
Name of journal: World Journal of Stem Cells
ESPS Manuscript NO: 13499
Columns: MINREVIEWS

Molecular mechanism of extrinsic factors affecting anti-aging of stem cells

Wong TY et al. Molecular mechanism affecting anti-aging of stem cells

Tzyy Yue Wong, Mairim Alexandra Solis, Ying-Hui Chen, Lynn Ling-Huei Huang

Tzyy Yue Wong, Mairim Alexandra Solis, Ying-Hui Chen, Lynn LH Huang, Institute of Biotechnology, College of Bioscience and Biotechnology, National Cheng Kung University, Tainan 70101, Taiwan

Lynn LH Huang, Institute of Clinical Medicine, College of Medicine, National Cheng Kung University, Tainan 70101, Taiwan

Author contributions: Wong TY, Solis MA, Chen YH, and Huang LLH wrote this paper.

Supported by A grant from the National Science Council, Taiwan

[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Correspondence to: Lynn Ling-Huei Huang, PhD, Institute of Biotechnology, College of Bioscience and Biotechnology, National Cheng Kung University, 1 University Road, Tainan 70101, Taiwan. lynn@mail.ncku.edu.tw

Telephone: +886-6-2757575x65602814     Fax: +886-6-2080165
[bookmark: OLE_LINK332][bookmark: OLE_LINK329][bookmark: OLE_LINK381][bookmark: OLE_LINK407]Received: August 25, 2014		          Revised: October 2, 2014
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK34][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK52][bookmark: OLE_LINK43][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK62][bookmark: OLE_LINK66][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK71][bookmark: OLE_LINK74][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK79][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK92][bookmark: OLE_LINK94][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK81][bookmark: OLE_LINK95]Accepted: November 17, 2014

Published online: 

Abstract
Scientific evidence suggests that stem cells possess the anti-aging ability to self-renew and maintain differentiation potentials, and quiescent state. The objective of this review is to discuss the micro-environment where stem cells reside in vivo, the secreted factors to which stem cells are exposed, the hypoxic environment, and intracellular factors including genome stability, mitochondria integrity, epigenetic regulators, calorie restrictions, nutrients, and vitamin D. Secreted tumor growth factor-β and fibroblast growth factor-2 are reported to play a role in stem cell quiescence. Extracellular matrices may interact with caveolin-1, the lipid raft on cell membrane to regulate quiescence. N-cadherin, the adhesive protein on niche cells provides support for stem cells. The hypoxic micro-environment turns on hypoxia-inducible factor-1 to prevent mesenchymal stem cells aging through p16 and p21 down-regulation. Mitochondria express glucosephosphate isomerase to undergo glycolysis and prevent cellular aging. Epigenetic regulators such as p300, protein inhibitors of activated Stats and H19 help maintain stem cell quiescence. In addition, calorie restriction may lead to secretion of paracrines cyclic ADP-ribose by intestinal niche cells, which help maintain intestinal stem cells. In conclusion, it is crucial to understand the anti-aging phenomena of stem cells at the molecular level so that the key to solving the aging mystery may be unlocked.
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Core tip: This review approaches anti-aging from aspect of stem cells. Stem cells may interact directly with their extracellular surroundings through caveolin-1, a lipid raft protein, to carry out and maintain stem cell functions. Mechanisms through hypoxia-inducible factor-1, glycolysis, and epigenetic regulators such as p300, protein inhibitors of activated Stats and H19 play crucial role in stem cell quiescence, and anti-aging regulations. Conversely, genomic instability such as DNA double-strand-breaks modulate cellular aging through the mammalian target of rapamycin pathway, which may lead to decreased lifespan.
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INTRODUCTION
Definition of stem cells and stem cells aging
In 1881, August Weismann discovered that organ performance was influenced by the finite cell division of tissues[1]. Followed by Hayflick and Morhead in 1961, who discovered that normal human cells have finite cell replication and lifetime which represents human aging[2]. When cells reach maximal replicative capacity, it is a phenomenon termed cellular senescence, or cellular aging. Recent evidence supports the model that stem cells in vivo are retained in a quiescent state, which can be reactivated into cell cycle progression in response to extracellular stimuli even after prolonged period of quiescence. Upon stimulation, stem cells divide to yield undifferentiated progeny and also differentiated cells through subsequent rounds of proliferation[3]. With self-renewal capability, stem cells pool assures a constant supply of stem cells, and also differentiated cells throughout an organism lifespan. However, loss of stem cells number or functionality with age can lead to profound consequences on tissue viability[4]. Recent data suggests that stem cells aging is partly due to heritable intrinsic event such as DNA damage, changes in their niches and micro-environment[3]. Through systemic influences, old tissues might be rejuvenated to a young state[5]. The significant sign of aging in stem cell culture is a diminishing replicative capacity, in which the maximal population doublings of mesenchymal stem cells (MSC) are reported as 30–40[6]. In vitro, MSC cellular aging is associated with the age of donor[7]. Conversely, in vitro culture of embryonic stem cells (ESC) showed no loss of proliferative potency[8]. Human MSC cultured in vitro have spindle-shaped fibroblastic morphology and usually cease to proliferate no more than 40 population doublings, with the cells becoming enlarged and more flattened[9]. The increase in cell size is associated with aging in vitro[10]. Unravelling these distinctive features of aging stem cell phenotype is critical to the success of therapeutic application of stem cells in the field of regenerative medicine with respect to tissue injury, degenerative diseases or organ declines that accompany aging[11]. 

Anti-aging effects of stem cells
The involvement of MSC in cell replenishment and lifespan regulations[12] is evident since aging is defined as the sum of primary restrictions in regenerative mechanisms of multicellular organisms[13]. Recently, the best strategy suggested to “cure” aging due to DNA damage is a rapid and effective elimination of the damaged stem cells by apoptosis[14]. This theory implies that stem cells may conceive ability to limit and repair intracellular damage. For example, stem cells possess robust cell surface transporters that exclude toxins[15], the machinery for double-stranded DNA breaks repair[16], and the production of telomerase to ameliorate telomere shortening[17]. Also, stem cells appear to have evolved multiple mechanisms such as senescence and apoptosis to sense damaged stem cell genome with malignant potential in order to limit replicative expansion[3,18]. These tumor-suppressor mechanisms may contribute to stem-cell irreversible growth arrest[3]. It is worthy to understand the impacts of aging on stem cells to propose valuable strategies, gather information for potential medical anti-aging interventions. 

Definition of extrinsic factors that alter stem cells properties
Aging can lead to changes of not only properties and number of stem cells, but also the niche cells, which gradually lead to decline in homeostasis and tissue regeneration. Aging has both quantitative and qualitative effects on stem cells. The qualitative changes affect self-renewal, developmental potential, and interactions with extrinsic signals[19]. Changes in the niche or micro-environment include amount and composition of extracellular matrix (ECM), altered expression of membrane proteins and lipids in niche cells that are in direct contact with stem cells, and changes in secretion of soluble paracrine or endocrine factors (Figure 1B). In the case of tissue injury or disease, factors released from damaged cells are altered, leading to inflammatory response[11]. Micro-environment in vivo is comprised of a stem cell compartment, niche cells that support stem cells, and complex ECM including fibronectin, collagen (I and IV), heparin sulphate, chondroitin sulphate, and hyaluronan[20]. The three different micro-environments: environmental enrichment, physical exercise and calorie restriction increased the number of newly regenerated neural cells in the dentate gyrus[21]. Hyaluronan preserved differentiation potentials of MSC derived from mouse[22]. Hyaluronan also maintained MSC derived from human placenta in a slow-cycling mode, which was similar to quiescent state[23]. Besides, hyaluronan is widely reviewed to regulate stem cells behavior via cluster determinant 44 (CD44), receptor for hyaluronan-mediated motility (RHAMM), lymphatic vessel endothelial hyaluronan receptor, hyaluronan receptor for endocytosis, liver endothelial cell clearance receptor, or toll-like receptor 4[24]. A report implied that the activation of cells for productive tissue regeneration required a systemic micro-environment that maintains stem cells[5] . 
The micro-environment where stem cells reside in vivo plays important role in maintaining stem cells properties, and in regulating stem cells aging. In vivo, the stem cells are tightly linked to their micro-environment such as ECM, and surrounding niche cells which promote self-renewal, maintain differentiation potential, maintain quiescence, regulate cell survival, homeostasis and also cellular lifespan (Figure 1A and 1B). The adhesive protein N-cadherin on niche cells support stem cells; whereas integrins on stem cells and extrinsic regulators such as angiopoietin-1 (Ang-1), tumor growth factor-β (TGF-β), bone morphogenetic protein (BMP), thrombopoietin (TPO), wingless/integrated (Wnt), β-catenin (CTNNB) and osteopontin (OPN) play a role in stem cells quiescence[25]. Hematopoiesis of hematopoietic stem cells (HSC) required the secreted factors, including stem cell factor, Ang-1, TPO, Wnt, NOTCH, OPN, chemokine stromal cell-derived factor-1α (SDF-1α), and direct interaction with integrin[26]. Using genome-wide chromatin and transcriptional profiling of hair follicle stem cells in vivo, the hair follicle micro-environment triggered LIM homeobox-2 (LHX2) expression, which trans-activated genes that orchestrated cytoskeletal dynamics and adhesion[27]. The removal of LHX2 led to disastrous cellular disorganization and polarization, loss of quiescence for hair follicle stem cells, loss of normal hair anchoring, as well as progressive transformation of the niche into a sebaceous gland[27]. Since the extrinsic micro-environmental factors are required for maintaining the youth of stem cells, their interactions with stem cell membrane may also play important roles. Recently, a membrane lipid raft protein known as caveolin-1 (Cav-1), was reported to be involved in HSC quiescence and self-renewal, wherein Cav-1-deficient mice had impaired self-renewal and altered quiescent state[28].
Furthermore, stem cells require growth factors, cytokines and mitogens for maintenance. The activation of the Wnt-Frizzled receptor with co-receptor LRP5/6 which target cytosolic CTNNB, and activation of the TGF-β receptor kinases 1/2 that phosphorylate Smads 2/3 helped maintain differentiation potential[29]. TGF-β is a potent inhibitor of stem cell growth and cell cycle in vitro, and is suggested to be a regulator of stem cell quiescence in vivo[30]. Another micro-environmental factor, insulin-like growth factor-binding protein-2 (IGFBP2), used its C-terminus domain to support HSC survival and cell cycle[31]. In addition, IGFBP2 promoted hMSC osteogenesis via interaction with integrin apha-5[32]. The BMP also interacted with fibroblast growth factor-2 (FGF2) through FGF receptor, which in turn activated Smad1, Smad5 and Smad8 to inhibit differentiation, and maintain quiescence in rat neural stem cells[33]. Meanwhile, FGF2 signaling alone suppressed terminal astrocytic differentiation, and maintained rat neural stem cell potency during quiescence[33]. 

MOLECULAR MECHANISMS OF STEM CELL ANTI-AGING                                     
Hypoxia induced by micro-environment
Stem cells are maintained in a low oxygen environment or hypoxia in their native state. In general, 5% of pO2 is the physiologically-relevant O2 concentration in stem cells micro-environment. When 5% of pO2 was exposed to the micro-environment, Wharton Jelly derived-MSC culture rejuvenated toward less differentiated, more primitive phenotypes[34]. It also promoted and stabilized expression of OCT4A, NANOG, SOX2, and REX1 in induced pluripotent stem cells (iPSC)[35]. Because 2% O2 decreased mitochondrial DNA content[36], this suggests that hypoxia-induced stem cell rejuvenation may be linked to energy metabolism via the mitochondria. Under condition of 1% O2, hypoxia-inducible factor-1 (HIF-1) activation led to decreased extracellular signal regulated kinase (ERK), followed by decreased p16 expression[37]. The decreased expression of the aging marker p16 helped MSC escaped cellular aging in vitro[37]. A recent study further confirmed that 1% O2 down-regulated DNA damage responsive molecules, including ATM/ATR, Chk1, and Chk2, and also cellular aging markers, including senescence-associated--galactosidase, H3K9me3, heterochromatin protein 1- (HP1), p53, p21, and p16[38]. Since cellular aging is often accompanied with telomere length loss, it was observed that bone marrow MSC expanded under hypoxia (3% pO2) for 15 days demonstrated telomere length maintenance; however, telomere length decreased over time under normoxia[39]. Recently reported a major pathway that inhibits MSC senescence due to hypoxia is the HIF-1-TWIST pathway which down-regulated E2A-p21[40]. In addition, hypoxia induced an immediate and concerted down-regulation of genes involved in DNA repair and damage response pathways (including MLH1, RAD51, BRCA1, and Ku80 genes)[36], which suggests that hypoxia plays a role in genome stability. Furthermore, p53 may suppressed HIF-1 translation through targeting pro-myelocytic leukemia (PML) protein, which activated the mammalian target of rapamycin (mTOR) pathway to induce aging (Figure 2)[41,42]. Conversely, HIF-1 interacted with the aging marker p53 that led to p53 stabilization[43], resulting to a pro-aging phenomena. Taken together, hypoxia provides stem cells with an anti-aging micro-environment and is required for healthy aging progression.
	
Genome stability linked to stress induced by micro-environment
The genome is like an internal turbine engine inside a cell that works perpetually throughout the life of cell. Without it, cell survival is impossible, and youth of cells cannot be maintained. In the 1950s, researchers Mortimer and Johnston stated that aging in yeast is accompanied by genome instability[44]. In principle, there are three different modes of genome instability: mutations, mismatch repair deficiency and chromosomal instability[45]. Mechanisms of genome instability linked to mammalian aging are stress-induced reactive oxygen species (ROS), telomere loss, and germ-line genetic variations for DNA repair[46,47]. In addition, DNA damage caused by ROS was stated to elicit transient growth arrest, apoptosis and cellular senescence[48]. In adult hematopoietic stem and progenitor cells (HSPCs), the histone deacetylase Sirt1 is linked to longevity[49], DNA damage accumulation, and loss of progenitor cells. Under stress of Sirt1 ablation, HSPCs increased Hoxa-9 expression, leading to increased DNA damage[50]. Another sirtuin family protein, SIRT6, also regulates aging and genome stability. During DNA double-strand break repair, SIRT6 promoted DNA end resection in order to maintain genome integrity[51].  Interestingly, a family member of p53, TAp63, prevented premature aging in skin cells as observed in TAp63-/- mice by maintaining properties of epidermal and dermal precursors[52]. The most prominent evidence that links genome stability with aging is the human disease known as progeroid syndrome. Defects in the DNA repair system known as transcription-coupled excision repair (TCER) leads to progeroid syndrome[53], wherein lesions in transcribed strand of active genes are repaired with defective TCER[54]. In contrast to what is known about quiescence, the stem cells are prone to DNA damage accumulation while in quiescence. A previous study stated that following DNA damage, stem cells utilized non-homologous end-joining (NHEJ) repair system during quiescence; however, the NHEJ response is normally associated with genome rearrangement and abnormalities in HSC[55]. In brief, genome stability is crucial for stem cells maintenance.

Mitochondrial property changes upon stem cells aging
Mitochondria play a significant role in the aging-induced signaling pathway since aging is generally characterized as a progressive decline of tissue and organ function accompanied by increased oxidative damage and mitochondrial dysfunction. Stem cells in the quiescent state appear to be less metabolically active and may be subjected to lower levels of cellular metabolism byproducts, mainly ROS. Since mitochondria are the sites for oxidative metabolism, ROS may inflict damage to its DNA and the organelle itself. Previously, functional analysis demonstrated altered mitochondrial morphology, decreased antioxidant capacities and elevated ROS levels in long-term cultivated young MSC as well as aged MSC[56]. Another previous study stated that mice expressing a mutant form of mitochondrial DNA polymerase- led to HSC with compromised functions, indicating that mitochondrial integrity is crucial for stem cell maintenance[57]. In addition, long-lived post-mitotic cells with acquired stem cell damage may be inherited by progeny cells since the mitochondrial DNA damage is passed down the generations. Recent evidence indicates that loss of a negative regulator of the Ink4a/Arf locus, also known as Cdkn2a or BMI1, is associated with decreased mitochondrial function, decreased electron transport flux, increased ROS concentrations, and loss of stem cell functions[58]. Furthermore, hypoxic stimulation of glycolytic flux as well as inhibition of the p53 pathway[59] partly stimulated glycolysis to improve stem cell pluripotency[60] and also resulted in a younger cell phenotype. Interestingly, direct pharmacological modulation of energy metabolism or supplementation with glycolytic intermediates augmented reprogramming efficiency through glycolysis[61]. Over-expression of the glycolytic enzyme, glucosephosphate isomerase (GPI), showed enhanced glycolysis and bypassed senescence with an increased resistance to oxidative DNA damage. In addition, depletion of GPI shortened cellular lifespan. Coincidently, mouse embryonic stem cells, which are stem cells highly resistant to oxidative stress demonstrated a high level of glycolysis[62]. Overall, these findings suggest that stem cells can utilize mitochondria to escape restrictions of cellular lifespan via an anti-aging mechanism (Figure 2).

Epigenetics regulations
The process of aging is accompanied by nuclear architectural instability in the cell[63,64]; however, there is a lack of evidence to show that DNA damage reduction can extend lifespan of cells in vitro. As a result, scientists have suggested that aging may also be caused by epigenetic regulations[65]. Recently, protein inhibitors of activated Stats (PIAS1), a SUMO E3 ligase was shown to regulate HSCs self-renewal via GATA1 suppression by binding to GATA1 promoter region to recruit DNMT3A[66]. Using genome-wide mapping at an enhancer associated histone mark H3Lys27 acetylation and p300 binding at promoter site, the nuclear factor-1 (NF1) protein family seemed to be required for neural stem cell (NSC) entry into quiescence[67]. In addition, integrin alpha-6 was down-regulated when the NSC entered quiescence[67]. Interestingly, the imprinting alleles H19-Igf2 helped maintain HSC quiescence, wherein the maternal H19 region is differentially methylated (H19-DMR). Deletion of the H19-DMR led to Igf-Igfr1 activation and loss of quiescence[68]. Previous findings suggested that Mysm1 modulated histone modification of the Gfi1 promoter region in order to recruit Gata2 and Runx1 while maintaining HSC quiescence[69]. Moreover, the rejuvenation of muscle cells, skin cells and bone marrow cells of mice were observed through systemic connection of one old mouse to another young mouse and were suggested to be modulated by epigenetics[65]. 

Calorie intake
Apart from these, caloric restriction due to limited calorie intake is also responsible for extrinsic signaling in stem cell maintenance and aging. In general, mechanisms involved during the stem cell quiescent state are different from those during active proliferative state. Calorie restriction led to up-regulation of cyclic ADP-ribose (cADPR) signaling in the intestinal niche cells known as Paneth cells, and induced proliferation of leucine rich repeat-containing G protein-coupled receptor 5 (LRG5)-positive intestinal stem cells by inhibiting mTOR signaling[70]. From the perspective of energy metabolism for various calorie consumptions, stem cells usually undergo glycolysis rather than oxidative phosphorylation. Under normoxia, MSCs switched to oxidative phosphorylation that led to three- to fourfold increase in senescence; however, hypoxia induced glycolysis in order to prevent oxidative stress-induced senescence and preserve MSC long-term self-renewal[71]. Surprisingly, study stated that over-expression of phosphoinositide-dependent kinase (Pdk) may restore glycolytic metabolism in glycolytic-defective HSC[72]. In general, native stem cell metabolisms are linked to increased glycolysis, limited oxidative metabolism, and resistance to oxidative damage[73]. 

Nutrients
Nutrient-sensitive signaling pathways that are known to regulate organismal aging include the insulin-PI3K, Akt-FOXO, mTOR and AMPK pathways, which regulate the balance between quiescence and proliferation of stem cells during aging[74-78]. Decreased activity of the mTOR and its target S6K1 homologs increased life span in yeast, nematodes, and fruit flies[79]. The S6K1 is a ribosomal S6 protein kinase targeted by mTOR, and is a determinant of mammalian aging in the nutrient-sensitive signaling pathways[80]. For the AMPK pathway, deletion of the AMPK regulator LKB1 (serine/threonine protein kinase 11) may lead to loss of mouse LT-HSC quiescence[81]. In human ESCs and iPSCs, methionine deprivation resulted in rapid decrease of intracellular S-adenosylmethionine (SAM), which triggered stem cell differentiation, p53 and p38 activation, and reduced NANOG expression[82]. With regard to lipid metabolism, various lipids and fatty acids regulated proliferation and differentiation of pluripotent stem cells and adult progenitors[83], and albumin-associated lipids promoted self-renewal of hESCs[84]. Biosynthesis of lipid such as cholesterol may influence progenitor cell differentiation, and inhibitors of cholesterol biosynthesis enhanced differentiation of mouse C2C12 myoblasts[85]. Cholesterol is easily oxidized and may be converted to various oxidation products known as oxysterols. One of the major oxysterols is 7-ketocholesterol (7-KC), wherein increased 7-KC led to gradual changes in morphology of human adipocyte MSC, beginning with the loss of unidirectional alignment at lower concentrations, and leading towards loss of actin organization and loss of intracellular contact at higher concentrations[86]. 

Vitamin D
Vitamins are important part of our diets and play some role in anti-aging of stem cells. It was reported that 1α,25-dihydroxyvitamin D3 (1α, 25(OH)2D3) delayed replicative senescence in primary hMSC; however, its pro-aging effects due to elevated systemic phosphate levels were seen in mouse models[87]. Other findings suggested that vitamin D metabolism played a role in human osteoblastogenesis in hMSCs, in which both 25(OH)D3 and 1α,25(OH)2D3 mediated osteoblast differentiation in hMSCs through up-regulation of insulin-like growth factor-1 (IGF-1)[88]. 

CONCLUSION
The direct connection between stem cell aging and organismal aging, and lifespan is yet to be defined. The onset of aging process is often believed to influence cellular lifespan based on lowered in vitro replicative capability of old MSC from older compared to MSC from younger individual. Whether the influence on replicative capability is caused by systemic organismal aging, or the altered state of MSC during aging process, remains a question. Stem cells are empowered with self-renewal and differentiation potentials, and stay quiescent for long period of time while preserving their functions. The dormant state, or quiescence, seems to preserve the youth of stem cells despite the passing of time. Nevertheless, evidence suggests that stem cell population and functions may decrease in old individuals. It is likely that the youthful phenotypes of stem cells are preserved as long as it takes in order to allow healthy aging process. In times of trauma, injury, environmental stress such as ultra-violet over-exposure, and psychological stress, the process of aging may be affected, and lifespan may be shortened. Through understanding the prospect of stem cell anti-aging phenomena, the therapeutic application of stem cells can be broadened, and perhaps, a direct link between stem cell anti-aging and longevity may be established.
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Figure 1 Stem cell maintenance and altered state during aging. A: Secreted growth factors, paracrine, calorie restriction, hypoxic micro-environment, ECM, and niche cells maintain stem cell functions. Quiescent, self-renewing, and multipotent status of stem cell are further maintained through intracellular hypoxia-responsive element, epigenetic and genomic regulators, and mitochondria; B: However, the status of stem cell is altered with decreased niche cells, fragmented ECM, increased genomic and mitochondria DNA damage, and increased ROS during aging. ECM: Extracellular matrix; ROS: Reactive oxygen species; SC: Stem cell.
[image: ]
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Figure 2 Signals and regulators of anti-aging in stem cell. Up-regulation of phosphorylated Smad1, Smad5, Smad8 and Smad2, Smad3 proteins maintains stem cell quiescence. Epigenetic regulators p300, DNMT3A, and H19 also maintain stem cell quiescence. Hypoxia induces HIF-1, a key regulator of p21 and p16 to prevent cellular aging. Under hypoxic condition, mitochondria undergo glycolysis to maintain self-renewal, and lower ROS production. With genome integrity maintained, the mTOR pathway is deactivated. In addition, stem cells interact with ECM, secreted factors from niche cells, and adhesive proteins to further maintain stem cell functions. GF: Growth factors; ECM: Extracellular matrix; CR: Calorie restriction; Wnt: Wingless/integrin; IGFBP2: Insulin-growth factor binding protein 2; ITGA5: Integrin alpha-5; FGF2: Fibroblast growth factor 2; FGFR: Fibroblast growth factor receptor; BMP: Bone morphogenetic protein; Smad: Mothers against decapentaplegic; TGF-β: Transforming growth factor-β; Cav-1: Caveolin-1; Col: Collagen; FN: Fibronectin; HS: Heparin sulphate; CS: Chondroitin sulphate; HA: Hyaluronan; HIF-1: Hypoxia-inducible factor-1; E2A: Transcriptional factor E2; p21: Peroxidase 21; ERK: Extracellular signal-regulated kinase; p16: Peroxidase 16; GPI: Glucosephosphate isomerase; ROS: Reactive oxygen species; N-Cad: N-cadherin; cADPR: Cyclic ADP-ribose; mTOR: Mammalian target of rapamycin; S6K1: Ribosomal S6 kinase 1; DSB: Double-strand break; ATM: Ataxia telangiectasia-mutated protein kinase; Chk2: Checkpoint kinase 2; PML: Promyelocytic leukemia protein; NF-1: Neurofibromin-1; PIAS1: Protein inhibitors of activated Stats; DNMT3A: DNA(cystosine-5)-methyltransferase 3A; IGF: Insulin-like growth factor; 1α, 25(OH)2D3: 1α, 25-dihydroxyvitamin D3.
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