were seeded in 24-well plates. After 48 hours of incubation, 

50 ml MTT stock solution (5 mg/ml; Sigma) was added to each well, 

and the plates were further incubated for 4 hours at 37°C. The 

supernatant was removed, and 500 μl of DMSO was added to each 

well to solubilize the purple formazan crystals. The solution was then 

transferred to a 96-well microplate for measurement. The absorbance at 

a wavelength of 540 nm was measured using an EL800 microplate 
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reader (BIO-TEK Instruments, Winooski, USA). All of the 

measurements were performed in triplicate.

2.2.7 Western blot analysis

The cells were lysed with a protein lysis buffer (Pro-PREP, 

Intron Biotechnology, Korea) with a protease/phosphatase inhibitor 

cocktail, and protein concentration were determined using a DC assay 

kit (Bio-Rad, Berkeley, USA). The proteins were separated via 10-15% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

transferred to nitrocellulose membranes, blocked with 3% bovine serum 

albumin in Tris-buffered saline with Tween (TBST: 20 mM Tris-HCl 

[pH 7.6], 137 mM NaCl, 1% Tween 20), and probed with the 

indicated primary antibodies; rabbit anti-p16INK4a (1:1000; Abcam, 

Cambridge, UK; ab108349), rabbit anti-BMI1 (1:1000, Cell Signaling 

Technology Europe, Leiden, The Netherlands; #6964s), mouse 

anti-GAPDH (1:3000, Millipore, Darmstadt, Germany; MAB374), rabbit 

anti-COX-2 (1:1000, Abcam; ab15191), rabbit anti-p-p38 (1:1000, Cell 

Signaling; #9211s), rabbit anti-MKP-1 (1:200, Santacruz, Texas, USA; 

sc-1102). The secondary antibodies were used according to the 

manufacturer’s specifications; horseradish peroxidase (HRP)-conjugated 

antibodies (1:2000; Invitrogen, Carlsbad, USA; G21040, G21234) and 

binding was detected using an enhanced chemiluminescence (ECL) 

detection kit (Amersham Pharmacia Biotek, Amersham, UK).

2.2.8 Isolation and culture of hUCB-derived MNCs

Human mononuclear cells were isolated from UCB samples. 

The UCB samples were mixed with HetaSep solution (StemCell 

Technologies, Canada) at a ratio of 5:1 and incubated at room 

temperature to the deplete erythrocyte portion. The supernatant was 
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carefully collected and mononuclear cells were obtained using 

LymphoprepTM (StemCell Technologies, Vancouver, Canada) with 

density-gradient centrifugation at 2,500 rpm for 20 minutes. The 

isolated MNCs were washed twice in PBS and used for the co-culture 

experiments with hUCB-MSCs or were expanded in the supernatant 

media collected from cultured hUCB-MSCs.

2.2.9 MNC proliferation assay

The isolated hUCB-MNCs were cultured in the supernatant 

media collected from normoxic- or hypoxic-cultured hUCB-MSCs. To 

investigate the role of BMI1 in the immunomodulatory properties of 

MSCs, the hUCB-MSCs were treated with 25 μg/ml of mitomycin C 

(from Streptomyces caespitosus) at 37℃ for 1 hour. After washing 

twice in PBS, the cells were seeded in 96-well plates at 1x104

cells/well and incubated for 24 hours. hMNCs were prepared as 

previously described, treated with concanavalin A (from Canavalia 

ensiformis) in RPMI medium and cultured at 1x105 cells/well. After 3 

days of co-culture, MNC proliferation was determined using a cell 

proliferation ELISA kit, (BrdU kit, Roche, Basel, Switzerland). Changes 

in absorbance (optical density, OD) in relation to the level of BrdU 

incorporation were measured spectrophotometrically at 450 nm using a 

microplate reader.

2.2.10 Retroviral transduction

The retroviral pMX-GFP, pMX-EZH2, pMX-SUZ12, 

pMX-BMI1, pSMP-Luc and pSMP-BMI1 plasmids were transfected into 

293FT cells with VSV-G and gag/pol plasmids using the Fugene 6 

transfection reagent (Roche). The viral supernatants were collected 48 

and 72 hours post-transfection and were used to infect hUCB-MSCs in 
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the presence of 5 μg/ml polybrene (Sigma). At 24 hours after 

transduction, the cells were washed more than four times in PBS and 

maintained in growth medium for expansion.

2.2.11 Chromatin immunoprecipitation

To demonstrate the binding of the BMI1 protein to the DUSP1 

promoter, chromatin immunoprecipitation (ChIP) assays were carried out 

according to the manufacturer’s instructions (ChIP assay kit, Millipore, 

Darmstadt, Germany). Briefly, 1 to 2x107 cells were cross-linked with 

1% formaldehyde for 10 minutes at 37℃ and then subsequently 

harvested and washed with ice-cold PBS containing protease inhibitors. 

The cell lysates were incubated with the BMI1 antibodies. Immune 

complexes were precipitated and the promoter regions of DUSP1 and 

p16INK4a were amplified via PCR or quantitative PCR using the primers 

spanning the potential DUSP1 binding site.

2.2.12 Statistical analysis

All of the experiments were conducted at least three times (n 

= 3) and the results are expressed as the mean ± SD. Statistical 

significance designated is indicated in the Figure Legends (*, P < 0.05; 

**, P < 0.01).
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Target Forward Reverse

BMI1 GACTCTGGGAGTGACAAGG

C

AGATTGGTGGTTACCGCTG

G

p16INK4a GAAGGTCCCTCAGACATCCC CCCTGTAGGACCTTCGGTGA

DUSP1 CTGCCCTTTCTGTACCTGGG GGTTGTCCTCCACAGGGAT

G

GAPDH TGATGACATCAAGAAGGTG

GTG

ACCCTGTTGCTGTAGCCAAA

T 

Location Forward Reverse

p16INK4a promoter 

(-38 ~ -158) 

GCACTCAAACACGCCT

TTGC

AGAGCCAGCGTTGGCA

AGGA

DUSP1 promoter 1 

(-1815 ~ -1717)

GCGCCCAGCTCTTAAA

AAGT

CCGACTTGATTTGTCCC

ATT

DUSP1 promoter 2 

(-662 ~ -543)

GCTCGAGTCGGTCTTG

GTAG

GACTTGCCCAGAACCA

CACT

DUSP1 promoter 3 

(-106 ~ -16)

CCGTCACGTGATCACC

ATT

GCGTTTATATGCGGCCT

CT

Table 2.1. qPCR Primers used for mRNA expression analysis

Table 2.2. qPCR Primers used for ChIP analysis
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2.3 RESULTS

2.3.1 Hypoxic culturing decreases cellular senescence in hUCB-MSCs 

with increased BMI1 expression

It has been reported that combining low cell densities and 

hypoxic culturing in expanding human bone-marrow-derived MSCs 

preserves their proliferative capacity without inducing senescence (Dos 

Santos et al., 2010). To determine the effects of a hypoxic environment 

on the proliferation and cellular senescence of hUCB-MSCs, equal 

numbers of cells were seeded in normoxic and hypoxic (1% O2) 

cultures. After 4-6 consecutive passages, normoxic-cultured hUCB-MSCs 

showed a decreased proliferation rate, whereas hypoxic-cultured cells 

maintained their ability to proliferate (Figure 2.1A). Furthermore, 

hypoxic culture conditions inhibited the senescence-associated 

ß-galactosidase (SA-ß-gal) activity of the hUCB-MSCs compared to the 

activity in normoxic conditions (Figure 2.1B). The increased 

proliferative ability of hypoxic-cultured hUCB-MSCs was confirmed via 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

and a cell cycle analysis using propidium iodide staining (Figures 

2.1C-2.1D). Hypoxic conditions increased the number of cells in the 

S-phase and decreased the number of cells in the G0/G1 phase. In 

addition, passaged hUCB-MSCs in hypoxia showed decreased γ-H2AX 

foci compared to the cells senesced in normoxia (Figure 2.1E). It 

suggests that the hypoxic culture environment suppressed DNA damage 

response of the hUCB-MSCs. Hypoxic-cultured hUCB-MSCs maintained 

their characteristic cell surface-marker profile and capability for 

multi-lineage differentiation (Figure 2.2). Western blot analysis showed 

that a low oxygen environment decreased the expression of p16INK4a, a 

senescence marker, and increased BMI1 in hUCB-MSCs (Figures 2.1F 
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and 2.1G). The increased expression of BMI1 by hUCB-MSCs cultured 

in a low oxygen environment was also investigated 

immunocytochemically (Figure 2.1H). Taken together, these results show 

that hypoxic culturing prevents hUCB-MSCs from undergoing cellular 

senescence in association with increased expression levels of BMI1.
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Figure 2.1. Hypoxia protects hUCB-MSCs from cellular senescence and 

increases BMI1 expression.

(A) Cumulative population doubling levels were measured to investigate 

the effect of hypoxic culturing on the proliferation of hUCB-MSCs. At 

each passage, the same numbers of cells were seeded and cultured in 

normoxic (20% O2) or hypoxic (1% O2) conditions. After 4 days, cells 

were harvested and counted with a hemocytometer. (n=3) (B) SA-beta 

galactosidase staining was conducted in early and late passages of 

normoxic- and hypoxic-cultured hUCB-MSCs. (C) MTT assay was 

conducted to assess the proliferation of normoxic- and hypoxic-cultured 



46

MSCs (n=3). (D) Cell cycle distribution was analyzed with propidium 

iodide using flow cytometry. (n=3). (E) Immunostaining of γH2AX was 

performed in the passaged hUCB-MSCs in normoxia and hypoxia. Each 

images show the representative and the graph indicates the 

quantification of loci per cell. (F) Protein expression of BMI1 and 

p16INK4a was determined via western blot analysis.  (G) Western 

blotting was performed to evaluate the expression of BMI1 and p16INK4a

in hUCB-MSCs cultured for three days in normoxia or hypoxia. 

Average BMI1 and p16INK4a band intensities of three independent 

replicate experiments were quantified and the representative immunoblots 

are shown. (H) Expression of BMI1 in normoxic- and hypoxic-cultured 

hUCB-MSCs was determined via immunocytochemistry. Representative 

images from at least three independent experiments are shown. Error 

bars represent mean±SD from three separate experiments. * P<0.05, ** 

P<0.01, *** P<0.001 using Student's t-test.
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Figure 2.2. Characterization of hUCB-MSCs cultured in normoxia and 

hypoxia. 

Normoxic (A) and hypoxic (B) cultured hUCB.MSCs (1×106 cells/ml) 

were stained with FITC. or PE.conjugated antibodies specific for human 

CD29, CD34, CD45, CD73,CD105, and HLA.DR. (C) Images of 

differentiated hUCB-MSCs after induction into specific tissues. Lipid 

droplet accumulation in differentiated cells was visualized using Oil Red 

O staining after 2.5 weeks of adipogenic induction. Calcium deposits 

were stained with Alizarin Red S after 2.5 weeks of osteogenic 

induction. The results show 1 representative sample from of 3 

independent experiments.
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2.3.2 Hypoxia-induced BMI1 regulates cellular senescence in 

hUCB-MSCs

To elucidate the role of BMI1 in hypoxic-cultured 

hUCB-MSCs, I conducted BMI1 loss-of-function studies using retroviral 

shRNA. First, I assessed the senescence phenotype of 

BMI1-down-regulated hUCB-MSCs compared to control 

Luc-hUCB-MSCs in hypoxia. The depletion of BMI1 increased 

SA-ß-gal staining and p16INK4a expression, showing the accelerated aging 

of these hUCB-MSCs (Figures 2.3A and 2.3C). Cellular proliferation 

was also decreased in shBMI1-MSCs (Figure 2.3B). To explore the role 

of increased BMI1 expression in hypoxic-cultured hUCB-MSCs, I 

overexpressed BMI1 in normoxic conditions and examined the effects 

this had on cellular senescence. To investigate the effect of BMI1 in 

regulating proliferation and senescence, hUCB-MSCs were transduced 

with control GFP or BMI1 viral vectors. The overexpression of BMI1 

and the decreased expression of p16INK4a was confirmed via western 

blotting (Figure 2.3D). BMI1-transduced hUCB-MSCs maintained their 

proliferative capacity, whereas GFP-transduced cells showed decreased 

proliferation following consecutive passages (Figures 2.3E and 2.3F). 

BMI1-overexpressing hUCB-MSCs showed a reduced SA-ß-gal activity 

compared to that of the control GFP-transduced cells, which showed an 

elevated SA-ß-gal activity along with a flattened or lengthened 

morphology (Figure 2.3G). In the previous studies, a decreased 

expression of histone deacetylases (HDACs), followed by the 

downregulation of polycomb group genes (PcGs), such as BMI1, EZH2 

and SUZ12, was observed in senescent hUCB-MSCs (Jung et al., 2010

). Therefore, I assessed the effects of other polycomb group proteins, 

such as EZH2 and SUZ12, on the hUCB-MSC senescence phenotype. 

BMI1-transduced cells maintained their proliferative ability, whereas 



49

EZH2-, SUZ12- or GFP-transduced hUCB-MSCs showed a decrease in 

proliferation following consecutive passages (Figure 2.4A). In line with 

the proliferation assay data, BMI1 showed most significantly reduced 

SA-ß-gal activity after 6-8 passages (Figure 2.4B). These results 

revealed that BMI1 regulates the cellular senescence of hUCB-MSCs in 

a hypoxic environment.
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Figure 2.3. BMI1 regulates cellular senescence in hUCB-MSCs. 

(A-C) To assess the role of BMI1 in hypoxia, hypoxic-cultured 

hUCB-MSCs were transfected with Luc control and shBMI1, and the 

senescence phenotype was investigated. (A) Expression levels of BMI1 

and p16INK4a proteins were confirmed via western blot analysis. (B) 

To assess the proliferation of BMI1-down-regulated hUCB-MSCs, an 
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MTT assay was performed. (C) The senescent state of cells was 

confirmed via SA-β-gal staining. (D-G) To confirm the effects of BMI1 

on cellular senescence, normoxic-cultured hUCB-MSCs were induced to 

overexpress GFP and BMI1. (D) Western blot analysis was performed 

to confirm the expression levels of BMI1 and p16INK4a proteins. (E) 

MTT assay was conducted to evaluate the proliferation of 

BMI1-up-regulated hUCB-MSCs. (F) After the overexpression of BMI1, 

CPDLs were determined to evaluate the proliferative ability of the 

hUCB-MSCs. (G) After several passages, the senescent state of cells 

was confirmed via SA-β-gal staining. The results show 1 representative 

of 3 independent experiments. Error bars represent mean±SD from three 

separate experiments. ** P<0.01, *** P<0.001 using Student's t-test.
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Figure 2.4. Among the polycomb group proteins, BMI1 most effectively 

inhibits cellular senescence and improves the expression of COX-2.

(A) After the overexpression of GFP, EZH2, SUZ12 and BMI1, 

hUCB.MSCs were subcultured and CPDLs were calculated. (B) After 

several passages, SA-β-gal staining was conducted to assess the 

senescent state of hUCB.MSCs overexpressing each factor. (C) GFP, 

BMI1 and EZH2 transduced hUCB.MSCs were treated with IFN-γ and 

TNF-α for 24 hours, and western blot analyses were conducted to 
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investigate the effects of the immunomodulatory proteins and COX-2 

expression.
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2.3.3 BMI1 regulates the immunosuppressive properties of hUCB-MSCs 

in hypoxia

My previous study revealed that replicatively senescent 

hUCB-MSCs have compromised immunomodulatory functions, with 

decreased PGE2 levels. To determine whether the immunomodulatory 

functions of hUCB-MSCs are related to the oxygen tension levels 

during culturing, I tested the inhibitory effect of normoxic- and 

hypoxic-cultured hUCB-MSCs on the proliferation of mitogen 

(concanavalin A)-induced human umbilical cord blood-derived 

mononuclear cells (hUCB-MNCs). Normoxic- and hypoxic-cultured 

hUCB-MSCs were treated with IFN-γ and TNF-α for 72 hours, and 

hUCB-MNCs were treated with the collected supernatant. hUCB-MNC 

proliferation was suppressed to a greater extent in the presence of the 

supernatant from hypoxic-cultured hUCB-MSCs (Figure 2.5A). In 

addition, the PGE2 level in the cell culture media was notably higher 

in the supernatant from the hypoxic-cultured hUCB-MSCs (Figure 

2.5B). After collecting the supernatant, proteins were extracted from the 

MSCs and analyzed via western blot. Consistent with the PGE2 level, 

the expression of COX-2, a key enzyme in the production of PGE2, 

was highly increased in hypoxic-cultured hUCB-MSCs (Figure 2.5C). 

To assess the impact of BMI1 down-regulation on the 

immunomodulatory properties of hUCB-MSCs, I co-cultured 

hUCB-MNCs with BMI1-down-regulated hUCB-MSCs after they had 

been activated by Con A in hypoxia (Figure 2.5D). The proliferation of 

hUCB-MNCs co-cultured with shBMI1-MSCs was increased compared 

to that of the control MSCs, suggesting a decline in the 

immunosuppressive function of BMI1-down-regulated hUCB-MSCs 

(Figure 2.4E). In addition, the secretion of PGE2 was significantly 

down-regulated in shBMI1-MSCs (Figure 2.5F). To confirm the 
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regulatory effect of BMI1 on the activation of p38 MAPK in cells 

cultured in hypoxia, I compared the phosphorylation of p38 MAPK in 

hypoxic-cultured hUCB-MSCs and BMI1-down-regulated/hypoxic-cultured 

hUCB-MSCs (Figure 2.5G). The expression of phosphorylated p38 MAP 

kinase was decreased in response to the down-regulation of BMI1 in 

the hypoxic culture condition. These findings suggest that BMI1 

regulates immunomodulatory properties via p38 MAPK-mediated COX-2 

expression in low-oxygen-cultured hUCB-MSCs.
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Figure 2.5. Low oxygen environment increases the BMI1-dependent 

immunomodulatory properties of hUCB-MSCs.

(A, B) The culture supernatant from normoxic- and hypoxic-cultured 

hUCB-MSCs was collected after treatment with IFN-γ and TNF-α for 

72 hours. (A) hUCB-MNCs were cultured with each supernatant after 

being activated with concanavalin A. After 3 days, the proliferation of 
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MNCs was determined using a BrdU assay kit. (B) PGE2 concentration 

was measured using an ELISA kit. (C) Proteins were extracted after 

collecting the supernatant, and a western blot analysis was performed 

with the indicated antibodies. Representative blots are shown. (D) The 

effect on the immunosuppressive properties of BMI1-down-regulated 

hUCB-MSCs was investigated via a co-culture experiment. (E) 

Proliferation levels of hUCB-MNCs were measured using a BrdU assay 

kit. (F) PGE2 concentration levels were measured from the culture 

supernatant of control- and shBMI1-induced hUCB-MSCs. (G) Western 

blot analysis of COX-2 signaling factors was conducted. Error bars 

represent mean±SD from three separate experiments. * P<0.05, ** 

P<0.01, *** P<0.001 using Student's t-test.
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2.3.4 BMI1 upregulation enhances the immunomodulatory properties of 

hUCB-MSCs 

To investigate the effect of BMI1 on the immunosuppressive 

properties of hUCB-MSCs, I co-cultured Con A-activated hUCB-MNCs 

with BMI1-transduced hUCB-MSCs. The mitogen-induced proliferation 

of hUCB-MNCs was remarkably reduced when co-cultured with 

BMI1-overexpressing hUCB-MSCs (Figures 2.6A and 2.6B). 

Furthermore, BMI1-overexpressing hUCB-MSCs showed a more than 

4-fold increase in the concentration of secreted PGE2 (Figure 2.6C), 

suggesting improved immunomodulatory abilities. These data suggest 

that BMI1 could improve immunomodulatory properties in hUCB-MSCs 

and protect them from cellular senescence. My previous study showed 

that replicatively senescent hUCB-MSCs lose their immunomodulatory 

abilities because of a decrease in the phosphorylation of p38 MAP 

kinase (Yu et al., 2014) and resulting in altered COX-2 expression. To 

investigate the effects of BMI1 on COX-2 expression and on the 

phosphorylation of p38 MAP kinase, I performed western blotting with 

pro-inflammatory cytokine-activated hUCB-MSCs in the presence or 

absence of BMI1 expression. I found that BMI1 overexpression induced 

an increase in the phosphorylation of p38 MAP kinase and COX-2 

expression, along with a decrease in p16INK4a expression in IFN-γ- and 

TNF-α-activated hUCB-MSCs (Figure 2.6D). In addition, we assessed 

the effects on other PcGs on immunomodulating factors, and found that 

BMI1-overexpressing hUCB-MSCs showed increased COX-2 levels, as 

demonstrated by western blot analysis (Figure 2.4C). Increased levels of 

phosphorylated p38 MAP kinase and COX-2 expression were also 

confirmed via immunocytochemistry (Figures 2.6E and 2.6F). These 

results indicate that BMI1 increases the therapeutic effects of 
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hUCB-MSCs via the up-regulation of COX-2 and the phosphorylation 

of p38 MAP kinase.
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Figure 2.6. Up-regulation of BMI1 enhances the immunosuppressive 

effect of hUCB-MSCs.

To investigate the immunosuppressive properties of BMI1-overexpressing 

hUCB-MSCs, (A) hUCB-MNCs were co-cultured with 

BMI1-overexpressing hUCB-MSCs and (B) the proliferation of 

hUCB-MNCs was measured with a BrdU proliferation assay kit. (C) 

PGE2 concentration was measured in the culture supernatant of GFP- 
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and BMI1-overexpressing hUCB-MSCs. (D) COX-2, p-p38 MAP kinase 

and BMI1 expression levels of BMI1-overexpressing hUCB-MSCs were 

investigated via western blot analysis after treatment with IFN-γ and 

TNF-α for 30 minutes. (E) Expression of the phosphorylated form of 

p38 MAP kinase in GFP- and BMI1-up-regulated hUCB-MSCs was 

determined via immunocytochemistry after treatment with IFN-γ and 

TNF-α for 30 minutes. The graph shows the fluorescence intensity of 

p-p38 in each cells. (F) COX-2 expression was investigated after 

treatment with IFN-γ and TNF-α for 24 hours. On the right, the graph 

indicating the fluorescence intensity of COX-2 is presented. The results 

show 1 representative of 3 independent experiments. Error bars 

represent mean±s.e.m. from three separate experiments. Error bars 

represent mean±SD from three separate experiments. ** P<0.01, *** 

P<0.001 using Student's t-test.
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2.3.5 BMI1 inhibits MKP-1/DUSP1 expression in hypoxia-cultured 

hUCB-MSCs

Because the expression of BMI1 directly regulates p38 MAP 

kinase activity in hUCB-MSCs, I examined whether BMI1 also 

regulates MKP-1/DUSP1 expression, a negative regulator of p38 MAPK. 

As shown in Figure 2.7A, p16INK4a and DUSP1 mRNA expression 

highly increased in normoxic culture conditions following consecutive 

passages compared to in hypoxic culture conditions (Figure 2.7A). 

Furthermore, the protein expression level of MKP-1 was maintained in 

hUCB-MSCs in hypoxia compared to the level in normoxia following 

multiple passages after stimulation with IFN-γ and TNF-α (Figure 

2.7B). To identify whether BMI1 regulates MKP-1/DUSP1 expression in 

hUCB-MSCs stimulated with IFN-γ and TNF-α, I measured DUSP1 

mRNA and MKP-1 protein expression levels in BMI1-up-regulated and 

BMI1-down-regulated cells. Interestingly, the mRNA expression level of 

DUSP1 was significantly decreased in BMI1 overexpressing 

hUCB-MSCs, whereas the COX-2 transcription level was increased 

(Figure 2.7C). In addition, the expression level of MKP-1 and the 

duration over which it was expressed were both significantly decreased 

in BMI1-up-regulated hUCB-MSCs, which also showed an increased 

phosphorylation of p38 MAP kinase and COX-2 expression (Figure 

2.7D). In contrast, the down-regulation of BMI1 in hypoxic-cultured 

hUCB-MSCs induced an increase in the expression of MKP-1/DUSP1, 

along with a decreased phosphorylation of p38 MAP kinase and COX-2 

expression (Figure 2.7E). Also, I confirmed the expression of MKP-1 in 

BMI1 overexpressed and down-regulated cells immunocytochemically 

(Figures 2.7F and 2.7G). Taken together, these results indicate that 

BMI1 suppresses DUSP1/MKP-1 expression, which in turn increases 

p38 MAPK-mediated COX-2 expression.
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Figure 2.7. BMI1 negatively regulates DUSP1/MKP-1 in hUCB-MSCs. 

(A) DUSP1 and p16INK4a mRNA expression levels were investigated in 

replicatively senescent hUCB-MSCs in normoxia/hypoxia culture 

conditions after exposure to IFN-γ and TNF-α for 30 minutes. (B) The 

expression levels of MKP-1, p-p38 and BMI1 in normoxic- or 

hypoxic-cultured hUCB-MSCs were investigated via western blot 

analysis in replicatively senescent hUCB-MSCs after treatment with 

IFN-γ and TNF-α for 30minutes. (C) COX-2 and DUSP1 mRNA 

expression levels were assessed in GFP- and BMI1-overexpressing 

hUCB-MSCs after activation with IFN-γ and TNF-α for 30 minutes. 

(D) MKP-1 protein expression levels were investigated via western blot 
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analysis in normoxic culture conditions with BMI1-overexpressing 

hUCB-MSCs. (E) MKP-1 protein expression levels were assessed via 

western blot analysis in hypoxic culture conditions with 

BMI1-down-regulated hUCB-MSCs. (F-G) MKP-1 expressions were 

analyzed by immunocytochemistry in GFP/BMI1 overexpressing and 

Luc/shBMI1 transfected hUCB-MSCs. The graphs show the fluorescence 

intensity of MKP-1 in each cells. Error bars represent mean±SD from 

three separate experiments. * P<0.05, ** P<0.01, *** P<0.001 using 

Student's t-test.
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2.3.6 BMI1 directly inhibits MKP-1/DUSP1 expression by binding to 

the promoter of DUSP1

To clarify how BMI1 regulates MKP-1/DUSP1 expression, we 

performed chromatin immunoprecipitation (ChIP) analyses to investigate 

the direct binding of BMI1 to putative MKP-1/DUSP1 promoter 

regions. Sequentially located primers (Table 2.2) in the conserved 

promoter region of DUSP1 were used for immunoprecipitation with the 

BMI1 antibody. As shown in Figure 2.8A, the DUSP1 -662 region 

within the DUSP1 promoter was enriched with BMI1 and H3K27me3 

protein (Figures 2.8A and 2.8B). Furthermore, I confirmed that BMI1 

binds specifically to the BMI1 response element of the p16INK4a

promoter, as previously reported (Meng et al., 2010). A negative 

control (IgG control) and other putative binding sites (-106, -1815) 

showed no significant enrichment in the surveyed region. Overall, these 

findings suggest that BMI1 regulates the immunomodulatory properties 

of hUCB-MSCs through the direct repression of MKP-1/DUSP1 (Figure 

2.8C).
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Figure 2.8. BMI1 directly suppresses DUSP1 by binding to the 

promoter of DUSP1.

(A) Chromatin immunoprecipitation was performed to examine BMI1 

and H3K27me3 binding to the DUSP1 and p16INK4a promoter of 

GFP- and BMI1-overexpressing hUCB-MSCs. (B) ChIP-quantitative PCR 

assay results for the DUSP1 promoter region in BMI1-up-regulated 

hUCB-MSCs. Data represent the means ± SD (C) Schematic 

representation of the function of BMI1 in hUCB-MSCs in increasing 

their immunomodulatory properties and protecting the cell from 

senescence.
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2.4 DISCUSSION

In this study, I demonstrate that expanding hUCB-MSCs in a 

low-oxygen environment has beneficial effects on both cellular 

senescence and their therapeutic potential in comparison to culturing 

cells in normoxia. It is well known that hypoxia inhibits senescence 

and promotes the proliferation of cells, including stem cells and cancer 

cells (Harris, 2002; Leontieva et al., 2012; Wise et al., 2011). The 

hypoxic culturing of MSCs has been reported to increase their 

proliferative ability and to extend their cellular lifespan (Fehrer et al., 

2007), and pre-culturing human bone-marrow-derived MSCs in hypoxic 

conditions (1-3% oxygen) improves the speed of their 

tissue-regenerating effects in a mouse model of ischemia-induced 

hind-limb injury (Rosova et al., 2008). However, little is known about 

how the immunomodulatory functions of MSCs changes in hypoxic 

culture conditions. Rhijn and colleagues demonstrated that the ability of 

adipose tissue-derived MSCs to inhibit CD4+ and CD8+ T cell 

proliferation, as well as inhibit the expression of the immunomodulatory 

molecule indoleamine 2,3-dioxygenase (IDO), was not affected by 

hypoxia (Roemeling-van Rhijn et al., 2013). Although the authors found 

that the inhibition of T cell proliferation was higher at an ASC:PBMC 

ratio of 1:5 under hypoxia, the underlying mechanism was not analyzed 

in their study. The possibilities that T cell proliferation is affected by 

hypoxia or that they are more sensitive to low tryptophan 

concentrations induced by IDO expression were discussed. However, my 

study demonstrates that treatment with the supernatant from 

hypoxic-cultured hUCB-MSCs results in an enhanced immunomodulatory 

efficacy compared to the effects of treatment with normoxic supernatant 

and in an elevation in PGE2 expression, suggesting that alterations of 
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the concentration of secreted molecules in hypoxia causes enhanced 

immunosuppressive properties, not changes in T cell sensitivity. Further 

study may be required to compare the hypoxia-induced alterations of 

immunosuppressive properties in different sources of MSCs, such as 

MSCs derived from umbilical cord blood, adipose tissue, or bone 

marrow.

It has been reported that BMI1 modulates self-renewal and 

cellular aging by repressing the p16INK4a and p19Arf senescence pathways 

in hematopoietic stem cells and neuronal stem cells (Doerks et al., 

2002; Park et al., 2004). A previous study also demonstrated that PcGs, 

such as BMI1, EZH2, and SUZ12, were down-regulated in senescent 

MSCs, suggesting that PcGs play an important role in MSC aging 

(Jung et al., 2010). Furthermore, the study showed that c-MYC binds 

to the BMI1 promoter and regulates the expression of BMI1 in 

early-passage MSCs, which is correlated with hyper-phosphorylated 

retinoblastoma and activated E2F expression. Du et al. demonstrated 

that BMI1 expression and transcriptional activation are induced 

cooperatively by HIF-1 α and Twist under hypoxia (Du et al., 2014). 

Because c-MYC expression was not significantly increased in 

hypoxic-cultured human MSCs (Efimenko et al., 2011), and multiple 

mechanisms of counteract activity between HIF-1 and c-MYC have 

been reported (Kim et al., 2007; Koshiji et al., 2004), it is possible 

that hUCB-MSCs might use different pathways to activate BMI1 gene 

expression in normoxic and hypoxic culture conditions. Therefore, 

further studies are needed to determine which factors regulate BMI1 

expression in normal/senescent or normoxic/hypoxic-cultured 

hUCB-MSCs.

One important finding in the present study is the identification 

of BMI1 as a regulator of MSC senescence and immune modulation. In 
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human cord blood-derived hematopoietic CD34+ cells, the enforced 

expression of BMI1 results in a prolonged maintenance of the stem-cell 

pool and enhances self-renewal (Rizo et al., 2008), suggesting that the 

constitutive expression of BMI1 could regulate adult stem cell functions. 

In line with this data, I have shown that the retroviral-induced 

up-regulation of BMI1 in hUCB-MSCs leads to a remarkable delay in 

senescence and an increase in proliferation rates (Figure 2.3), indicating 

a role of BMI1 as an intrinsic regulator of hUCB-MSCs. More 

importantly, my study provides the first evidence that BMI1 promotes 

the immunomodulatory function of hUCB-MSCs via the COX-2/PGE2 

signaling pathway. COX-2 is an inducible rate-limiting enzyme in the 

PGE2 synthesis pathway that mainly regulate PGE2 synthesis in 

inflammatory environments. My previous report showed that senescent 

hUCB-MSCs express decreased levels of COX-2/PGE2 and 

phosphorylated p38 MAPK (Yu et al., 2014). Previous studies have 

revealed that hypoxia-induced COX-2 expression in endothelial cells and 

cancer cells regulates angiogenesis and tumor invasiveness (Wang and 

Dubois, 2010; Zhao et al., 2012). In colorectal tumor cells, HIF-1α 

binds a hypoxia-responsive element on the COX-2 promoter, 

representing implication for colorectal tumor cell survival and 

angiogenesis (Wang and Dubois, 2010). Therefore, the up-regulation of 

COX-2/PGE2 expression by hUCB-MSCs in hypoxic culture conditions 

is possibly induced by the cooperative transactivation of HIF-1α and 

BMI1.

The present data show that hypoxia and BMI1 up-regulation 

enhance the expression levels of phosphorylated p38 

MAPK/COX-2/PGE2. I hypothesized that BMI1 regulates COX-2/PGE2 

through the regulation of MKP-1, which is a major suppressor of 

phosphorylated p38 MAPK-mediated COX-2 expression in inflammatory 
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environments (Chuang et al., 2014; Turpeinen et al., 2010). Previous 

reports have shown that cellular stress increases MKP-1 expression 

through histone modifications in response to irradiation, arsenite and 

heat shock (Li et al., 2001), whereas hypoxic culture conditions result 

in decreased MKP-1 activity (Mishra and Delivoria-Papadopoulos, 2004). 

In line with these results, my data show that a hypoxic culture 

environment and the up-regulation of BMI1 induce lower levels of 

MKP-1 expression compared to that of senescent cells. To determine 

whether the regulation of MKP-1 expression by BMI1 is due to direct 

binding, I performed a ChIP assay. I showed that BMI1 specifically 

bound to one of the putative promoter regions of MKP-1, at position 

-662 (Figure 2.8). The novel finding that BMI1 can enhance p38 

MAPK activity by suppressing the expression of DUSP1 greatly 

expands my understanding of how BMI1 can influence the 

immunomodulatory activities of hUCB-MSCs. Further investigations into 

the other functions of BMI1 via the MKP-1 pathway would be 

interesting.

In conclusion, my study reveals that hypoxic environments may 

increase the proliferative and immunomodulatory abilities of 

hUCB-MSCs. Furthermore, I identified BMI1 as a mediator of 

hypoxia-induced immunosuppressive properties through the direct 

regulation of the MKP-1/p38 MAPK and p38 MAPK/COX-2/PGE2 

pathways. Finally, insight into BMI1-induced immunosuppressive 

properties and senescence-control mechanisms may provide future 

possibilities to expand hUCB-MSCs with improved functions for 

clinically relevant qualities.
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CHAPER Ⅲ

GATA4-dependent regulation of the secretory 

phenotype via MCP-1 underlies lamin A-mediated 

human mesenchymal stem cell aging
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3.1 INTRODUCTION

The LMNA gene encodes lamin A and lamin C, which are 

major components of the nuclear lamina. Mutations in the LMNA gene 

have been implicated in premature aging disorders, including HGPS 

(Goldman et al., 2004). HGPS is caused by a splicing defect and 

consequent generation of progerin, a mutant truncated lamin A protein 

(Scaffidi and Misteli, 2006). Cells of HGPS patients exhibit an 

abnormal nuclear structure, increased DNA damage and premature 

senescence (Liu et al., 2005; Liu et al., 2006). In addition to the 

effects of progerin, accumulation of prelamin A, a precursor of lamin 

A, induces defects in nuclear structures. ZMPSTE24 is an enzyme that 

produces mature lamin A by cleavage of amino acids in prelamin A. 

Zmpste24 knock-out mice have been widely used to study the 

mechanisms of aging and progeria (Pendás et al., 2002), (Krishnan et 

al., 2011). Depletion of Zmpste24 causes premature senescence in mice, 

including decreases in life span and bone density. Increased prelamin A 

expression caused by ZMPSTE24 deficiency causes defective DNA 

repair (Liu et al., 2006; Ugalde et al., 2011). Zmpste24 knock-out mice 

have been extensively studied because of their impaired DNA damage 

response (DDR) (Krishnan et al., 2011; Liu et al., 2013a). Lamin A 

also functions as a structural barrier to DDR (Ghosh et al., 2015; 

Gonzalez-Suarez et al., 2009). Altogether, these findings indicate that 

defects in the nuclear structure induced by progerin or prelamin A lead 

to the accumulation of DNA damage, which results in accelerated 

aging.  

Scaffidi et al. reported that exogenous expression of progerin in 

hMSCs can impair their differentiation potential (Scaffidi and Misteli, 
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2008). Furthermore, production of iPSCs from HGPS patients has 

revealed that the progerin expression levels are the highest in MSCs, 

vascular smooth muscle cells and fibroblasts (Liu et al., 2011b). 

HGPS-iPSC-derived hMSCs display increased DNA damage and 

impaired therapeutic efficacy in murine ischemic hind limb models. 

These results indicate that MSCs are a specific target cell type of 

progerin-induced senescence. Like progerin, excessive accumulation of 

prelamin A induces premature senescence in MSCs, including wrinkled 

nuclei (Infante et al., 2014; Yu et al., 2013). Down-regulation of 

ZMPSTE24 in hMSCs also induces a senescence phenotype, including 

increased β-galactosidase (β-gal) activity and DDR (Yu et al., 2013). 

These investigations imply that both progerin and prelamin A can 

induce senescence in hMSCs with a change in nuclear morphology. 

Senescent cells secrete a group of factors that induce 

senescence in neighboring cells, a phenomenon termed 

senescence-associated secretory phenotype (SASP) (Acosta et al., 2013; 

Aird et al., 2016; Freund et al., 2011; Herranz et al., 2015). The SASP 

is activated by the NF-ĸB and C/EBPβ pathways and involves several 

cytokines and chemokines (Lasry and Ben-Neriah, 2015). Previous 

studies investigating SASP have demonstrated that oncogene-induced 

senescence (OIS) and DNA damage induce the secretion of 

senescence-associated inflammatory cytokines (Herranz et al., 2015; 

Hoare et al., 2016; Laberge et al., 2015; Rodier et al., 2009). The 

secreted inflammatory factors propagate senescence and recruit immune 

cells to senescent tissues by the generation of a pro-inflammatory 

environment. Among the factors reported to regulate the SASP, GATA4 

has been recently identified as a regulator of senescence and 

inflammation (Kang et al., 2015; Kim et al., 2017a). GATA4 is 

expressed during oncogene- and irradiation-induced senescence in 
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fibroblasts in response to DNA damage. During the process of cellular 

senescence, GATA4 has a regulatory role in the SASP of fibroblasts 

through the NF-ĸB pathway. Because GATA4-dependent cellular 

senescence is closely associated with DDR, the role of GATA4 in other 

senescence models and other cell types may reveal a new mechanism.

Senescent hMSCs also induce senescence in neighboring cells. MCP-1 

secreted from hUCB-MSCs induces premature senescence in neighboring 

cells (Jin et al., 2016). Insulin-like growth factor binding proteins 4 and 

7 are also produced by senescent hMSCs, and they trigger senescence 

in adjacent normal cells (Severino et al., 2013). These studies 

investigated the mechanisms of the SASP by inducing senescence in 

hMSCs through prolonged passaging. However, cellular senescence of 

MSCs can be regulated by various factors other than passaging. In the 

previous report, they have demonstrated that depletion of ZMPSTE24 

and introduction of progerin induce premature senescence in 

hUCB-MSCs (Yu et al., 2013). It remains to be determined whether 

defective lamin A triggers paracrine senescence via inflammatory factors 

in hMSCs. 

In this study, I identified that paracrine senescence is triggered 

in senescent hMSCs with abnormal nuclear structures by increasing the 

expression of MCP-1 and that inhibition of MCP-1 decreases the SASP. 

Furthermore, I found that GATA4 mediates the senescence of hMSCs 

induced by defective lamin A. I assessed whether down-regulation of 

GATA4 disturbs the progerin- or prelamin A-dependent senescence 

phenotype. Elucidating how GATA4 regulates senescence in hMSCs 

with nuclear defects may aid in understanding the etiology of complex 

aging disorders. I show that inhibition of GATA4 expression protects 

hMSCs from cellular senescence, implying a unique therapeutic 

opportunity against progeroid syndromes and physiological aging.
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3.2 MATERIALS AND METHODS

3.2.1 Cell culture

For the isolation of hUCB-MSCs, UCB samples were obtained 

from umbilical veins immediately after delivery with informed consent 

from the mothers. The procedures were approved by the Boramae 

Hospital Institutional Review Board (IRB) and the Seoul National 

University IRB (IRB no. 1608/001-021). The hUCB-MSCs were isolated 

and cultured as previously described.(Yu et al., 2014) The isolated cells 

were grown in KSB-3 Complete Medium (Kangstem Biotech, Seoul, 

Korea) with 10% fetal bovine serum. We used hMSCs that had been 

verified to have characteristics of stem cells, as determined by their 

differentiation, proliferation, and surface marker expression. 

3.2.2 Isolation and culture of hUCB-derived MNCs

Human mononuclear cells were isolated from UCB samples. 

The UCB samples were mixed with HetaSep solution (StemCell 

Technologies, Canada) at a ratio of 5:1 and incubated at room 

temperature to the deplete erythrocyte portion. The supernatant was 

carefully collected and mononuclear cells were obtained using 

LymphoprepTM (StemCell Technologies, Vancouver, Canada) with 

density-gradient centrifugation at 2,500 rpm for 20 minutes. The 

isolated MNCs were washed twice in PBS and used for the co-culture 

experiments with hUCB-MSCs or were expanded in the supernatant 

media collected from cultured hUCB-MSCs.

3.2.3 Senescence-associated beta-galactosidase (SA-β-gal) staining

The cultured hMSCs were washed with PBS and fixed with 

0.5% glutaraldehyde in PBS (pH 7.2) for 5 minutes at room 
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temperature. The cells were then washed with PBS containing MgCl2 

(pH 7.2, 1 mM MgCl2) and stained with X-gal solution [1 mg/ml 

X-gal, 0.12 mM K3Fe(CN)6, 1 mM MgCl2 in PBS, pH 6.0] overnight 

at 37°C. The cells were washed with PBS, and images were obtained 

using a microscope (IX70, Olympus, Tokyo, Japan).

3.2.4 MTT assay

The proliferative potential of the hUCB-MSCs was measured 

using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT, Sigma-Aldrich) assay, which is based on the ability of live cells 

to convert a tetrazolium salt into purple formazan. hUCB-MSCs (20,000 

per well) were seeded in 24-well plates. After 48 hours of incubation, 

50 ml MTT stock solution (5 mg/ml; Sigma) was added to each well, 

and the plates were further incubated for 4 hours at 37°C. The 

supernatant was removed, and 500 μl of DMSO was added to each 

well to solubilize the purple formazan crystals. The solution was then 

transferred to a 96-well microplate for measurement. The absorbance at 

a wavelength of 540 nm was measured using an EL800 microplate 

reader (BIO-TEK Instruments, Winooski, USA). All of the 

measurements were performed in triplicate.

3.2.5 Western blot analysis

Western blot analysis was performed as previously described 

(Yu et al., 2014). The primary antibodies used to probe each protein 

were as follows: rabbit anti-p16INK4a (1:1000; Abcam, Cambridge, UK; 

ab108349), mouse anti-actin (1:3000, Santa Cruz, Texas, USA; 

sc-47778), mouse anti-GATA4 (1:200, Santa Cruz; sc-25310), rabbit 

anti-p-p65 (1:1000, Cell Signaling, Massachusetts, USA; #3033), goat 

anti-lamin A (1:250, Santa Cruz; sc-6214, sc-6215), mouse anti-p62 
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(1:1000, BD, New Jersey, USA; 610832). Secondary horseradish 

peroxidase (HRP)-conjugated antibodies (1:2000; Invitrogen, Carlsbad, 

USA; G21040, G21234) were used according to the manufacturer’s 

instructions, and binding was detected using an enhanced 

chemiluminescence (ECL) detection kit (Amersham Pharmacia Biotek, 

Amersham, UK).

3.2.6 Conditioned Medium (CM) 

CM was generated by exposing cells to RPMI 1640 containing 

1 mM sodium pyruvate, 2 mM glutamine, minimum essential medium 

(MEM) vitamins and MEM non-essential amino acids. hMSCs were 

washed three times with PBS and cultured with CM for 24 hours. 

After incubation, the conditioned medium was collected and centrifuged 

at 5000 g, and the supernatants were collected.

3.2.7 MNC migration assay

Migration assays were performed using Transwell polycarbonate 

membrane inserts with an 8-μm pore diameter (SPL, Pocheon, South 

Korea). CM (400 μl) collected from cells were introduced into the 

lower chambers of the plates in triplicate. MNCs (3x105) resuspended 

in RPMI-10 were plated onto the inserts. MNCs were allowed to 

migrate to the lower chamber for 6 hours at 37°C. At 6 hours, the 

number of cells in the lower chamber was quantified using a Cell 

Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the 

manufacturer’s instructions.

3.2.8 Viral transduction

The retroviral plasmid vectors, including pBABE-puro–control, 

pBABE-puro–GFP–wt-LMNA, pBABE-puro–GFP–progerin, shCTL-mLPx 
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and mLPx-shZMPSTE24, were purchased from Addgene. The 

pInducer20-GATA4 and MSCV-GATA4 shRNA were provided by Dr. 

Stephen J. Elledge of Harvard medical school (Kang et al., 2015). 

Virus production and transduction were performed as previously 

described (Yu et al., 2015a). Briefly, the retroviral plasmids 

pBABE-puro–control, pBABE-puro–GFP–wt-LMNA, 

pBABE-puro–GFP–progerin, shCTL-mLPx, mLPx-shZMPSTE24 and 

MSCV-GATA4 shRNA were transfected into 293FT cells with VSV-G 

and gag/pol plasmids using Fugene 6 transfection reagent (Roche, Basel, 

Switzerland). The viral supernatants were collected 48 and 72 hours 

after transfection and were used to infect hUCB-MSCs in the presence 

of 5 μg/ml polybrene (Sigma). After the viral transduction, the hMSCs 

were selected with puromycin (0.5 μg/ml) for 4 days and cultured for 

3 days before the analysis. The lentiviruses were generated according to 

the manufacturer (Thermo Fisher scientific, MA, USA) to introduce 

Dox-inducible flag-GATA4. The viral supernatants were collected 48 

and 72 hours after transfection and were used to infect hUCB-MSCs 

(MOI=2) in the presence of 5 μg/ml polybrene (Sigma). At 24 hours 

after transduction, the cells were washed four times in PBS and 

maintained in growth medium.

3.2.9 Quantitative RT-PCR

Total RNA was extracted using TRIzol (Invitrogen) according 

to the manufacturer’s suggestion. The acquired RNA was 

reverse-transcribed to cDNA using the Superscript First-Strand Synthesis 

System (Invitrogen). Relative mRNA expression levels were determined 

using the SYBR Green PCR Master Mix (Applied Biosystems, Foster 

City, USA) with an ABI 7300 detection system and the supplied 

software. The expression level of each gene was normalized to 
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GAPDH. At least three independent analyses were carried out for each 

gene.

3.2.10 Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 15 minutes at 

room temperature, permeabilized with 0.25% Triton X-100 in PBS for 

10 minutes and then blocked for 1 hour with 5% normal goat serum 

(Zymed, San Francisco, USA) at room temperature. The cells were then 

stained with antibodies against indicated proteins, followed by 

incubation for 1 hour at room temperature with Alexa-Fluor-488- or 

Alexa-Fluor-594-labeled secondary antibodies (1:1000; Molecular Probes, 

Oregon, USA). The nuclei were stained with Hoechst 33258 (1 μg/ml 

for 5 minutes), and images were captured using a confocal microscope 

(Eclipse TE200, Nikon, Japan).

3.2.11 Co-immunoprecipitation

Adherent cells (2x107) were washed 2 times with PBS and 

lysed in non-denaturing lysis buffer (1% Triton X-100, 50 mM Tris, 

pH 7.4, 300 mM NaCl, 5 mM EDTA and 0.02% sodium azide) with 

protease inhibitor (GenDEPOT, Texas, USA). Lysates were scraped 

from plates and then incubated overnight at 4°C with the indicated 

antibody. Protein A/G agarose beads were added to the antibody-lysate 

complex, and the mixture was incubated for an additional 4 hours at 

4°C. After incubation, the beads were washed three times with lysis 

buffer and resuspended in SDS loading buffer, and the protein 

complexes were eluted by boiling. The eluted samples were separated 

by 10-12% SDS-PAGE. The proteins were transferred to a nitrocellulose 

membrane and probed overnight at 4°C with primary antibody followed 

by an appropriate secondary antibodies conjugated to horseradish 
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peroxidase for 1 hour at room temperature. The membrane was washed 

with TBST (0.05% Tween 20/Tris-buffered saline) and detected with 

ECL Plus Western blotting detection reagents.

3.2.12 Statistical analysis

Data are presented as representative examples or means of 

more than 3 experiments. Data are presented as the means±SD. 

Two-tailed Student’s t-test was used for statistical analysis throughout 

my experiments.
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Target Forward Reverse

IL1α AGTGCTGCTGAAGGAGAT

GCCTGA

CCCCTGCCAAGCACACC

CAGTA

IL1β TGCACGCTCCGGGACTCAC

A

CATGGAGAACACCACTT

GTTGCTCC

IL6 GTCCACTGGGCACAGAAC

TT

CAAACTGCATAGCCACT

TTCCA

IL8 GAGTGGACCACACTGCGC

CA

TCCACAACCCTCTGCACC

CAGT

CCL20 GGCGAATCAGAAGCAGCA

AGCAAC

ATTGGCCAGCTGCCGTGT

GAA

CXCL1 TCTGGCTTAGAACAAAGG

GGC

AGGTAGCCCTTGTTTCCC

CC

CXCL2 TGTGACGGCAGGGAAATG

TA

AACACAGAGGGAAACAC

TGC

CXCL3 GCCCAAACCGAAGTCATA

GC

AGTTGGTGCTCCCCTTGT

TC

CCL2 CCTAGCTTTCCCCAGACAC

C

CCAGGGGTAGAACTGTG

GTT

p16INK4a GAAGGTCCCTCAGACATC

CC

CCCTGTAGGACCTTCGGT

GA

GAPDH TGATGACATCAAGAAGGT

GGTG

ACCCTGTTGCTGTAGCCA

AAT 

Table 3.1. Names and sequences of the primers for RT-PCR and 

qRT-PCR assays
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3.3 RESULTS

3.3.1 Progerin induces senescence phenotypes in hUCB-MSCs

To determine whether progerin induces senescence in 

hUCB-MSCs, I used retroviruses to express GFP-progerin. Immunoblots 

confirmed the over-expression of GFP-progerin and increased expression 

of p16INK4a, a marker of senescence in hMSCs, as we previously 

reported (Figure 3.1A) (Yu et al., 2013). Induction of cellular 

senescence was also confirmed by the increase in SA-β-gal activity 

(Figure 3.1B). MTT activity was decreased in response to progerin 

over-expression, indicating decreased proliferative activity (Figure 3.1C). 

To assess whether progerin-expressing hMSCs can transmit the 

senescent phenotype in a paracrine manner, I co-cultured normal hMSCs 

and progerin-over-expressing hMSCs in transwell chambers. The SA-β

-gal activity was significantly increased when hMSCs were co-cultured 

with the progerin-expressing cells (Figure 3.1D). In addition, conditioned 

media (CM) from progerin-over-expressing MSCs induced senescence in 

non-senescent hMSCs, as determined by enhanced SA-β-gal activity 

(Figure 3.1E). These results imply that progerin regulates paracrine 

transmission of senescence, which is referred to as SASP. The 

well-known characteristics of SASP are an induction of senescence in 

adjacent cells and an attraction of inflammatory cells to eliminate the 

senescent cells (Hoare et al., 2016; Xu et al., 2015; Yu et al., 2015b). 

To determine the ability of the progerin-over-expressing cells to attract 

inflammatory cells, I conducted cell migration assays using 

hUCB-derived mononuclear cells (MNCs). Compared to CM from 

control MSCs, CM collected from progerin-expressing cells caused 

increased migration in MNCs (Figure 3.1F). These results suggest that 

the senescence phenotype induced by progerin in hMSCs can be 
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transmitted into the neighboring cells by SASP factors.
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Figure 3.1. Progerin over-expression triggers senescence in hMSCs, 

including secretory phenotypes.

(A-F) hMSCs were infected with retroviruses encoding GFP-progerin to 

induce senescence or with the control vector at the same MOI. The 

cells were selected for 4 days with 0.5 μg/ml puromycin. After the 

selection, cells were cultured for 3 days before the analysis. (A) 

Immunoblotting analysis showing the over-expression of GFP-progerin 

protein and increased expression of p16INK4a in hMSCs. (B) (Left) 

Representative images of hMSCs stained for SA-β-gal after senescence 

induction by progerin. (Right) Quantification of percentage 

SA-β-gal-positive cells. Scale bar=300 μm. (C) MTT assay to assess 

the proliferation of control and progerin-expressing MSCs (n=3). (D-E) 
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(Left) Representative images of SA-β-gal staining of hMSCs. (Right) 

Quantification of percentage SA-β-gal-positive cells (n=3). (E) hMSCs 

were co-cultured with control and progerin-over-expressing cells for 4 

days in a Transwell chamber, and SA-β-gal activity was measured. 

Control and progerin-expressing cells were seeded in the upper 

chamber, and normal hMSCs were cultured in the lower chamber. The 

Transwell chamber blocks physical contact between upper- and 

lower-chamber cells. Scale bar=100 μm. (E) hMSCs were cultured with 

CM from control and progerin-expressing hMSCs for 4 days, and 

SA-β-gal staining was performed. Scale bar=200 μm. (F) Mononuclear 

cells isolated from human umbilical cord blood were placed in the top 

chamber, and CM from control or progerin-expressing MSCs was 

introduced in the lower chamber. Cell migration was evaluated 

following 6 hours of exposure using CCK-8 (n=3). Error bars represent 

means±SD from three separate experiments. Student's t-test was used for 

the statistical analysis. 



86

3.3.2 Progerin induces SASP via MCP-1 expression  

DNA damage associated with senescence induces cytokine 

secretion (Rodier et al., 2009; Tchkonia et al., 2013). Progerin also 

induced the DNA damage response with an increased number of 

γH2AX foci (Figure 3.2A). Because we found that senescence could be 

induced in hMSCs by co-culturing them with progerin-overexpressing 

hMSCs, I hypothesized that this paracrine senescence could be 

attributed to the induction of SASP factors. I explored 

senescence-associated cytokines in control, wt-LMNA and 

progerin-overexpressing hMSCs (Figure 3.2B). Interestingly, except for 

MCP-1, most cytokines that have been reported to increase in senescent 

fibroblasts were not increased in senescent hMSCs expressing progerin. 

The secretion of MCP-1 was also increased in the CM from 

progerin-expressing cells (Figure 3.2C). MCP-1 mediates senescence 

through its receptor, C-C chemokine receptor type 2 (CCR2) (Acosta et 

al., 2013; Jin et al., 2016). To confirm the roles of MCP-1 in the 

SASP triggered by the progerin, I cultured normal hMSCs with the CM 

from the indicated cells in combination with CCR2 inhibitor (Figure 

3.2D). Importantly, CCR2 inhibitor impaired the induction of senescence 

by CM from progerin-expressing hMSCs. Additionally, the 

over-expression of wt-LMNA did not exhibit paracrine senescence 

(Figures 3.2C and 3.2D). DNA damage is a key regulator of SASP 

(Freund et al., 2011; Rodier et al., 2009; Yu et al., 2015b), and 

progerin can induce DNA damage (Liu et al., 2005; Liu et al., 2006; 

Ugalde et al., 2011). These results suggest that progerin induce MCP-1 

mediated paracrine senescence due to the increased DNA damage 

response.
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Figure 3.2. Progerin-induced DNA damage signaling correlates with 

MCP-1 expression.

(A) (Left) Representative images of immunofluorescence staining of 

γ-H2AX-positive cells after transduction of GFP-progerin in hMSCs. 

(Right) Quantification of γH2AX foci per cell (n=30). Scale bar=10 

μm. (B-D) hMSCs were infected with retrovirus expressing 

GFP-wt-LMNA, GFP-progerin or empty vector, selected and cultured 

for 7 days. (B) PCR analysis was performed to evaluate cytokine 

expression in control, wt-LMNA and progerin-expressing hMSCs. (C) 

CM was obtained from control, wt-LMNA and progerin-expressing 

hMSCs. The secretion level of MCP-1 was analyzed in the CM of 

each group using ELISA. (D) Non-senescent hMSCs were cultured with 
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the indicated CM in the presence of CCR2 inhibitor (RS 102895, 100 

nM) for four days. After the CM culture, SA-β-gal staining was 

performed to analyze the ratio of senescent cells. Error bars represent 

means±SD from three separate experiments. n.s.: not significant. 

Student's t-test was used for the statistical analysis.
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3.3.3 GATA4 regulates SASP caused by progerin in hMSCs  

Because GATA4 is one of the regulators of SASP that induces 

senescence and depends on DNA damage (Kang et al., 2015), I 

assessed the abundance of GATA4 in progerin-expressing cells (Figure 

3.3A). I expressed control vector or GFP-progerin in the hMSCs from 

3 donors and analyzed them 7 days later by western blot. Progerin 

significantly increased the expression of GATA4 in hMSCs. However, 

the increase in GATA4 was confirmed at the protein level, not at the 

mRNA level, as previously reported in irradiation-induced senescent 

fibroblasts. Kang and colleagues reported that GATA4 is activated in 

response to DNA damage and is regulated by ataxia telangiectasia 

mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) (Kang 

et al., 2015). I also investigated whether the inhibition of ATM and 

ATR with caffeine treatments in progerin-expressing cells could decrease 

GATA4 expression. Treatment with caffeine suppressed GATA4 in the 

progerin-expressing hMSCs (Figure 3.3B). The results suggest that the 

activation of GATA4 in progerin-induced senescence is regulated by a 

similar mechanism as in the senescent fibroblasts. Interestingly, caffeine 

treatments in progerin-expressing hMSCs significantly decreased the 

mRNA expression level of MCP-1 (Figure 3.3C). Caffeine treatment 

before the concentration of CM also abrogated senescence induction of 

CM from progerin-expressing hMSCs (Figure 3.3D). Thus, I conclude 

that progerin-induced GATA4 expression is responsible for the MCP-1 

mediated SASP of hMSCs. As lysosomal autophagy has been implicated 

in regulating GATA4 in senescent fibroblasts, I assessed the effects of 

autophagy on the GATA4 expression in the progerin-expressing hMSCs 

(Kang et al., 2015). Control and progerin-expressing cells were treated 

with bafilomycin A1 (a lysosomal autophagy inhibitor) or rapamycin 

(macro-autophagy activator). The activation of macro-autophagy had no 
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effect on GATA4 expression. However, the inhibition of lysosomal 

autophagy with bafilomycin A1 increased the expression of GATA4 in 

progerin-expressing cells (Figure 3.3E). These findings imply that the 

lysosomal autophagic pathway regulates GATA4 during progerin-induced 

senescence in hMSCs. These results are consistent with the previous 

findings in senescent fibroblasts induced by irradiation. In the senescent 

fibroblast, GATA4 accumulates because of the decreased physical 

interaction of p62 and GATA4. To determine whether progerin also 

regulates the association of p62 and GATA4, I performed 

co-immunoprecipitation with GATA4 and GFP in control and 

GFP-progerin-expressing hMSCs. Importantly, the binding of GATA4 to 

p62 was confirmed in hMSCs, and the binding was decreased in 

response to the over-expression of progerin (Figure 3.3F). The co-IP 

experiments revealed that GATA4 is bound to p62 for lysosomal 

degradation, and the binding is decreased in response to progerin. 

Because caffeine treatment decreased GATA4 and SASP of hMSCs, the 

decreased binding of p62 to GATA4 might have been due to the 

progerin-induced DNA damage, as in the previous reports using 

fibroblasts. These findings suggest that the DNA damage dependent 

expression of GATA4 in progerin-expressing hMSCs is responsible for 

the MCP-1 mediated SASP. Furthermore, the increased expression level 

of GATA4 is due to the decreased binding to p62 in 

progerin-expressing hMSCs. 
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Figure 3.3. GATA4 mediates the regulation of SASP induced by 

progerin.

(A) After the introduction of GFP-progerin, GATA4 expression was 

detected using western blot analysis. (B) Western blot analysis of 

GATA4 was conducted in progerin-overexpressing MSCs after the 

treatment with caffeine (5 mM) for 2 hours. (C) Quantitative PCR 

analysis of MCP-1 in progerin-over-expressing MSCs in the presence of 

caffeine (5 mM) for 2 hours. (D) hMSCs were cultured with CM from 

control or progerin-expressing hMSCs and in the presence of caffeine. 

After 4 days of CM culture, the indicated cells were fixed and stained 
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for the SA-β-gal activity. (E) Control and progerin-over-expressing 

hMSCs were treated with bafilomycin A1 (200 nM) or rapamycin (0.68 

μM) for 7 hours. The abundance of GATA4 protein was analyzed by 

western blotting. (F) Immunoblotting of GATA4 and GFP 

immunoprecipitates from control or progerin-expressing hMSCs. hMSCs 

were treated with bafilomycin A1 for 7 hours before sampling to block 

GATA4 degradation. Error bars represent means±SD from three separate 

experiments. Student's t-test was used for the statistical analysis.
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3.3.4 Depletion of GATA4 inhibits senescence in 

progerin-over-expressing hMSCs

To determine whether GATA4 is necessary for the phenotype 

of progerin-induced senescence in hMSCs, I depleted GATA4 

expression using retroviruses that expressed a short-hairpin RNA against 

GATA4 (shGATA4) in the progerin-expressing cells. Interestingly, the 

suppression of GATA4 in the progerin-expressing hMSCs significantly 

decreased SA-β-gal activity (Figure 3.4A). To investigate the regulatory 

role of GATA4 in the SASP induced by progerin in hMSCs, we 

conducted migration assays and cell culture with CM (Figures 3.4B and 

3.4C). Importantly, GATA4 depletion impaired the ability of the 

progerin-expressing hMSCs to attract immune cells in the migration 

assay (Figure 3.4B). The decrease in GATA4 also inhibited the 

induction of senescence mediated by CM from progerin-expressing cells 

(Figure 3.4C). Because MCP-1 is an important regulator of the SASP 

in progerin-induced senescence, I assessed whether the depletion of 

GATA4 decreased MCP-1 expression. Interestingly, GATA4 

down-regulation suppressed MCP-1 gene expression in 

progerin-expressing hMSCs, suggesting that GATA4 regulates the SASP 

of hMSCs through MCP-1 (Figure 3.4D). The secretion of MCP-1 was 

also decreased in progerin-expressing cells in response to the 

down-regulation of GATA4 (Figure 3.4E). The GATA4 down-regulation 

did not affect control cells, which showed low secretion of MCP-1. 

The results are consistent with the CM culture data (Figure 3.4C). The 

GATA4-induced SASP is regulated by NF-ĸB activity (Kang et al., 

2015). The activation of NF-ĸB was also increased in response to 

progerin expression; however, the depletion of GATA4 decreased this 

activity (Figure 3.4F). Together, these data show that knock-down of 
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GATA4 abrogates progerin-mediated senescence induction and 

suppresses the SASP via the regulation of MCP-1. 
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Figure 3.4. Inhibition of GATA4 abrogates progerin-induced senescence 

in hMSCs.

(A-F) Control and progerin-expressing hMSCs were infected with 

retroviruses encoding either control shRNA or GATA4-targeting shRNA. 

(A) SA-β-gal staining was determined using light microscopy (left) and 

counting (right) (n=3). Scale bar=200 μm. (B) CM was collected from 

shCTL- or shGATA4-infected progerin-expressing hMSCs. hUCB-MNCs 
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were placed in the upper chamber, and CM was introduced into the 

lower chamber. Six hours later, cell migration was assessed using the 

Cell Counting Kit-8. (C) hUCB-MSCs were cultured for 4 days with 

the indicated CM, and induction of senescence was assessed with 

SA-β-gal staining. The graph shows the percentage of SA-β-gal-positive 

cells. Scale bar=100 μm. (D) mRNA expression levels and (E) secretion 

levels of MCP-1 were measured in the indicated hMSCs. (F) The 

abundance of the indicated proteins was analyzed by western blotting. 

Error bars represent means±SD from three separate experiments. 

Student's t-test was used for the statistical analysis.
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3.3.5 GATA4 down-regulation decreases senescence induced by 

prelaminA 

ZMPSTE24 is a metalloproteinase responsible for the 

maturation of prelamin A, and the lack of ZMPSTE24 causes prelamin 

A accumulation. Mice deficient in Zmpste24 exhibit premature 

senescence resembling HGPS patients (Krishnan et al., 2011; Liu et al., 

2013a). Moreover, according to the previous study, knock-down of 

ZMPSTE24 in hMSCs resulted in the accumulation of prelamin A and 

progeria-like abnormalities in the nucleus (Yu et al., 2013). As 

observed in progerin over-expression, the loss of ZMPSTE24 using 

siRNA induced MCP-1 expression (Figure 3.5A). Importantly, GATA4 

expression was increased in ZMPSTE24 knock-down cells (Figures 3.5B 

and 3.5C). NF-ĸB activity was also increased in the 

ZMPSTE24-depleted hMSCs, suggesting that prelamin A triggers the 

inflammatory responses (Figure 3.5D). To investigate whether prelamin 

A mediates the SASP of hMSCs, I knocked down ZMPSTE24 using 

shRNA. Normal hMSCs cultured with the CM of 

ZMPSTE24-down-regulated cells were induced to senescence, and the 

induction was decreased in the presence of CCR2 inhibitor (Figure 

3.5E). These results imply that the prelamin A-induced paracrine 

senescence is mediated by MCP-1 expression. Furthermore, caffeine 

treatment decreased GATA4, and bafilomycin A1 treatment induced 

GATA4 expression in ZMPSTE24 down-regulated cells (Figures 3.6A 

and 3.6B). These results suggest that the accumulation of GATA4 

during ZMPSTE24 depletion is dependent on the DNA damage reaction 

and lysosomal degradation pathway. Next, I depleted GATA4 expression 

using shRNA and measured the expression of MCP-1 to assess the role 

of GATA4 in prelamin A-induced SASP. The knock-down of GATA4 

inhibited the increase in MCP-1 in response to the loss of ZMPSTE24 



98

(Figures 3.5F and 3.5G). The down-regulation of GATA4 also 

decreased the activity of NF-ĸB p65 consistent with the previous 

progerin models (Figure 3.5H). These results suggest that GATA4 is 

also a mediator of SASP in ZMPSTE24-depleted senescent hMSCs. To 

assess the regulatory role of GATA4 in senescence of hMSCs, I 

expressed GATA4 using a Dox-inducible (Tet-on) vector containing 

Flag-GATA4. GATA4 significantly increased the percentage of senescent 

cells, as shown by SA-β-gal staining (Figure 3.7A). The induction of 

senescence was also confirmed by increased expression of p16INK4a and 

p21 using western blot analysis (Figure 3.7B). Importantly, GATA4 

significantly increased the expression of MCP-1 mRNA (Figure 3.7C). 

These findings imply that GATA4 plays a role in senescence of 

hMSCs and abnormal lamin A-induced MCP-1 expression (Figure 3.8).
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Figure 3.5. GATA4 down-regulation inhibits senescence in ZMPSTE24 

depleted hMSCs.

(A) After inhibition of ZMPSTE24 using siRNA, mRNA expression of 

MCP-1 and ZMPSTE24 was assessed by RT-PCR. (B-D) hMSCs were 

transfected with siControl and siZMPSTE24, and 2 days later, the 
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indicated protein expression was determined. (B) Protein expression of 

prelamin A and GATA4 was analyzed by western blotting. (C) GATA4 

and prelamin A expression in siCTL- and siZMPSTE24-transfected 

MSCs were determined by immunocytochemistry. Scale bar=50 μm. (D) 

The expression of NF-ĸB was analyzed by immunofluorescence staining. 

Scale bar=50 μm. (E) hMSCs were infected with retrovirus expressing 

either shControl or shZMPSTE24. CM was collected from shCTL- and 

shZMPSTE24-infected hMSCs. hMSCs were grown in the CM in the 

presence of CCR2 inhibitor for 4 days. SA-β-gal staining was 

performed to determine senescent cells. (F-H) hMSCs were infected 

with retrovirus expressing a shRNA targeting ZMPSTE24 in 

combination with retrovirus encoding a shRNA targeting GATA4. After 

co-transduction of shGATA4 and shZMPSTE24, (F) mRNA expression 

levels and (G) secretion levels of MCP-1 from the indicated cells were 

measured. (H) The indicated proteins were analyzed by western blotting. 

Error bars represent means±SD from three separate experiments. 

Student's t-test was used for the statistical analysis.
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Figure 3.6. GATA4 expressions in ZMPSTE24 knock-down cells.

After transduction of shZMPSTE24, hMSCs were treated with (A) 

caffeine, (B) bafilomycin A1 and rapamycin. Western blot was 

conducted to analyze the expression of GATA4.
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Figure 3.7. GATA4 regulates senescence of hMSCs.

(A-C) hMSCs carrying a Dox-inducible vector (Tet-On) expressing 

GATA4 were grown in the presence of doxycycline (1 μg/ml). (A) 

(Left) Representative images of SA-β-gal staining of hMSCs. (Right) 

Quantification of percentage SA-β-gal-positive cells (n=3). Scale 

bar=100 μm. (B) Western blot analysis showing the over-expression of 

Flag-GATA4 protein and increased expression of p16INK4a and p21 in 

hMSCs. (C) MCP-1 mRNA expression was analyzed by quantitative 
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PCR. Error bars represent mean±SD from three separate experiments. 

Student's t-test was used for the statistical analysis.
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Figure 3.8. Schematic representation of how GATA4 regulates 

senescence in hMSCs expressing progerin and prelamin A.

Progerin or prelamin A expression induces GATA4 expression through 

an increased DNA damage response and decreased binding to p62. The 

NF-ĸB pathway mediates GATA4 dependent MCP-1 expression.  
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3.4 DISCUSSION

Progerin or prelamin A induces cellular senescence and impairs 

the function of MSCs (Infante et al., 2014; Liu et al., 2011b; Scaffidi 

and Misteli, 2008). These studies have demonstrated that abnormal 

lamin A interferes with the differentiation potential of hMSCs and 

decreases the viability of cells transplanted in vivo. However, none of 

these studies have explored the secretory phenotype in senescent hMSCs 

with abnormal nuclei. Zmpste24 knock-out mice show increased 

expression of a series of SASP-associated cytokines in the liver through 

DNA damage-dependent NF-ĸB activation (Osorio et al., 2012). In 

addition, senescent vascular smooth muscle cells expressing prelamin A 

express multiple SASP factors and exhibit calcification (Liu et al., 

2013c). A previous study reported that accumulation of progerin or 

prelamin A induces cellular senescence in hMSCs with an increase in 

DNA damage (Yu et al., 2013). In this study, I assessed whether 

abnormal lamin A could regulate the secretory phenotype in hMSCs.

I found that over-expression of progerin and accumulation of 

prelamin A by ZMPSTE24 depletion led to senescence of neighboring 

hMSCs. More interestingly, among various cytokines and chemokines, 

only MCP-1 mRNA was strongly expressed in senescent hMSCs 

induced by abnormal lamin A. Jin et al. have reported that late-passage 

hMSCs secrete MCP-1 through a pathway involving activated reactive 

oxygen species (Jin et al., 2016). In my study, however, the expression 

of MCP-1 in hMSCs with progerin over-expression was dependent on 

DDR (Figure 3.2A). In addition, specific inhibition of MCP-1 with an 

inhibitor against its receptor, CCR2, abrogated paracrine senescence 

induction by progerin and prelamin A (Figures 3.2D and 3.5E). A 
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previous study using Zmpste24 knock-out mice and LmnaG609G/G609G 

mice demonstrated that defects in nuclear lamin A trigger systemic 

inflammation, with increased serum levels of IL-6, CXCL1, and TNF-α 

(Osorio et al., 2012). In contrast, my results suggest that abnormal 

lamin A in hMSCs specifically increases MCP-1. These findings led us 

to focus on DNA damage and MCP-1 as an important axis of secretory 

phenotype in hMSCs with defective lamin A. 

GATA4 regulates cellular senescence via DDR in fibroblasts 

(Kang et al., 2015). However, it was unclear whether GATA4 could act 

as a regulator of senescence in other cell types and disease models. 

Interestingly, in my study, the accumulation of progerin or prelamin A 

increased GATA4 expression in hMSCs. In one previous study, DNA 

damage-induced GATA4 activated various SASP factors through 

increased NF-ĸB activity in fibroblasts (Kang et al., 2015). However, in 

my study, progerin- or prelamin A-induced GATA4 specifically 

increased MCP-1 in hMSCs. I also confirmed the abundance of GATA4 

was at the protein level but not at the mRNA level. Thus, I aimed to 

elucidate the role of progerin in the expression of GATA4. Because the 

expression of GATA4 was increased in response to the inhibition of 

lysosomal autophagy through the treatment with bafilomycin A1 in 

progerin-expressing hMSCs, I hypothesized that progerin could affect 

the lysosomal degradation of GATA4. Surprisingly, the binding of p62 

to GATA4 was decreased in the progerin-expressing hMSCs. Thus, I 

concluded that lysosomal autophagy determines the expression of 

GATA4 via the interaction with the p62 in progerin model. More 

importantly, down-regulation of GATA4 inhibited senescence induction 

by progerin or prelamin A in hMSCs. These results indicate that 

GATA4 plays a critical role in abnormal lamin A-mediated senescence 
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in hMSCs. Furthermore, the role of GATA4 could be explored in other 

senescence pathways. 

hMSCs exert immunosuppressive effects through the secretion 

of soluble factors (Akiyama et al., 2012; Kim et al., 2013; Ren et al., 

2008). Because of their potent therapeutic potential, hMSCs from 

diverse tissues have been used in an attempt to treat inflammatory 

diseases (Kim et al., 2017b; Le Blanc et al., 2008a). Previous studies 

have reported that acute and chronic inflammatory disorders can be 

rescued by anti-inflammatory cytokines secreted by hMSCs (Kim et al., 

2013; Kim et al., 2015; Shin et al., 2016). However, it remained 

unclear whether the inflammatory cytokines expressed by senescent 

MSCs affect the therapeutic properties of these cells. Only a few 

studies have demonstrated the paracrine effects of senescent hMSCs in 

inducing senescence in neighboring MSCs (Jin et al., 2016; Severino et 

al., 2013). Jin et al. demonstrated that knock-down of CCR2 improved 

the therapeutic efficacy of hMSCs (Jin et al., 2016). Because I 

demonstrated that GATA4 mediates senescence and inflammation in this 

study, it is worth investigating whether GATA4 regulates the therapeutic 

efficacy of MSCs in various disease models. In addition, it would be 

interesting to investigate the interaction of factors involved in 

therapeutic effects and paracrine senescence in hMSCs. 

In conclusion, this study revealed that abnormal nuclear 

membrane proteins may induce senescence in hMSCs in a paracrine 

manner. Furthermore, I identified GATA4 as a mediator of the SASP 

in hMSCs with defective lamin A and showed that the DNA damage 

response and defects in p62 binding for lysosomal degradation are 

involved in the expression of GATA4. My findings provide new 

insights into the mechanism of lamin A-mediated senescence and 

senescence-associated inflammation. 
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GENERAL CONCLUSION

Human mesenchymal stem cells have been regarded as potential 

cell therapeutics due to their effective immune suppressive properties. 

For the therapeutic uses, the expansion of cell number without loss of 

functions is necessary. Thus, it is important to understand the regulatory 

mechanism of aging and aging-associated functional decline in 

mesenchymal stem cells. PGE2 is an effective immune suppressive 

cytokine secreted from hMSCs. However, the role of senescence in 

regulating immunomodulatory properties has not been fully understood. 

In the first study, I investigated how replicative senescence regulates 

immune suppressive properties of hMSCs. Senescent hMSCs showed 

compromised therapeutic effects against experimental colitis model in 

mice. I found that the decreased expression of COX-2 and PGE2 led to 

the compromised immunomodulatory abilities of hMSCs. Specifically, 

the activity of p38 MAPK regulates the functions of hMSCs through 

COX-2/PGE2 pathway during the cellular senescence. My findings 

suggest that consecutive passaging results in declined therapeutic 

efficacies via a p38 MAPK-mediated alteration of COX-2/PGE2

expressions. 

A low-oxygen environment is known to enhance the 

differentiation capacity and protect from cellular senescence in MSCs. 

In addition, a hypoxic environment has been reported to increase the 

therapeutic efficacies in ischemia model. In the second part of this 

study, I demonstrate the effects of hypoxia on the senescence and the 

immune suppressive properties of hMSCs. BMI1 is one of the 

polycomb repressive complex protein group that regulates self-renewal 

and senescence of diverse stem cells via histone methylation and 

ubiquitination. In this study, I found that hypoxia induced BMI1 
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protected hMSCs from cellular senescence and amelioration of 

immunomodulatory properties. In the first study, I showed that the 

phosphorylation of p38 MAPK mediates senescence and 

immunomodulatory properties in hMSCs. In agreement with the study, 

my results show that hypoxia-induced BMI1 increases the activity of 

p38 MAPK and decreased MKP-1/DUSP1 which suppresses the p38 

MAPK activity. More importantly, I have proven that BMI1 suppresses 

the expression of MKP-1/DUSP1 through direct binding to the promoter 

of DUSP1. These findings could provide novel insights into the 

mechanism by which BMI1 enhances the efficacies of hMSCs through 

p38 MAPK mediated COX-2/PGE2 pathway.

In the third part of this study, I investigated SASP in 

senescent hMSCs. In this part, I used abnormal lamin A induced 

senescence model in hMSCs. The accumulation of mutant form of 

lamin A, progerin and immature form of lamin A, prelamin A led to 

senescence in hMSCs with wrinkled nuclei. Although several teams 

investigated the senescence mechanism of nuclear membrane proteins, 

little is known about the secretory phenotype. In this study, I found 

that both progerin and prelamin A induced paracrine senescence of 

hMSCs, specifically with MCP-1. In the presence of inhibitor of 

MCP-1, the senescent hMSCs with abnormal lamin A lost the ability to 

transmit senescence into neighboring cells. More interestingly, the 

present study revealed novel evidence that GATA4 mediates the 

abnormal lamin A induced SASP through lysosomal autophagy pathway. 

Progerin expressing cells exhibited decreased p62-mediated degradation 

of GATA4. Furthermore, down-regulation of GATA4 abrogated 

SASP-dependent senescence through suppression of NF-ĸB and MCP-1. 

These results reveal novel mechanism of lamin A-mediated senescence 

and senescence-induced inflammation in hMSCs.
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Taken together, I anticipate that these findings might provide 

the insights into the mechanisms regulating cellular senescence and 

senescence-associated properties of human mesenchymal stem cells. 



111

REFERENCES

Acosta, J.C., A. Banito, T. Wuestefeld, A. Georgilis, P. Janich, J.P. 

Morton, D. Athineos, T.W. Kang, F. Lasitschka, M. Andrulis, G. 

Pascual, K.J. Morris, S. Khan, H. Jin, G. Dharmalingam, A.P. Snijders, 

T. Carroll, D. Capper, C. Pritchard, G.J. Inman, T. Longerich, O.J. 

Sansom, S.A. Benitah, L. Zender, and J. Gil. 2013. A complex 

secretory program orchestrated by the inflammasome controls paracrine 

senescence. Nat Cell Biol, 15(8), 978-990.

Acosta, J.C., A. O'Loghlen, A. Banito, M.V. Guijarro, A. Augert, S. 

Raguz, M. Fumagalli, M. Da Costa, C. Brown, and N. Popov. 2008. 

Chemokine signaling via the CXCR2 receptor reinforces senescence. 

Cell, 133(6), 1006-1018. 

Aggarwal, S., and M.F. Pittenger. 2005. Human mesenchymal stem cells 

modulate allogeneic immune cell responses. Blood, 105(4), 1815-1822.

Aird, K.M., O. Iwasaki, A.V. Kossenkov, H. Tanizawa, N. 

Fatkhutdinov, B.G. Bitler, L. Le, G. Alicea, T.L. Yang, F.B. Johnson, 

K.I. Noma, and R. Zhang. 2016. HMGB2 orchestrates the chromatin 

landscape of senescence-associated secretory phenotype gene loci. J Cell 

Biol, 215(3), 325-334.

Akiyama, K., C. Chen, D. Wang, X. Xu, C. Qu, T. Yamaza, T. Cai, 

W. Chen, L. Sun, and S. Shi. 2012. Mesenchymal-stem-cell-induced 

immunoregulation involves FAS-ligand-/FAS-mediated T cell apoptosis. 

Cell Stem Cell, 10(5), 544-555.



112

Amado, L.C., A.P. Saliaris, K.H. Schuleri, M.S. John, J.-S. Xie, S. 

Cattaneo, D.J. Durand, T. Fitton, J.Q. Kuang, and G. Stewart. 2005. 

Cardiac repair with intramyocardial injection of allogeneic mesenchymal 

stem cells after myocardial infarction. Proc Natl Acad Sci U S A, 

102(32), 11474-11479.

Andre, C., L. Descos, P. Landais, and J. Fermanian. 1981. Assessment 

of appropriate laboratory measurements to supplement the Crohn's 

disease activity index. Gut, 22(7), 571-574. 

Baht, G.S., D. Silkstone, L. Vi, P. Nadesan, Y. Amani, H. Whetstone, 

Q. Wei, and B.A. Alman. 2015. Erratum: Exposure to a youthful 

circulation rejuvenates bone repair through modulation of beta-catenin. 

Nat Commun. 19;6:7131. 

Banfi, A., G. Bianchi, R. Notaro, L. Luzzatto, R. Cancedda, and R. 

Quarto. 2002. Replicative aging and gene expression in long-term 

cultures of human bone marrow stromal cells. Tissue Eng, 8(6), 

901-910.

Beegle, J., K. Lakatos, S. Kalomoiris, H. Stewart, R.R. Isseroff, J.A. 

Nolta, and F.A. Fierro. 2015. Hypoxic preconditioning of mesenchymal 

stromal cells induces metabolic changes, enhances survival, and 

promotes cell retention in vivo. Stem Cells, 33(6), 1818-1828. 

Blau, H.M., B.D. Cosgrove, and A.T. Ho. 2015. The central role of 

muscle stem cells in regenerative failure with aging. Nat Med, 21(8), 

854-862.



113

Boyer, L.A., K. Plath, J. Zeitlinger, T. Brambrink, L.A. Medeiros, T.I. 

Lee, S.S. Levine, M. Wernig, A. Tajonar, and M.K. Ray. 2006. 

Polycomb complexes repress developmental regulators in murine 

embryonic stem cells. Nature, 441(7091), 349.

Bracken, A.P., D. Kleine-Kohlbrecher, N. Dietrich, D. Pasini, G. 

Gargiulo, C. Beekman, K. Theilgaard-Monch, S. Minucci, B.T. Porse, 

and J.-C. Marine. 2007. The Polycomb group proteins bind throughout 

the INK4A-ARF locus and are disassociated in senescent cells. Genes 

Dev, 21(5), 525-530.

Brahimi-Horn, M.C., and J. Pouyssegur. 2007. Oxygen, a source of life 

and stress. FEBS Lett, 581(19), 3582-3591.

Burd, C.E., J.A. Sorrentino, K.S. Clark, D.B. Darr, J. Krishnamurthy, 

A.M. Deal, N. Bardeesy, D.H. Castrillon, D.H. Beach, and N.E. 

Sharpless. 2013. Monitoring tumorigenesis and senescence in vivo with 

a p16(INK4a)-luciferase model. Cell, 152(1-2), 340-351.

Chabannes, D., M. Hill, E. Merieau, J. Rossignol, R. Brion, J.P. 

Soulillou, I. Anegon, and M.C. Cuturi. 2007. A role for heme 

oxygenase-1 in the immunosuppressive effect of adult rat and human 

mesenchymal stem cells. Blood, 110(10), 3691-3694. 

Chamberlain, G., J. Fox, B. Ashton, and J. Middleton. 2007. Concise 

review: mesenchymal stem cells: their phenotype, differentiation 

capacity, immunological features, and potential for homing. Stem Cells, 

25(11), 2739-2749.



114

Chen, C., Y.H. Chen, and W.W. Lin. 1999. Involvement of p38 

mitogen-activated protein kinase in lipopolysaccharide-induced iNOS and 

COX-2 expression in J774 macrophages. Immunology, 97(1), 124-129. 

Chen, S.-l., W.-w. Fang, F. Ye, Y.-H. Liu, J. Qian, S.-j. Shan, J.-j. 

Zhang, R.Z. Chunhua, L.-m. Liao, and S. Lin. 2004. Effect on left 

ventricular function of intracoronary transplantation of autologous bone 

marrow mesenchymal stem cell in patients with acute myocardial 

infarction. Am J Cardiol, 94(1), 92-95. 

Chiacchiera, F., A. Rossi, S. Jammula, A. Piunti, A. Scelfo, P. 

Ordonez-Moran, J. Huelsken, H. Koseki, and D. Pasini. 2016. Polycomb 

Complex PRC1 Preserves Intestinal Stem Cell Identity by Sustaining 

Wnt/beta-Catenin Transcriptional Activity. Cell Stem Cell, 18(1), 91-103.

Chien, Y., C. Scuoppo, X. Wang, X. Fang, B. Balgley, J.E. Bolden, P. 

Premsrirut, W. Luo, A. Chicas, and C.S. Lee. 2011. Control of the 

senescence-associated secretory phenotype by NF-κB promotes 

senescence and enhances chemosensitivity. Genes Dev, 25(20), 

2125-2136. 

Chuang, Y.F., H.Y. Yang, T.L. Ko, Y.F. Hsu, J.R. Sheu, G. Ou, and 

M.J. Hsu. 2014. Valproic acid suppresses lipopolysaccharide-induced 

cyclooxygenase-2 expression via MKP-1 in murine brain microvascular 

endothelial cells. Biochem Pharmacol, 88(3), 372-383.

Colter, D.C., R. Class, C.M. DiGirolamo, and D.J. Prockop. 2000. 

Rapid expansion of recycling stem cells in cultures of plastic-adherent 

cells from human bone marrow. Proc Natl Acad Sci U S A, 97(7), 



115

3213-3218.

Cooper, H.S., S.N. Murthy, R.S. Shah, and D.J. Sedergran. 1993. 

Clinicopathologic study of dextran sulfate sodium experimental murine 

colitis. Lab Invest, 69(2), 238-249. 

Coppe, J.P., C.K. Patil, F. Rodier, Y. Sun, D.P. Munoz, J. Goldstein, 

P.S. Nelson, P.Y. Desprez, and J. Campisi. 2008. Senescence-associated 

secretory phenotypes reveal cell-nonautonomous functions of oncogenic 

RAS and the p53 tumor suppressor. PLoS Biol, 6(12), 2853-2868. 

Crisostomo, P.R., M. Wang, G.M. Wairiuko, E.D. Morrell, A.M. 

Terrell, P. Seshadri, U.H. Nam, and D.R. Meldrum. 2006. High passage 

number of stem cells adversely affects stem cell activation and 

myocardial protection.  Shock, 26(6), 575-580. 

Dean, J.L., M. Brook, A.R. Clark, and J. Saklatvala. 1999. p38 

mitogen-activated protein kinase regulates cyclooxygenase-2 mRNA 

stability and transcription in lipopolysaccharide-treated human monocytes. 

J Biol Chem, 274(1), 264-269.

Dhawan, S., S.I. Tschen, and A. Bhushan. 2009. Bmi-1 regulates the 

Ink4a/Arf locus to control pancreatic beta-cell proliferation. Genes Dev, 

23(8), 906-911. 

Doerks, T., R.R. Copley, J. Schultz, C.P. Ponting, and P. Bork. 2002. 

Systematic identification of novel protein domain families associated 

with nuclear functions. Genome Res, 12(1), 47-56.



116

Dos Santos, F., P.Z. Andrade, J.S. Boura, M.M. Abecasis, C.L. da 

Silva, and J.M. Cabral. 2010. Ex vivo expansion of human 

mesenchymal stem cells: a more effective cell proliferation kinetics and 

metabolism under hypoxia. J Cell Physiol, 223(1), 27-35.

Du, R., L. Xia, X. Ning, L. Liu, W. Sun, C. Huang, H. Wang, and S. 

Sun. 2014. Hypoxia-induced Bmi1 promotes renal tubular epithelial 

cell-mesenchymal transition and renal fibrosis via PI3K/Akt signal. Mol 

Biol Cell, 25(17), 2650-2659.

Efimenko, A., E. Starostina, N. Kalinina, and A. Stolzing. 2011. 

Angiogenic properties of aged adipose derived mesenchymal stem cells 

after hypoxic conditioning. J Transl Med, 9, 10. 

Espada, J., I. Varela, I. Flores, A.P. Ugalde, J. Cadinanos, A.M. 

Pendas, C.L. Stewart, K. Tryggvason, M.A. Blasco, J.M. Freije, and C. 

Lopez-Otin. 2008. Nuclear envelope defects cause stem cell dysfunction 

in premature-aging mice. J Cell Biol, 181(1), 27-35.

Fehrer, C., R. Brunauer, G. Laschober, H. Unterluggauer, S. Reitinger, 

F. Kloss, C. Gully, R. Gassner, and G. Lepperdinger. 2007. Reduced 

oxygen tension attenuates differentiation capacity of human 

mesenchymal stem cells and prolongs their lifespan. Aging Cell, 6(6), 

745-757.

Fiorina, P., M. Jurewicz, A. Augello, A. Vergani, S. Dada, S. La Rosa, 

M. Selig, J. Godwin, K. Law, and C. Placidi. 2009. Immunomodulatory 

function of bone marrow-derived mesenchymal stem cells in 

experimental autoimmune type 1 diabetes.  J Immunol, 183(2), 



117

993-1004. 

Fouillard, L., A. Chapel, D. Bories, S. Bouchet, J. Costa, H. Rouard, 

P. Herve, P. Gourmelon, D. Thierry, and M. Lopez. 2007. Infusion of 

allogeneic-related HLA mismatched mesenchymal stem cells for the 

treatment of incomplete engraftment following autologous haematopoietic 

stem cell transplantation. Leukemia, 21(3), 568. 

Fragola, G., P.-L. Germain, P. Laise, A. Cuomo, A. Blasimme, F. 

Gross, E. Signaroldi, G. Bucci, C. Sommer, and G. Pruneri. 2013. Cell 

reprogramming requires silencing of a core subset of polycomb targets. 

PLoS Genet, 9(2), e1003292. 

Freund, A., A.V. Orjalo, P.Y. Desprez, and J. Campisi. 2010. 

Inflammatory networks during cellular senescence: causes and 

consequences. Trends Mol Med, 16(5), 238-246.

Freund, A., C.K. Patil, and J. Campisi. 2011. p38MAPK is a novel 

DNA damage response-independent regulator of the 

senescence-associated secretory phenotype. EMBO J, 30(8), 1536-1548. 

Geiger, H., G. de Haan, and M.C. Florian. 2013. The ageing 

haematopoietic stem cell compartment. Nat Rev Immunol, 13(5), 

376-389. 

Ghosh, S., B. Liu, Y. Wang, Q. Hao, and Z. Zhou. 2015. Lamin A Is 

an Endogenous SIRT6 Activator and Promotes SIRT6-Mediated DNA 

Repair. Cell Rep, 13(7), 1396-1406. 



118

Goldman, R.D., D.K. Shumaker, M.R. Erdos, M. Eriksson, A.E. 

Goldman, L.B. Gordon, Y. Gruenbaum, S. Khuon, M. Mendez, and R. 

Varga. 2004. Accumulation of mutant lamin A causes progressive 

changes in nuclear architecture in Hutchinson-Gilford progeria syndrome. 

Proc Natl Acad Sci U S A, 101(24), 8963-8968.

Gonzalez-Suarez, I., A.B. Redwood, S.M. Perkins, B. Vermolen, D. 

Lichtensztejin, D.A. Grotsky, L. Morgado-Palacin, E.J. Gapud, B.P. 

Sleckman, T. Sullivan, J. Sage, C.L. Stewart, S. Mai, and S. Gonzalo. 

2009. Novel roles for A-type lamins in telomere biology and the DNA 

damage response pathway. EMBO J, 28(16), 2414-2427.

Greenhough, A., H.J. Smartt, A.E. Moore, H.R. Roberts, A.C. Williams, 

C. Paraskeva, and A. Kaidi. 2009. The COX-2/PGE2 pathway: key 

roles in the hallmarks of cancer and adaptation to the tumour 

microenvironment. Carcinogenesis, 30(3), 377-386.

Gruber, H.E., S. Somayaji, F. Riley, G.L. Hoelscher, H.J. Norton, J. 

Ingram, and E.N. Hanley, Jr. 2012. Human adipose-derived 

mesenchymal stem cells: serial passaging, doubling time and cell 

senescence. Biotech Histochem, 87(4), 303-311.

Gu, Z., X. Cao, J. Jiang, L. Li, Z. Da, H. Liu, and C. Cheng. 2012. 

Upregulation of p16INK4A promotes cellular senescence of bone 

marrow-derived mesenchymal stem cells from systemic lupus 

erythematosus patients. Cell Signal, 24(12), 2307-2314. 

Harris, A.L. 2002. Hypoxia--a key regulatory factor in tumour growth. 

Nat Rev Cancer, 2(1), 38-47. 



119

Harris, J.M., V. Esain, G.M. Frechette, L.J. Harris, A.G. Cox, M. 

Cortes, M.K. Garnaas, K.J. Carroll, C.C. Cutting, and T. Khan. 2013. 

Glucose metabolism impacts the spatiotemporal onset and magnitude of 

HSC induction in vivo. Blood, 121(13), 2483-2493. 

Herranz, N., S. Gallage, M. Mellone, T. Wuestefeld, S. Klotz, C.J. 

Hanley, S. Raguz, J.C. Acosta, A.J. Innes, A. Banito, A. Georgilis, A. 

Montoya, K. Wolter, G. Dharmalingam, P. Faull, T. Carroll, J.P. 

Martinez-Barbera, P. Cutillas, F. Reisinger, M. Heikenwalder, R.A. 

Miller, D. Withers, L. Zender, G.J. Thomas, and J. Gil. 2015. mTOR 

regulates MAPKAPK2 translation to control the senescence-associated 

secretory phenotype. Nat Cell Biol, 17(9), 1205-1217.

Hoare, M., Y. Ito, T.W. Kang, M.P. Weekes, N.J. Matheson, D.A. 

Patten, S. Shetty, A.J. Parry, S. Menon, R. Salama, R. Antrobus, K. 

Tomimatsu, W. Howat, P.J. Lehner, L. Zender, and M. Narita. 2016. 

NOTCH1 mediates a switch between two distinct secretomes during 

senescence. Nat Cell Biol, 18(9), 979-992. 

Holzwarth, C., M. Vaegler, F. Gieseke, S.M. Pfister, R. Handgretinger, 

G. Kerst, and I. Muller. 2010. Low physiologic oxygen tensions reduce 

proliferation and differentiation of human multipotent mesenchymal 

stromal cells. BMC Cell Biol, 11, 11.

Horwitz, E.M., K. Le Blanc, M. Dominici, I. Mueller, I. 

Slaper-Cortenbach, F.C. Marini, R.J. Deans, D.S. Krause, A. Keating, 

and T. International Society for Cellular. 2005. Clarification of the 

nomenclature for MSC: The International Society for Cellular Therapy 



120

position statement. Cytotherapy, 7(5), 393-395. 

Horwitz, E.M., D.J. Prockop, L.A. Fitzpatrick, W.W. Koo, P.L. Gordon, 

M. Neel, M. Sussman, P. Orchard, J.C. Marx, and R.E. Pyeritz. 1999. 

Transplantability and therapeutic effects of bone marrow-derived 

mesenchymal cells in children with osteogenesis imperfecta. Nature med, 

5(3), 309. 

Infante, A., A. Gago, G.R. de Eguino, T. Calvo-Fernandez, V. 

Gomez-Vallejo, J. Llop, K. Schlangen, A. Fullaondo, A.M. Aransay, A. 

Martin, and C.I. Rodriguez. 2014. Prelamin A accumulation and stress 

conditions induce impaired Oct-1 activity and autophagy in prematurely 

aged human mesenchymal stem cell. Aging (Albany NY), 6(4), 

264-280.

Itahana, K., Y. Zou, Y. Itahana, J.L. Martinez, C. Beausejour, J.J.L. 

Jacobs, M. van Lohuizen, V. Band, J. Campisi, and G.P. Dimri. 2003. 

Control of the Replicative Life Span of Human Fibroblasts by p16 and 

the Polycomb Protein Bmi-1. Mol Cell Biol, 23(1), 389-401.

Jacobs, J.J., K. Kieboom, S. Marino, R.A. DePinho, and M. van 

Lohuizen. 1999. The oncogene and Polycomb-group gene bmi-1 

regulates cell proliferation and senescence through the ink4a locus.  

Nature, 397(6715), 164-168. 

Jaenisch, R., and R. Young. 2008. Stem cells, the molecular circuitry 

of pluripotency and nuclear reprogramming. Cell, 132(4), 567-582.

Jin, H.J., H.J. Lee, J. Heo, J. Lim, M. Kim, M.K. Kim, H.Y. Nam, 



121

G.H. Hong, Y.S. Cho, S.J. Choi, I.G. Kim, D.M. Shin, and S.W. Kim. 

2016. Senescence-Associated MCP-1 Secretion Is Dependent on a 

Decline in BMI1 in Human Mesenchymal Stromal Cells. Antioxid 

Redox Signal, 24(9), 471-485.

Jung, J.W., S. Lee, M.S. Seo, S.B. Park, A. Kurtz, S.K. Kang, and 

K.S. Kang. 2010. Histone deacetylase controls adult stem cell aging by 

balancing the expression of polycomb genes and jumonji domain 

containing 3. Cell Mol Life Sci, 67(7), 1165-1176.

Kang, C., Q. Xu, T.D. Martin, M.Z. Li, M. Demaria, L. Aron, T. Lu, 

B.A. Yankner, J. Campisi, and S.J. Elledge. 2015. The DNA damage 

response induces inflammation and senescence by inhibiting autophagy 

of GATA4. Science, 349(6255), aaa5612.

Karp, J.M., and G.S. Leng Teo. 2009. Mesenchymal stem cell homing: 

the devil is in the details.  Cell Stem Cell, 4(3), 206-216.

Kim, H.N., J. Chang, L. Shao, L. Han, S. Iyer, S.C. Manolagas, C.A. 

O'Brien, R.L. Jilka, D. Zhou, and M. Almeida. 2017a. DNA damage 

and senescence in osteoprogenitors expressing Osx1 may cause their 

decrease with age. Aging Cell, 16(4), 693-703.

Kim, H.S., J.H. Lee, K.H. Roh, H.J. Jun, K.S. Kang, and T.Y. Kim. 

2017b. Clinical Trial of Human Umbilical Cord Blood-Derived Stem 

Cells for the Treatment of Moderate-to-Severe Atopic Dermatitis: Phase 

I/IIa Studies. Stem Cells, 35(1), 248-255. 

Kim, H.S., T.H. Shin, B.C. Lee, K.R. Yu, Y. Seo, S. Lee, M.S. Seo, 



122

I.S. Hong, S.W. Choi, K.W. Seo, G. Nunez, J.H. Park, and K.S. Kang. 

2013. Human umbilical cord blood mesenchymal stem cells reduce 

colitis in mice by activating NOD2 signaling to COX2. 

Gastroenterology, 145(6), 1392-1403 e1391-1398.

Kim, H.S., J.W. Yun, T.H. Shin, S.H. Lee, B.C. Lee, K.R. Yu, Y. 

Seo, S. Lee, T.W. Kang, S.W. Choi, K.W. Seo, and K.S. Kang. 2015. 

Human umbilical cord blood mesenchymal stem cell-derived PGE2 and 

TGF-beta1 alleviate atopic dermatitis by reducing mast cell 

degranulation. Stem Cells, 33(4), 1254-1266.

Kim, J.W., P. Gao, Y.C. Liu, G.L. Semenza, and C.V. Dang. 2007. 

Hypoxia-inducible factor 1 and dysregulated c-Myc cooperatively induce 

vascular endothelial growth factor and metabolic switches hexokinase 2 

and pyruvate dehydrogenase kinase 1. Mol Cell Biol, 27(21), 

7381-7393.

Koshiji, M., Y. Kageyama, E.A. Pete, I. Horikawa, J.C. Barrett, and 

L.E. Huang. 2004. HIF-1alpha induces cell cycle arrest by functionally 

counteracting Myc. EMBO J, 23(9), 1949-1956. 

Krishnamurthy, J., C. Torrice, M.R. Ramsey, G.I. Kovalev, K. 

Al-Regaiey, L. Su, and N.E. Sharpless. 2004. Ink4a/Arf expression is a 

biomarker of aging. J Clin Invest, 114(9), 1299-1307. 

Krishnan, V., M.Z. Chow, Z. Wang, L. Zhang, B. Liu, X. Liu, and Z. 

Zhou. 2011. Histone H4 lysine 16 hypoacetylation is associated with 

defective DNA repair and premature senescence in Zmpste24-deficient 

mice. Proc Natl Acad Sci U S A, 108(30), 12325-12330.



123

Kuilman, T., C. Michaloglou, L.C. Vredeveld, S. Douma, R. van 

Doorn, C.J. Desmet, L.A. Aarden, W.J. Mooi, and D.S. Peeper. 2008. 

Oncogene-induced senescence relayed by an interleukin-dependent 

inflammatory network. Cell, 133(6), 1019-1031. 

Laberge, R.M., Y. Sun, A.V. Orjalo, C.K. Patil, A. Freund, L. Zhou, 

S.C. Curran, A.R. Davalos, K.A. Wilson-Edell, S. Liu, C. Limbad, M. 

Demaria, P. Li, G.B. Hubbard, Y. Ikeno, M. Javors, P.Y. Desprez, C.C. 

Benz, P. Kapahi, P.S. Nelson, and J. Campisi. 2015. MTOR regulates 

the pro-tumorigenic senescence-associated secretory phenotype by 

promoting IL1A translation. Nat Cell Biol, 17(8), 1049-1061.

Lasry, A., and Y. Ben-Neriah. 2015. Senescence-associated inflammatory 

responses: aging and cancer perspectives. Trends Immunol, 36(4), 

217-228.

Lazarus, H., S. Haynesworth, S. Gerson, N. Rosenthal, and A. Caplan. 

1995. Ex vivo expansion and subsequent infusion of human bone 

marrow-derived stromal progenitor cells (mesenchymal progenitor cells): 

implications for therapeutic use. Bone Marrow Transplant, 16(4), 

557-564. 

Lazarus, H.M., O.N. Koc, S.M. Devine, P. Curtin, R.T. Maziarz, H.K. 

Holland, E.J. Shpall, P. McCarthy, K. Atkinson, and B.W. Cooper. 

2005. Cotransplantation of HLA-identical sibling culture-expanded 

mesenchymal stem cells and hematopoietic stem cells in hematologic 

malignancy patients. Biol Blood Marrow Transplant, 11(5), 389-398.



124

Le Blanc, K., F. Frassoni, L. Ball, F. Locatelli, H. Roelofs, I. Lewis, 

E. Lanino, B. Sundberg, M.E. Bernardo, M. Remberger, G. Dini, R.M. 

Egeler, A. Bacigalupo, W. Fibbe, and O. Ringden. 2008a. Mesenchymal 

stem cells for treatment of steroid-resistant, severe, acute 

graft-versus-host disease: a phase II study. Lancet, 371(9624), 

1579-1586.

Lee, S., J.R. Park, M.S. Seo, K.H. Roh, S.B. Park, J.W. Hwang, B. 

Sun, K. Seo, Y.S. Lee, S.K. Kang, J.W. Jung, and K.S. Kang. 2009. 

Histone deacetylase inhibitors decrease proliferation potential and 

multilineage differentiation capability of human mesenchymal stem cells. 

Cell Prolif, 42(6), 711-720.

Leontieva, O.V., V. Natarajan, Z.N. Demidenko, L.G. Burdelya, A.V. 

Gudkov, and M.V. Blagosklonny. 2012. Hypoxia suppresses conversion 

from proliferative arrest to cellular senescence. Proc Natl Acad Sci U S 

A, 109(33), 13314-13318. 

Leroux, L., B. Descamps, N.F. Tojais, B. Seguy, P. Oses, C. Moreau, 

D. Daret, Z. Ivanovic, J.M. Boiron, J.M. Lamaziere, P. Dufourcq, T. 

Couffinhal, and C. Duplaa. 2010. Hypoxia preconditioned mesenchymal 

stem cells improve vascular and skeletal muscle fiber regeneration after 

ischemia through a Wnt4-dependent pathway. Mol Ther, 18(8), 

1545-1552.

Li, J., M. Gorospe, D. Hutter, J. Barnes, S.M. Keyse, and Y. Liu. 

2001. Transcriptional induction of MKP-1 in response to stress is 

associated with histone H3 phosphorylation-acetylation. Mol Cell Biol, 

21(23), 8213-8224. 



125

Liechty, K.W., T.C. MacKenzie, A.F. Shaaban, A. Radu, A.B. Moseley, 

R. Deans, D.R. Marshak, and A.W. Flake. 2000. Human mesenchymal 

stem cells engraft and demonstrate site-specific differentiation after in 

utero transplantation in sheep. Nat med, 6(11), 1282. 

Lin, C.S., G. Lin, and T.F. Lue. 2012. Allogeneic and xenogeneic 

transplantation of adipose-derived stem cells in immunocompetent 

recipients without immunosuppressants. Stem Cells Dev, 21(15), 

2770-2778.

Liu, B., J. Wang, K.M. Chan, W.M. Tjia, W. Deng, X. Guan, J.D. 

Huang, K.M. Li, P.Y. Chau, D.J. Chen, D. Pei, A.M. Pendas, J. 

Cadinanos, C. Lopez-Otin, H.F. Tse, C. Hutchison, J. Chen, Y. Cao, 

K.S. Cheah, K. Tryggvason, and Z. Zhou. 2005. Genomic instability in 

laminopathy-based premature aging. Nat Med, 11(7), 780-785.

Liu, B., Z. Wang, L. Zhang, S. Ghosh, H. Zheng, and Z. Zhou. 2013a. 

Depleting the methyltransferase Suv39h1 improves DNA repair and 

extends lifespan in a progeria mouse model. Nat Commun, 4, 1868.

Liu, G.H., B.Z. Barkho, S. Ruiz, D. Diep, J. Qu, S.L. Yang, A.D. 

Panopoulos, K. Suzuki, L. Kurian, C. Walsh, J. Thompson, S. Boue, 

H.L. Fung, I. Sancho-Martinez, K. Zhang, J. Yates, 3rd, and J.C. 

Izpisua Belmonte. 2011a. Recapitulation of premature ageing with iPSCs 

from Hutchinson-Gilford progeria syndrome. Nature, 472(7342), 221-225. 

Liu, G.H., K. Suzuki, J. Qu, I. Sancho-Martinez, F. Yi, M. Li, S. 

Kumar, E. Nivet, J. Kim, R.D. Soligalla, I. Dubova, A. Goebl, N. 



126

Plongthongkum, H.L. Fung, K. Zhang, J.F. Loring, L.C. Laurent, and 

J.C. Izpisua Belmonte. 2011b. Targeted gene correction of 

laminopathy-associated LMNA mutations in patient-specific iPSCs. Cell 

Stem Cell, 8(6), 688-694. 

Liu, H., K. Lu, P.A. MacAry, K.L. Wong, A. Heng, T. Cao, and D.M. 

Kemeny. 2012. Soluble molecules are key in maintaining the 

immunomodulatory activity of murine mesenchymal stromal cells. J Cell 

Sci, 125(1), 200-208. 

Liu, J., L. Cao, J. Chen, S. Song, I.H. Lee, C. Quijano, H. Liu, K. 

Keyvanfar, H. Chen, L.Y. Cao, B.H. Ahn, N.G. Kumar, Rovira, II, 

X.L. Xu, M. van Lohuizen, N. Motoyama, C.X. Deng, and T. Finkel. 

2009. Bmi1 regulates mitochondrial function and the DNA damage 

response pathway. Nature, 459(7245), 387-392.

Liu, L., T.H. Cheung, G.W. Charville, B.M. Hurgo, T. Leavitt, J. Shih, 

A. Brunet, and T.A. Rando. 2013b. Chromatin modifications as 

determinants of muscle stem cell quiescence and chronological aging. 

Cell Rep, 4(1), 189-204.

Liu, Y., I. Drozdov, R. Shroff, L.E. Beltran, and C.M. Shanahan. 

2013c. Prelamin A accelerates vascular calcification via activation of the 

DNA damage response and senescence-associated secretory phenotype in 

vascular smooth muscle cells. Circ Res, 112(10), e99-109.

Liu, Y., A. Rusinol, M. Sinensky, Y. Wang, and Y. Zou. 2006. DNA 

damage responses in progeroid syndromes arise from defective 

maturation of prelamin A. J Cell Sci, 119(Pt 22), 4644-4649.



127

Luis, N.M., L. Morey, S. Mejetta, G. Pascual, P. Janich, B. Kuebler, L. 

Cozutto, G. Roma, E. Nascimento, M. Frye, L. Di Croce, and S.A. 

Benitah. 2011. Regulation of human epidermal stem cell proliferation 

and senescence requires polycomb- dependent and -independent 

functions of Cbx4. Cell Stem Cell, 9(3), 233-246.

Marmont, A., F. Gualandi, G. Piaggio, M. Podesta, M.T. van Lint, A. 

Bacigalupo, and F. Nobili. 2006. Allogeneic bone marrow 

transplantation (BMT) for refractory Behcet's disease with severe CNS 

involvement. Bone Marrow Transplant, 37(11), 1061. 

Martin, N., N. Popov, F. Aguilo, A. O'Loghlen, S. Raguz, A.P. 

Snijders, G. Dharmalingam, S. Li, E. Thymiakou, T. Carroll, B.B. 

Zeisig, C.W. So, G. Peters, V. Episkopou, M.J. Walsh, and J. Gil. 

2013. Interplay between Homeobox proteins and Polycomb repressive 

complexes in p16INK(4)a regulation. EMBO J, 32(7), 982-995.

Masferrer, J.L., B.S. Zweifel, P.T. Manning, S.D. Hauser, K.M. Leahy, 

W.G. Smith, P.C. Isakson, and K. Seibert. 1994. Selective inhibition of 

inducible cyclooxygenase 2 in vivo is antiinflammatory and 

nonulcerogenic. Blood, 103(12), 4619-4621.

Meisel, R., A. Zibert, M. Laryea, U. Gobel, W. Daubener, and D. 

Dilloo. 2004. Human bone marrow stromal cells inhibit allogeneic 

T-cell responses by indoleamine 2,3-dioxygenase-mediated tryptophan 

degradation. Blood, 103(12), 4619-4621. 

Meng, S., M. Luo, H. Sun, X. Yu, M. Shen, Q. Zhang, R. Zhou, X. 



128

Ju, W. Tao, D. Liu, H. Deng, and Z. Lu. 2010. Identification and 

characterization of Bmi-1-responding element within the human p16 

promoter. J Biol Chem, 285(43), 33219-33229.

Mishra, O.P., and M. Delivoria-Papadopoulos. 2004. Effect of hypoxia 

on the expression and activity of mitogen-activated protein (MAP) 

kinase-phosphatase-1 (MKP-1) and MKP-3 in neuronal nuclei of 

newborn piglets: the role of nitric oxide. Neuroscience, 129(3), 665-673. 

Mohyeldin, A., T. Garzon-Muvdi, and A. Quinones-Hinojosa. 2010. 

Oxygen in stem cell biology: a critical component of the stem cell 

niche. Cell Stem Cell, 7(2), 150-161.

Nemeth, K., A. Leelahavanichkul, P.S. Yuen, B. Mayer, A. Parmelee, 

K. Doi, P.G. Robey, K. Leelahavanichkul, B.H. Koller, J.M. Brown, X. 

Hu, I. Jelinek, R.A. Star, and E. Mezey. 2009. Bone marrow stromal 

cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming of 

host macrophages to increase their interleukin-10 production. Nat Med, 

15(1), 42-49.

Oh, J., Lee, Y. D., and Wagers, A. J. 2014. Stem cell aging: 

mechanisms, regulators and therapeutic opportunities. Nat Med, 20(8), 

870.

Ortiz, L.A., F. Gambelli, C. McBride, D. Gaupp, M. Baddoo, N. 

Kaminski, and D.G. Phinney. 2003. Mesenchymal stem cell engraftment 

in lung is enhanced in response to bleomycin exposure and ameliorates 

its fibrotic effects. Proc Natl Acad Sci U S A, 100(14), 8407-8411.



129

Osorio, F.G., C. Barcena, C. Soria-Valles, A.J. Ramsay, F. de Carlos, 

J. Cobo, A. Fueyo, J.M. Freije, and C. Lopez-Otin. 2012. Nuclear 

lamina defects cause ATM-dependent NF-kappaB activation and link 

accelerated aging to a systemic inflammatory response. Genes Dev, 

26(20), 2311-2324.

Parekkadan, B., and Milwid, J. M. 2010. Mesenchymal stem cells as 

therapeutics. Annu Rev Biomed Eng, 12, 87-117.

Park, I.K., S.J. Morrison, and M.F. Clarke. 2004. Bmi1, stem cells, and 

senescence regulation.  J Clin Invest, 113(2), 175-179.

Pendas, A.M., Z. Zhou, J. Cadinanos, J.M. Freije, J. Wang, K. 

Hultenby, A. Astudillo, A. Wernerson, F. Rodriguez, and K. 

Tryggvason. 2002. Defective prelamin A processing and muscular and 

adipocyte alterations in Zmpste24 metalloproteinase-deficient mice. Nat 

Genet, 31(1), 94-99.

Pietras, E.M., C. Mirantes-Barbeito, S. Fong, D. Loeffler, L.V. 

Kovtonyuk, S. Zhang, R. Lakshminarasimhan, C.P. Chin, J.M. Techner, 

B. Will, C. Nerlov, U. Steidl, M.G. Manz, T. Schroeder, and E. 

Passegue. 2016. Chronic interleukin-1 exposure drives haematopoietic 

stem cells towards precocious myeloid differentiation at the expense of 

self-renewal. Nat Cell Biol, 18(6), 607-618.

Pittenger, M.F., A.M. Mackay, S.C. Beck, R.K. Jaiswal, R. Douglas, 

J.D. Mosca, M.A. Moorman, D.W. Simonetti, S. Craig, and D.R. 

Marshak. 1999. Multilineage potential of adult human mesenchymal 

stem cells. Science, 284(5411), 143-147.



130

Reinders, M.E., J.W. de Fijter, H. Roelofs, I.M. Bajema, D.K. de Vries, 

A.F. Schaapherder, F.H. Claas, P.P. van Miert, D.L. Roelen, C. van 

Kooten, W.E. Fibbe, and T.J. Rabelink. 2013. Autologous bone 

marrow-derived mesenchymal stromal cells for the treatment of allograft 

rejection after renal transplantation: results of a phase I study. Stem 

Cells Transl Med, 2(2), 107-111.

Ren, G., J. Su, L. Zhang, X. Zhao, W. Ling, A. L'Huillie, J. Zhang, 

Y. Lu, A.I. Roberts, W. Ji, H. Zhang, A.B. Rabson, and Y. Shi. 2009. 

Species variation in the mechanisms of mesenchymal stem cell-mediated 

immunosuppression. Stem Cells, 27(8), 1954-1962.

Ren, G., L. Zhang, X. Zhao, G. Xu, Y. Zhang, A.I. Roberts, R.C. 

Zhao, and Y. Shi. 2008. Mesenchymal stem cell-mediated 

immunosuppression occurs via concerted action of chemokines and nitric 

oxide. Cell Stem Cell, 2(2), 141-150. 

Rizo, A., B. Dontje, E. Vellenga, G. de Haan, and J.J. Schuringa. 

2008. Long-term maintenance of human hematopoietic stem/progenitor 

cells by expression of BMI1. Blood, 111(5), 2621-2630.

Rodier, F., J.P. Coppe, C.K. Patil, W.A. Hoeijmakers, D.P. Munoz, S.R. 

Raza, A. Freund, E. Campeau, A.R. Davalos, and J. Campisi. 2009. 

Persistent DNA damage signalling triggers senescence-associated 

inflammatory cytokine secretion. Nat Cell Biol, 11(8), 973-979.

Roemeling-van Rhijn, M., F.K. Mensah, S.S. Korevaar, M.J. Leijs, G.J. 

van Osch, J.N. Ijzermans, M.G. Betjes, C.C. Baan, W. Weimar, and 



131

M.J. Hoogduijn. 2013. Effects of Hypoxia on the Immunomodulatory 

Properties of Adipose Tissue-Derived Mesenchymal Stem cells. Front 

Immunol, 4, 203.

Rojas, M., J. Xu, C.R. Woods, A.L. Mora, W. Spears, J. Roman, and 

K.L. Brigham. 2005. Bone marrow-derived mesenchymal stem cells in 

repair of the injured lung. Am J Respir Cell Mol Biol, 33(2), 145-152. 

Rosova, I., M. Dao, B. Capoccia, D. Link, and J.A. Nolta. 2008. 

Hypoxic preconditioning results in increased motility and improved 

therapeutic potential of human mesenchymal stem cells. Stem Cells, 

26(8), 2173-2182.

Rusinol, A.E., and M.S. Sinensky. 2006. Farnesylated lamins, progeroid 

syndromes and farnesyl transferase inhibitors. J Cell Sci, 119(16), 

3265-3272. 

Saklatvala, J. 2004. The p38 MAP kinase pathway as a therapeutic 

target in inflammatory disease. Curr Opin Pharmacol, 4(4), 372-377. 

Sato, K., K. Ozaki, I. Oh, A. Meguro, K. Hatanaka, T. Nagai, K. 

Muroi, and K. Ozawa. 2007. Nitric oxide plays a critical role in 

suppression of T-cell proliferation by mesenchymal stem cells. Blood, 

109(1), 228-234.

Scaffidi, P., and T. Misteli. 2006. Lamin A-dependent nuclear defects 

in human aging. Science, 312(5776), 1059-1063.

Scaffidi, P., and T. Misteli. 2008. Lamin A-dependent misregulation of 



132

adult stem cells associated with accelerated ageing. Nat Cell Biol, 

10(4), 452-459.

Schallmoser, K., C. Bartmann, E. Rohde, S. Bork, C. Guelly, A.C. 

Obenauf, A. Reinisch, P. Horn, A.D. Ho, D. Strunk, and W. Wagner. 

2010. Replicative senescence-associated gene expression changes in 

mesenchymal stromal cells are similar under different culture conditions. 

Haematologica, 95(6), 867-874.

Schellenberg, A., Q. Lin, H. Schuler, C.M. Koch, S. Joussen, B. 

Denecke, G. Walenda, N. Pallua, C.V. Suschek, M. Zenke, and W. 

Wagner. 2011. Replicative senescence of mesenchymal stem cells causes 

DNA-methylation changes which correlate with repressive histone marks. 

Aging (Albany NY), 3(9), 873-888.

Schwartz, Y.B., T.G. Kahn, D.A. Nix, X.-Y. Li, R. Bourgon, M. 

Biggin, and V. Pirrotta. 2006. Genome-wide analysis of Polycomb 

targets in Drosophila melanogaster. Nat Genet, 38(6), 700. 

Scruggs, B.A., J.A. Semon, X. Zhang, S. Zhang, A.C. Bowles, A.C. 

Pandey, K.M. Imhof, A.V. Kalueff, J.M. Gimble, and B.A. Bunnell. 

2013. Age of the donor reduces the ability of human adipose-derived 

stem cells to alleviate symptoms in the experimental autoimmune 

encephalomyelitis mouse model. tem Cells Transl Med, 2(10), 797-807.

Severino, V., N. Alessio, A. Farina, A. Sandomenico, M. Cipollaro, G. 

Peluso, U. Galderisi, and A. Chambery. 2013. Insulin-like growth factor 

binding proteins 4 and 7 released by senescent cells promote premature 

senescence in mesenchymal stem cells. Cell Death Dis, 4, e911. 



133

Shake, J.G., P.J. Gruber, W.A. Baumgartner, G. Senechal, J. Meyers, 

J.M. Redmond, M.F. Pittenger, and B.J. Martin. 2002. Mesenchymal 

stem cell implantation in a swine myocardial infarct model: engraftment 

and functional effects. Ann Thorac Surg, 73(6), 1919-1926.

Shi, Y., G. Hu, J. Su, W. Li, Q. Chen, P. Shou, C. Xu, X. Chen, Y. 

Huang, Z. Zhu, X. Huang, X. Han, N. Xie, and G. Ren. 2010. 

Mesenchymal stem cells: a new strategy for immunosuppression and 

tissue repair. Cell Res, 20(5), 510-518. 

Shi, Y., J. Su, A.I. Roberts, P. Shou, A.B. Rabson, and G. Ren. 2012. 

How mesenchymal stem cells interact with tissue immune responses. 

Trends Immunol, 33(3), 136-143. 

Shin, T.H., H.S. Kim, T.W. Kang, B.C. Lee, H.Y. Lee, Y.J. Kim, J.H. 

Shin, Y. Seo, S. Won Choi, S. Lee, K. Shin, K.W. Seo, and K.S. 

Kang. 2016. Human umbilical cord blood-stem cells direct macrophage 

polarization and block inflammasome activation to alleviate rheumatoid 

arthritis. Cell Death Dis, 7(12), e2524. 

Sinha, M., Y.C. Jang, J. Oh, D. Khong, E.Y. Wu, R. Manohar, C. 

Miller, S.G. Regalado, F.S. Loffredo, J.R. Pancoast, M.F. Hirshman, J. 

Lebowitz, J.L. Shadrach, M. Cerletti, M.J. Kim, T. Serwold, L.J. 

Goodyear, B. Rosner, R.T. Lee, and A.J. Wagers. 2014. Restoring 

systemic GDF11 levels reverses age-related dysfunction in mouse 

skeletal muscle. Science, 344(6184), 649-652.

Spaggiari, G.M., H. Abdelrazik, F. Becchetti, and L. Moretta. 2009. 



134

MSCs inhibit monocyte-derived DC maturation and function by 

selectively interfering with the generation of immature DCs: central role 

of MSC-derived prostaglandin E2. Blood, 113(26), 6576-6583.

Spaggiari, G.M., A. Capobianco, H. Abdelrazik, F. Becchetti, M.C. 

Mingari, and L. Moretta. 2008. Mesenchymal stem cells inhibit natural 

killer-cell proliferation, cytotoxicity, and cytokine production: role of 

indoleamine 2,3-dioxygenase and prostaglandin E2. Blood, 111(3), 

1327-1333.

Sun, D., M. Luo, M. Jeong, B. Rodriguez, Z. Xia, R. Hannah, H. 

Wang, T. Le, K.F. Faull, R. Chen, H. Gu, C. Bock, A. Meissner, B. 

Gottgens, G.J. Darlington, W. Li, and M.A. Goodell. 2014. Epigenomic 

profiling of young and aged HSCs reveals concerted changes during 

aging that reinforce self-renewal. Cell Stem Cell, 14(5), 673-688.

Sun, H., C.H. Charles, L.F. Lau, and N.K. Tonks. 1993. MKP-1 

(3CH134), an immediate early gene product, is a dual specificity 

phosphatase that dephosphorylates MAP kinase in vivo. Cell, 75(3), 

487-493. 

Takubo, K., G. Nagamatsu, C.I. Kobayashi, A. Nakamura-Ishizu, H. 

Kobayashi, E. Ikeda, N. Goda, Y. Rahimi, R.S. Johnson, and T. Soga. 

2013. Regulation of glycolysis by Pdk functions as a metabolic 

checkpoint for cell cycle quiescence in hematopoietic stem cells. Cell 

Stem Cell, 12(1), 49-61.

Talley, J.J., D.L. Brown, J.S. Carter, M.J. Graneto, C.M. Koboldt, J.L. 

Masferrer, W.E. Perkins, R.S. Rogers, A.F. Shaffer, Y.Y. Zhang, B.S. 



135

Zweifel, and K. Seibert. 2000. 4-[5-Methyl-3-phenylisoxazol-4-yl]- 

benzenesulfonamide, valdecoxib: a potent and selective inhibitor of 

COX-2.  J Med Chem, 43(5), 775-777. 

Tchkonia, T., Y. Zhu, J. van Deursen, J. Campisi, and J.L. Kirkland. 

2013. Cellular senescence and the senescent secretory phenotype: 

therapeutic opportunities. J Clin Invest, 123(3), 966-972. 

Togel, F., Z. Hu, K. Weiss, J. Isaac, C. Lange, and C. Westenfelder. 

2005. Administered mesenchymal stem cells protect against ischemic 

acute renal failure through differentiation-independent mechanisms. Am J 

Physiol Renal Physiol, 289(1), F31-F42.

Togel, F., K. Weiss, Y. Yang, Z. Hu, P. Zhang, and C. Westenfelder. 

2007. Vasculotropic, paracrine actions of infused mesenchymal stem 

cells are important to the recovery from acute kidney injury. Am J 

Physiol Renal Physiol, 292(5), F1626-F1635.

Tolhuis, B., M. Blom, R.M. Kerkhoven, L. Pagie, H. Teunissen, M. 

Nieuwland, M. Simonis, W. de Laat, M. van Lohuizen, and B. van 

Steensel. 2011. Interactions among Polycomb domains are guided by 

chromosome architecture. PLoS Genet, 7(3), e1001343. 

Tsai, C.C., Y.J. Chen, T.L. Yew, L.L. Chen, J.Y. Wang, C.H. Chiu, 

and S.C. Hung. 2011. Hypoxia inhibits senescence and maintains 

mesenchymal stem cell properties through down-regulation of E2A-p21 

by HIF-TWIST. Blood, 117(2), 459-469.

Turpeinen, T., R. Nieminen, E. Moilanen, and R. Korhonen. 2010. 



136

Mitogen-activated protein kinase phosphatase-1 negatively regulates the 

expression of interleukin-6, interleukin-8, and cyclooxygenase-2 in A549 

human lung epithelial cells. J Pharmacol Exp Ther, 333(1), 310-318.

Uccelli, A., L. Moretta, and V. Pistoia. 2008. Mesenchymal stem cells 

in health and disease. Nat Rev Immunol, 8(9), 726-736.

Ugalde, A.P., A.J. Ramsay, J. de la Rosa, I. Varela, G. Marino, J. 

Cadinanos, J. Lu, J.M. Freije, and C. Lopez-Otin. 2011. Aging and 

chronic DNA damage response activate a regulatory pathway involving 

miR-29 and p53. EMBO J, 30(11), 2219-2232.

van den Beucken, T., E. Koch, K. Chu, R. Rupaimoole, P. Prickaerts, 

M. Adriaens, J.W. Voncken, A.L. Harris, F.M. Buffa, S. Haider, M.H. 

Starmans, C.Q. Yao, M. Ivan, C. Ivan, C.V. Pecot, P.C. Boutros, A.K. 

Sood, M. Koritzinsky, and B.G. Wouters. 2014. Hypoxia promotes stem 

cell phenotypes and poor prognosis through epigenetic regulation of 

DICER. Nat Commun, 5, 5203.

Villeda, S.A., K.E. Plambeck, J. Middeldorp, J.M. Castellano, K.I. 

Mosher, J. Luo, L.K. Smith, G. Bieri, K. Lin, D. Berdnik, R. Wabl, J. 

Udeochu, E.G. Wheatley, B. Zou, D.A. Simmons, X.S. Xie, F.M. 

Longo, and T. Wyss-Coray. 2014. Young blood reverses age-related 

impairments in cognitive function and synaptic plasticity in mice. Nat 

Med, 20(6), 659-663.

Wagner, W., P. Horn, M. Castoldi, A. Diehlmann, S. Bork, R. Saffrich, 

V. Benes, J. Blake, S. Pfister, V. Eckstein, and A.D. Ho. 2008. 

Replicative senescence of mesenchymal stem cells: a continuous and 



137

organized process. PLoS One, 3(5), e2213.

Wang, D., and R.N. Dubois. 2010. The role of COX-2 in intestinal 

inflammation and colorectal cancer. Oncogene, 29(6), 781-788.

Williams, C.S., M. Mann, and R.N. DuBois. 1999. The role of 

cyclooxygenases in inflammation, cancer, and development. Oncogene, 

18(55), 7908-7916.

Wise, D.R., P.S. Ward, J.E. Shay, J.R. Cross, J.J. Gruber, U.M. 

Sachdeva, J.M. Platt, R.G. DeMatteo, M.C. Simon, and C.B. Thompson. 

2011. Hypoxia promotes isocitrate dehydrogenase-dependent 

carboxylation of alpha-ketoglutarate to citrate to support cell growth and 

viability. Proc Natl Acad Sci U S A, 108(49), 19611-19616.

Xu, M., T. Tchkonia, H. Ding, M. Ogrodnik, E.R. Lubbers, T. 

Pirtskhalava, T.A. White, K.O. Johnson, M.B. Stout, V. Mezera, N. 

Giorgadze, M.D. Jensen, N.K. LeBrasseur, and J.L. Kirkland. 2015. 

JAK inhibition alleviates the cellular senescence-associated secretory 

phenotype and frailty in old age. Proc Natl Acad Sci U S A, 112(46), 

E6301-6310.

Xu, Y., P. Malladi, M. Chiou, E. Bekerman, A.J. Giaccia, and M.T. 

Longaker. 2007. In vitro expansion of adipose-derived adult stromal 

cells in hypoxia enhances early chondrogenesis. Tissue Eng, 13(12), 

2981-2993.

Young, S.G., S.H. Yang, B.S. Davies, H.-J. Jung, and L.G. Fong. 2013. 

Targeting protein prenylation in progeria. Sci Transl Med. 



138

5(171):171ps3.

Yu, K.-R., J.-H. Shin, J.-J. Kim, M.G. Koog, J.Y. Lee, S.W. Choi, 

H.-S. Kim, Y. Seo, S. Lee, and T.-h. Shin. 2015a. Rapid and efficient 

direct conversion of human adult somatic cells into neural stem cells by 

HMGA2/let-7b. Cell Rep, 10(3), 441-452.

Yu, K.R., and K.S. Kang. 2013. Aging-related genes in mesenchymal 

stem cells: a mini-review. Gerontology, 59(6), 557-563.

Yu, K.R., J.Y. Lee, H.S. Kim, I.S. Hong, S.W. Choi, Y. Seo, I. Kang, 

J.J. Kim, B.C. Lee, S. Lee, A. Kurtz, K.W. Seo, and K.S. Kang. 2014. 

A p38 MAPK-mediated alteration of COX-2/PGE2 regulates 

immunomodulatory properties in human mesenchymal stem cell aging. 

PLoS One, 9(8), e102426.

Yu, K.R., S. Lee, J.W. Jung, I.S. Hong, H.S. Kim, Y. Seo, T.H. Shin, 

and K.S. Kang. 2013. MicroRNA-141-3p plays a role in human 

mesenchymal stem cell aging by directly targeting ZMPSTE24. J Cell 

Sci, 126(Pt 23), 5422-5431.

Yu, Q., Y.V. Katlinskaya, C.J. Carbone, B. Zhao, K.V. Katlinski, H. 

Zheng, M. Guha, N. Li, Q. Chen, T. Yang, C.J. Lengner, R.A. 

Greenberg, F.B. Johnson, and S.Y. Fuchs. 2015b. DNA-damage-induced 

type I interferon promotes senescence and inhibits stem cell function. 

Cell Rep, 11(5), 785-797.

Zaim, M., S. Karaman, G. Cetin, and S. Isik. 2012. Donor age and 

long-term culture affect differentiation and proliferation of human bone 



139

marrow mesenchymal stem cells. Ann Hematol, 91(8), 1175-1186.

Zhang, J., Q. Lian, G. Zhu, F. Zhou, L. Sui, C. Tan, R.A. Mutalif, R. 

Navasankari, Y. Zhang, H.F. Tse, C.L. Stewart, and A. Colman. 2011. 

A human iPSC model of Hutchinson Gilford Progeria reveals vascular 

smooth muscle and mesenchymal stem cell defects.  Cell Stem Cell, 

8(1), 31-45.

Zhang, W., J. Li, K. Suzuki, J. Qu, P. Wang, J. Zhou, X. Liu, R. 

Ren, X. Xu, A. Ocampo, T. Yuan, J. Yang, Y. Li, L. Shi, D. Guan, 

H. Pan, S. Duan, Z. Ding, M. Li, F. Yi, R. Bai, Y. Wang, C. Chen, 

F. Yang, X. Li, Z. Wang, E. Aizawa, A. Goebl, R.D. Soligalla, P. 

Reddy, C.R. Esteban, F. Tang, G.H. Liu, and J.C. Belmonte. 2015. 

Aging stem cells. A Werner syndrome stem cell model unveils 

heterochromatin alterations as a driver of human aging. Science, 

348(6239), 1160-1163.

Zhao, L., Y. Wu, Z. Xu, H. Wang, Z. Zhao, Y. Li, P. Yang, and X. 

Wei. 2012. Involvement of COX-2/PGE2 signalling in hypoxia-induced 

angiogenic response in endothelial cells. J Cell Mol Med, 16(8), 

1840-1855.



140

국문 초록

인간 중간엽 줄기세포의

노화에 따른

면역조절능 및 분비 양상 연구

서울대학교 대학원

수의과대학

협동과정 인수공통동물질병학전공

이진영

(지도교수: 강경선)

인간 중간엽 줄기세포는 효과적인 면역 조절 작용을 가지고

있어 많은 전 임상 및 임상 시도가 이루어져 왔다. 치료에 사용되기

위해 많은 수의 중간엽 줄기세포가 확보되어야 하는데 이에 따른
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면역 조절 기능의 변화는 잘 알려져 있지 않다. 따라서 이 연구의

첫 번째 부분과 두 번째 부분에서는 노화에 따른 중간엽 줄기세포

의 면역 조절능의 변화를 조사하였다. 계대 배양을 통해 노화한 중

간엽 줄기세포는 유사분열 촉진제를 통해 증식된 단핵 세포에 대한

억제효과가 적게 나타났다. 염증반응 억제 효과를 보다 효과적으로

확인하기 위해 쥐 장염 실험 모델을 이용했고 노화 줄기세포는 육

안 및 조직학적 검증 결과 유의미하게 감소된 염증 억제 효과를 보

였다. 염증억제와 관련된 사이토카인 중에 PGE2 및 이의 주요 효소

인 COX-2 의 발현이 염증 환경에서 계대 배양 수에 따라 확연히

감소하는 것을 확인했다. 또한 p38 MAP kinase 의 인산화가 노화

에 따라 감소함에 따라 COX-2 의 발현이 조절되는 것을 확인했다.

이 결과들은 계대 배양에 따라 감소하는 중간엽 줄기세포의 면역

조절능이 p38 MAP kinase의 활성 변화에 따른 COX-2 및 PGE2 의

발현 변화 때문임을 증명한다.

저산소 환경 배양은 많은 체세포의 미분화상태를 유지하고

노화를 막는 것으로 알려져 있다. 이 연구의 두 번째 부분에서는 중

간엽 줄기세포의 저산소 배양 시 노화 및 면역 조절능의 변화를 조

사하였다. 저산소 배양 환경은 중간엽 줄기세포의 증식을 향상 시켰

고 염증세포의 증식에 대한 억제 효과를 강화하였다. 노화 관련 인

자들 가운데 BMI1 의 발현이 저산소 환경에서 배양한 중간엽 줄기
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세포에서 확연하게 증가하는 것을 발견하였고 BMI1 의 발현을 억

제시키자 증식능을 감소시키고 노화를 유도 할 뿐만 아니라

COX-2/PGE2 의 발현 억제와 함께 면역 조절능도 감소하는 것을

확인하였다. 또한 BMI1 의 과발현은 중간엽 줄기세포에서 p38

MAP kinase 의 인산화를 증가시킴으로서 COX-2 의 발현을 증가

시켜 염증세포에 대한 억제 반응을 강화시켰다. BMI1은 p38 MAP

kinase를 저해하는 MAP kinase phosphatase-1을 직접적으로 억제

함으로써 면역 조절 효과를 나타내는 것을 확인하였다. 이 결과들은

저산소 배양으로 유도된 BMI1이 중간엽 줄기세포의 노화뿐만 아니

라 염증 억제 능력을 조절함을 보여준다.

세포의 노화에 따라 각종 사이토카인 및 케모카인의 유전자

발현 및 분비가 증가하고 이에 따라 주변 세포 역시 노화 유도가

일어나는 것이 새롭게 밝혀지고 있다. 핵막의 결함은 정상 노화 및

조기 노화 질환에서 발견 되는 현상 중 하나로 핵막 결함의 원인체

인 Progerin 과 prelamin A는 인간 중간엽 줄기세포의 분화능을 감

소시키고 노화를 유도하는 것으로 알려져 있지만 노화에 따른

cytokine 분비양상 변화는 알려져 있지 않다. 이 연구의 세 번째 부

분에서는 Progerin의 과 발현 및 ZMPSTE24 의 발현 저하가 노화

에 따른 cytokine 분비 양상 변화를 MCP-1을 통해 일으킴을 확인

했다. 또한, Progerin 및 prelamin A 에 반응해 증가하는 MCP-1 의
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발현은 GATA4 에 의해 매개 되는 것을 발견했다. 공동면역침전분

석법을 통해 Progerin을 발현하는 중간엽 줄기세포에서 p62 로 매개

되는 GATA4의 분해가 저하 되어 있는 것을 확인했다. 이와 함께

Progerin 과 prelamin A가 과발현된 중간엽 줄기세포에서 GATA4

의 발현을 억제하자 NF-ĸB 및 MCP-1 의 발현이 감소하면서 노

화가 억제되는 것을 관찰했다. 이 결과들은 비정상 핵막 단백질이

중간엽 줄기세포에서 노화에 따른 분비양상을 유도하고 이는

GATA4를 통해 조절된다는 것을 보여준다. 비정상 lamin A와

GATA4 의 분자 메커니즘은 정상 노화 및 병적 노화 현상에서 새

로운 방향을 제시할 수 있다.

결론적으로, 중간엽 줄기세포의 노화는 면역 조절능 뿐만 아

니라 분비 노화 현상을 조절하는 것을 확인했다. 이러한 분자적 메

커니즘은 정상 노화와 더불어 병적인 노화 현상에서 응용될 수 있

을 것이다. 뿐만 아니라 이 발견들은 세포 치료를 위한 중간엽 줄기

세포의 기능을 향상 시킬 수 있는 전략을 제시한다.

주요어 : 중간엽줄기세포, COX-2, PGE2, BMI1, 노화, lamin A,

ZMPSTE24, MCP-1
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