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Abstract

Purpose of Review—Functional decline of hematopoiesis that occurs in the elderly, or in 

patients who receive therapies that trigger cellular senescence effects, results in a progressive 

reduction in the immune response and an increased incidence of myeloid malignancy. Intracellular 

signals in hematopoietic stem cells and progenitors (HSC/P) mediate systemic, microenvironment, 

and cell-intrinsic effector aging signals that induce their decline. This review intends to summarize 

and critically review our advances in the understanding of the intracellular signaling pathways 

responsible for HSC decline during aging and opportunities for intervention.

Recent Findings—For a long time, aging of HSC has been thought to be an irreversible process 

imprinted in stem cells due to the cell intrinsic nature of aging. However, recent murine models 

and human correlative studies provide evidence that aging is associated with molecular signaling 

pathways, including oxidative stress, metabolic dysfunction, loss of polarity and an altered 

epigenome. These signaling pathways provide potential targets for prevention or reversal of age-

related changes.

Summary—Here we review our current understanding of the signalling pathways that are 

differentially activated or repressed during HSC/P aging, focusing on the oxidative, metabolic, 

biochemical and structural consequences downstream, and cell-intrinsic, systemic, and 

environmental influences.
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Introduction

Organismal aging is an inevitable physiological process that leads to the dysfunction of 

various tissues resulting in increased morbidity and mortality. Adult somatic stem cells play 

a central role in the homeostasis of tissues where high cellular turnover must be maintained 

for functionality, such as the epidermis, gut epithelium and blood. These stem cells, along 

with germinal stem cells, are susceptible to a time-dependent functional decline [1]. 

Hematopoietic stem cells (HSC) represent a rare and highly quiescent population of cells 

that reside in the adult bone marrow (BM) cavity and are responsible for the lifelong 

production of blood. HSC divide very infrequently, an estimated four to five traceable 

divisions in the cells lifespan before losing repopulation abilities, and are defined by two 

functional properties: maintenance of self-renewal and multilineage differentiating potential 

[2*, 3, 4]. In the hematopoietic system, aging reduces stem cell function by hindering 

mobilization, homing, engraftment and lineage commitment, manifesting as 

immunosenescence and an increased propensity for myeloid malignancies [5–9]. Such 

phenotypes displayed in aged HSC are the result of a combination of cell intrinsic, systemic 

and microenvironmental influences (Figure 1). The prospect of either preventing stem cell 

aging or restoring normal stem cell function and tissue homeostasis is of considerable 

interest for future clinical intervention. This review intends to discuss critically some of the 

most novel approaches that may potentially ameliorate or even revert the aging-associated 

hallmarks of HSC. Before we review our current understanding of the mechanisms involved 

in HSC damage during aging, we will discuss the consequences of aging in HSC.

Consequences of HSC/P aging

1. HSC depletion, senescence and myeloid lineage commitment bias

The hallmarks of aging bone marrow are increased frequency of immunophenotypically 

identifiable HSC with loss of hematopoietic activity in normal and especially stress 

conditions, and a significant bias to myeloid differentiation [10], which all depend on 

genetic traits [11, 12]. These changes are believed to happen secondary to an intrinsic effect 

of cellular senescence. Cellular senescence represents an irreversible state of growth arrest 

characterized by the accumulation of cell cycle regulators, including p53, p21, p16Ink4a and 

p19Arf, while the loss of these cell cycle checkpoints are the most frequent cytogenetic 

events in cancers [13]. Replicative senescence results from the combination of DNA damage 

response and telomere shortening, which leads to the activation of p53, p19Arf, p16Ink4a and 

BCL2 family members and is associated with stem cell exhaustion in older animals [14–16].

Mounting evidence indicates that increased expression of p16Ink4a in aged HSC is linked to 

compromised self-renewal and repopulating activity as well as myeloid skewing through 

differentiation (Figure 2) [17–19*]. Furthermore, increased senescence and loss of HSC 

function in mice deficient in the polycomb repression complex protein Bmi-1 has been 

shown to be associated with p16Ink4a and p19Arf overexpression [20], and rejuvenation of 

cell-cycle activity and engraftment capacity has been observed in p16Ink4a deficient aged 

HSC [17]. Nevertheless, this rejuvenation was associated with an increased incidence of 

cancer [13]. In contrast, other investigators have failed to detect a significant role for 

p16Ink4a in aged HSC and proposed that it is an inconsequential intrinsic regulator of steady-
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state HSC aging [21]. Furthermore, p16Ink4a-positive senescent cells accumulate in various 

tissues and organs over time, and have a role in aging or age-associated diseases, likely 

through the depletion of HSC/P and the adverse actions of the senescence-associated 

secretory phenotype (SASP), including inflammatory cytokines, matrix metalloproteinases 

and growth factors [19*, 22*]. Selective elimination of senescent cells in INK-ATTAC 

transgenic mice, which express FK-506-binding-protein-caspase 8 fusion protein (FKBP-

Casp8) under control of the Ink4a promoter, extended the lifespan of the mice, with 

improved function of multiple tissues, as well as delayed tumorigenesis [19]. Interestingly, 

depleting senescent cells using the senolytic drug ABT263 (a specific inhibitor of BCL-2 

and BCL-xL) significantly improved the function of aged HSC in serial transplant 

experiments (Table 1) [22*]. Conversely, detection of p16Ink4a/SAβG-positive macrophages 

in old mice suggest that the antiaging effects following eradication of p16Ink4a positive 

senescent cells also depends on the clearance of non-senescent p16Ink4a/SAβG-positive 

macrophages [23, 24].

Several studies highlight the pro-aging function of deregulated p53 activity in human and 

murine HSC (Figure 2) [25, 14]. p19Arf regulates p53 stability through inactivation of the 

ubiquitin ligase Mdm2. Constitutively active p53 in mice overexpressing truncated isoform 

of p53 (DNp53) [26], or the short isoform of p53 (p44) [27], accumulate senescent cells and 

exhibit accelerated aging and reduced HSC engraftment capability [28]. In contrast, mice 

with increased but normally regulated levels of Arf and p53, together with reduced Mdm2 

activity, are resistant to tumorigenesis, live longer, and have reduced levels of age-associated 

replicative stress [29]. Similarly, super Ink4/Arf/p53 transgenic mice where p53 activity is 

enhanced but normal regulation is retained, and p53(S18A) transgenic mice, where serine 18 

is mutated to a non-phosphorylatable alanine, have reduced levels of age-associated 

replicative stress, further demonstrating the anti-aging effect of p53 [29, 30]. Congruently, 

depletion of p53 target protein PUMA or forced expression of BCL-2 in the hematopoietic 

compartment of mice ameliorate aging phenotype and improves HSC repopulating potential 

[31, 32]. Thus, the potential role of p53 in HSC aging is still controversial and the 

modulation of p53 activity can have either pro- or anti-aging effects depending on context. 

Recently, Kirschner et al. using single-cell transcriptomics identified cellular heterogeneity 

in HSC aging, and demonstrated that around 25% of p53-activated old HSC co-expressed 

cell-cycle proliferative JAK/STAT signaling, resulting in prolonged cell proliferation, 

myeloid skewing and stem cell exhaustion [33*]. Additional studies show an increased 

number of osteoprogenitors exhibiting p53 phosphorylation in old mice which are associated 

with a decline in bone formation with age [34]. Collectively, these findings suggest that 

pharmacological and genetic inhibition of cell cycle regulators and senescence potentially 

ameliorate the aging phenotype, but extensive studies are required to delineate the adverse 

effects associated with these phenotypes, including cancer.

2. Clonal hematopoiesis of indeterminate potential and myelodysplastic syndrome

Hematopoiesis has been generally viewed as a polyclonal event, with the perception that 

most HSC are equipotent when contributing to blood production throughout life. 

Nonetheless, recent paradigm shifting research on HSC clonality and the heterogeneous 

contributions of HSC clones to hematopoiesis has challenged this view and current reports 
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clearly demonstrate that HSC are heterogeneous with respect to function and activity [35, 

36]. Higher levels of clonality have been observed in hematopoietic aging where only a few 

clones of HSC actively contribute to the production of peripheral blood cells [37–39]. 

Several groups have identified somatic mutations in the blood cells of healthy older adults 

using high-throughput targeted sequencing methodologies on large data sets [40–42**]. 

Certain rare somatic mutations can be detected in younger individuals, but their frequency 

increases with age, reaching approximately 10-20% of the clonal contribution among 

persons aged over 70 years [40**, 41**]. A clonal hematopoiesis of indeterminate potential 

(CHIP) has been described which is a risk factor for hematopoietic neoplasia, in which 

somatic mutations are found in the cells of the blood or bone marrow, but no other criteria 

for neoplasia are met (Figure 2) [43**]. It is believed to be a potential precursor of myeloid 

diseases. The annual risk of transformation of CHIP into a hematologic neoplasm is low 

(~0.5% to 1%) but due its cumulative effect, the hematologic neoplasm prevalence 

associated with CHIP increases with age. Such clonal hematopoiesis in these older adults is 

largely associated with mutations in the DNA methyltransferase enzyme DNMT3a, the DNA 

demethylase TET2, and the polycomb group protein transcriptional repressor ASXL1, which 

implies a causal relation for these genes in age-associated clonality. Interestingly, DNMT3a, 

TET2 and ASXL1 all encode proteins that epigenetically regulate transcription, suggest the 

possibility of epigenetic clonality with aging, where clones of certain epigenetic profiles are 

preferentially selected for and maintained by the aging microenvironment. Among the most 

frequently mutated genes in acute myeloid leukemia (AML) are DNMT3a, TET2, and 

ASXL1, rendering these genes of high importance. Leukemias are an extreme case of clonal 

hematopoiesis, however we cannot ignore the connection between somatic mutations during 

clonal hematopoiesis and hematopoietic malignancy.

Intracellular signals involved in HSC aging

1. DNA damage accumulation

DNA damage accumulates during the lifespan of normal stem cells. Aged HSC exhibit 

increased DNA damage as assessed by single-cell analysis of DNA breakage and levels of 

the DNA damage response protein, γ-H2AX (Figure 2) [44, 45]. The accumulation of γ-

H2AX is correlated with the mislocalization of a γ-H2AX phosphatase, PP4c, in aged HSC, 

and is believed to contribute to a delayed and/or ineffective dephosphorylation of γ-H2AX 

and represents a major contributor to its accumulation [46]. A second factor responsible for 

increased DNA damage is cell cycle entry. Quiescent HSC efficiently repair their DNA 

damage once they enter the cell cycle [44]. We know that high levels of replication stress 

occurs as quiescent HSC populations re-enter the cell cycle and various studies have 

demonstrated that DNA damage induces attrition of HSC [46, 47**]. This age-dependent 

accumulation of DNA damage appears to be exclusive to stem cell populations as this 

phenomenon is not seen in more committed progenitors [48]. Two likely hypotheses have 

been proposed: a) proliferating progenitors are better equipped for DNA damage repair, 

therefore their DNA accumulates less damage during subsequent cell divisions; and/or b) 

DNA damaged progenitors are efficiently cleared by cells with phagocytic activity [48]. It is 

also possible that both mechanisms occur concurrently.
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With each replication, telomeres are shortened due to the inability of DNA-polymerase to 

work on the single-stranded 3′-ends. Telomere shortening is a replication “timer”. Despite 

telomerase-dependent and independent mechanisms of telomere elongation, critical telomere 

shortening (12.8 repeats of repetitive clusters) occurs. The mechanism of telomere 

shortening is the loss of telomere-capping proteins during serial under-replication, resulting 

in telomere dysfunction with consequent chromosome fusion and genome instability [49]. 

Interestingly, nearly negligible telomere shortening has been observed when investigating 

telomere lengths in aged HSC [50]. This might reflect the fact that HSC, as opposed to most 

somatic cells, express significant levels of telomerase which ameliorate the telomere 

shortening issue [51]. However, excessive HSC cycling induced by serial myeloablative 

therapies or transplantation that model the HSC aging phenotype can lead to extensive 

telomere shortening that is ultimately associated with functional exhaustion (Figure 2) [52]. 

The overexpression of telomerase in serially transplanted HSC, resulting in an appropriate 

maintenance of telomere length, did not protect the HSC from exhaustion [53] which argues 

against telomere erosion as a primary mechanism of HSC aging, and suggests that the 

therapeutic interventions aimed strictly to maintain telomere length would not be an 

effective therapeutic avenue in aging HSC.

Compounding with the increase in DNA damage, reports suggest there is also a decrease in 

the DNA repair machinery/capacity of aged HSC [54–56]. DNA damage activates a cascade 

of cellular events known as the DNA damage response (DDR). Depending on the type of 

damage, a series of signaling pathways can result in transient cell-cycle arrest, apoptosis, 

senescence or differentiation [57, 58]. Differential gene expression analyses of young and 

aged murine HSC identified a number of DNA repair associated genes that were 

downregulated with age. These genes include Xab2 (XPA-binding protein 2, involved in the 

NER pathway), Rad52 (a ssDNA-binding protein involved in homologous recombination), 

Xrcc1 (involved in coordination of single-strand break repair and base excision repair 

pathways) and Blm (a req helicase involved in DSB repair whose deficiency is associated 

with the bone marrow failure in Bloom syndrome) [54]. Hypomorphic mutations of the 

murine ligase IV (Lig4y288c), a protein crucial for functional repair of double strand breaks 

through the non-homologous end-joining pathway (NHEJ), cause a progressive age-

dependent defect in hematopoiesis during aging [55]. Analysis of human CD34+ cells have 

shown that aging is associated with downregulation of the NHEJ Ku70 protein. Related 

work using genetic mouse models for the deletion of the Ku80 and Ku70 proteins has 

yielded very similar findings with severe reconstitution and repopulation abilities [56, 59, 

60]. Combined, these data confirm that defects in DNA double-strand break repair hinder 

HSC reconstitution ability. However, the precise role that the double-strand breaks play 

during hematopoietic reconstitution, and why repair of these breaks is so vital for stem cell 

survival have not been elucidated.

Studies using genetic mouse models deficient in genes involved in the nucleotide excision 

repair (NER) pathway, such as Xpd, Ercc11 or with hypomorphic mutations in the MRN 

complex component Rad50, have shown a loss in HSC reconstitution capacity, decreased 

self-renewal, increased apoptosis and hematopoietic exhaustion [61, 62]. Moreover, loss of 

p53 function in the context of the hypomorphic Rad50 mutation can create a partial rescue 

of stem cell survival, indicating that cell cycle and apoptotic signaling from the unrepaired 
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double-strand break through p53 results stem cell death. Although the additional deletion of 

p53 protects these mice from severe anemia or HSC exhaustion, these animals were 

susceptible to malignant transformation and developed lymphomas due to the loss of 

genomic stability [61]. Additionally, mice with deletion of the DNA damage signal 

transducer ataxia-telangiectasia (ATM) show increased infrared (IR)-sensitivity and 

decreased T-cell numbers. HSC from these mice have increased reactive oxygen species 

(ROS) levels and present with a decrease in the number and function of HSC upon aging that 

results in progressive BM failure [63–65]. The likely paradigm here is that reduced 

expression and function of the DNA damage response genes disrupts DNA repair 

performance, resulting in genomic instability that manifests as a HSC functional-decline 

with age. However, it has also been reported that DNA damage response efficiency is not 

altered upon aging HSC with respect to cell-cycle checkpoint activation, apoptosis and the 

accumulation of DNA mutations in response to total body irradiation [66]. It could be 

possible that the DNA damaging effects from irradiation or other insults effect the aging 

process differently.

2. ROS/Oxidative stress

ROS produced predominantly during mitochondrial oxidative phosphorylation (OXPHOS) 

contributes significantly to stem cell function and fate [67]. HSC reside in a low oxygen 

bone marrow niche and maintain low ROS levels and long-term self-renewal activity. 

However, the frequency of HSC with low ROS, and long-term competitive repopulation 

ability declines with age [68, 69]. Oxidative stress in aged HSC leads to the activation of the 

DNA damage response pathways mediated by p53, the DNA damage sensing serine/

threonine protein kinase, ATM, and forkhead box O (FOXO) 3a; they in turn activate the 

HSC cell cycle inhibitors p16Ink4a/p19Arf, and promote stem cell exhaustion and senescence 

(Figure 2) [16]. Conversely, antioxidant N-acetyl-L-cysteine (NAC) treatment significantly 

improves the replicative potential of mouse HSC in serial transplantation experiments (Table 

1) [69, 65]. Similarly, inhibition of the oxidative stress regulating pathways in Atm−/− mice 

leads to premature HSC exhaustion due to the loss of quiescence and HSC self-renewal 

capacity [65]. Another study challenged the role of NAC in the recovery of aging phenotype, 

and highlighted the mitochondria targeted antioxidant 10-(6′-plastoquinonyl) 

decyltriphenylphosphonium (SkQ1) as a promising intervention to recover aging associated 

changes [70]. Interestingly, ROS also plays an adaptive role in stem cell function. 

Conditional deletion of AKT1/2 or the phosphatase and tensin homolog (PTEN) resulted in 

decreased intracellular ROS and attenuation of long-term engraftment after bone marrow 

transplantation [71, 72], suggesting dose and context dependent biphasic activity of ROS. 

These discrepancies warrant further research to clarify the potential therapeutic value of 

ROS modulating agents in stem cell regulatory actions and aging.

Increased ROS activates p38 mitogen-activated protein kinase (MAPK) signaling in aged 

HSC, which in turn induces HSC exhaustion and lineage skewing by upregulating p16 

and/or Arf [65]. Inhibition of p38-MAPK however ameliorates age-associated defects, and 

rescues ROShigh HSC colony formation in aged mice [69]. Furthermore, p38 is critical for 

human mesenchymal stem cell (MSC) senescence and aging, and its inhibition abrogates 

aging phenotypes [73, 74]. Recently, Jung et al. highlighted the thioredoxin-interacting 
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protein (TXNIP)-p38 axis as a regulatory mechanism in HSC aging, and showed that 

inhibition of p38 activity by cell-penetrating peptide (CPP)-conjugated peptide derived from 

the TXNIP-p38 interaction rejuvenated aged HSC [74].

3. Altered mitochondrial function, proteostasis and metabolism

Cumulating evidence suggests that mitochondria are critical for HSC fate determination and 

highlights the predominant link between dysregulated nutrient sensing, gradual 

mitochondrial dysfunction and aging [75–77]. Mitochondria regulate stem cell aging by 

modulating the metabolic profile of the cell. Young stem cells have relatively high numbers 

of metabolically inactive mitochondria and rely on glycolytic metabolism as the major 

source of ATP [78–80]. However, functional mitochondria are required for adult stem cells 

proper maintenance [81]. HSC aging is accompanied by a decline in mitochondrial function 

and accumulation of mitochondrial DNA (mtDNA) mutations as a consequence of oxidative 

stress [82, 78]. Mice carrying proofreading deficient mtDNA polymerase gamma (POLG) 

exhibit premature aging due to the accumulation of mtDNA mutations [83]. On the other 

hand, these mice are unable to recapitulate the physiological aging process and are 

insensitive to the effects of ROS on HSC function [78]. The discrepancy between the 

physiological aging and those observed in POLG mutant mice suggests that mtDNA 

mutations may not be a primary driver of stem cell aging, and reinforces the need for 

additional research to determine the mechanistic link between oxidative stress and mtDNA 

mutations in HSC aging.

Aging associated phenotypes were further linked with reductions in nicotinamide adenine 

dinucleotide (NAD+), which contribute in progressive mitochondrial dysfunction leading to 

accumulation of misfolded protein stress that trigger mitochondrial unfolded protein 

response (UPRmt) and stem cell exhaustion [84**, 75]. Imbalance between nuclear and 

mitochondria encoded respiratory chain subunits caused by a decrement in NAD+ disrupts 

OXPHOS in aged mice [84**, 85]. NAD+ supplementation or pharmacological interventions 

bolstering cellular NAD+ levels however restored the mitochondrial function by modulating 

mitochondrial proteostasis and functionally rejuvenate aged HSC (Table 1) [84**]. NAD+ 

depletion and defective mitochondrial and endoplasmic reticulum protein folding have also 

been noted in many age-related neurodegenerative diseases, such as Alzheimer’s disease and 

Parkinson’s disease [86, 87].

In addition to mtDNA mutation, secondary alterations in the mitochondrial function 

associated with metabolic alteration also supports aging. Nutrient sensing and energy 

homeostasis are the metabolic drivers of mitochondrial function and longevity. Nutrient 

sensors including PI3K/Akt/mTOR/FOXO/AMPK pathway modulate the balance between 

stem cell quiescence, self-renewal and proliferation during aging. Furthermore, activation of 

PI3K/AKT in aged HSC leads to the inhibition of the FOXO transcription factors, which 

crosstalk with AMPK and maintains the equilibrium between oxidative phosphorylation and 

glycolysis [85, 88]. A decrease nutrient uptake capacity in aged HSC indicates its role in the 

regulation of stem cell aging and longevity. Interestingly, p53 activation following 

replicative stress or downregulation of sirtuin 7 (SIRT7) in HSC from old individuals 

attenuates the expression of PGC1α, which consequently results in nuclear respiratory factor 
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1 (Nrf1), estrogen-related receptor alpha (ERRα), and PPARα- dependent inhibition of 

mitochondrial biogenesis, loss of quiescence and myeloid biased differentiation (Figure 2) 

[75].

Caloric restriction also maintains the stem cell function and protects against aging by 

reducing the mTOR pathway, while conditional deletion of the mTOR negative regulator, 

tuberous sclerosis 1 (Tsc1) accelerates senescence, resulting in loss of HSC quiescence and 

repopulation ability [72]. Increased mTORC1 signaling has been linked with many age-

related pathologies, including Hutchinson-Gilford progeria syndrome, which is caused by 

dominant splice site mutation in the LMNA gene and resembles premature aging [89]. 

Inhibition of the activity of the metabolic sensor mTOR in hypomorphic mTOR(Δ/Δ) mutant 

mice, in mice heterozygous for both mTOR and mLST8, or in mice with deleted ribosomal 

S6 protein kinase 1 (S6K1), results in extended longevity and a reduction in aging 

biomarkers [90–92]. In addition, resveratrol, a caloric mimetic, or rapamycin, an mTOR 

inhibitor, increases mitochondrial biogenesis through activation of SIRT1 and PGC1α and 

increased reconstitution potential with balanced hematopoietic precursors (Table 1) [93, 75, 

85]. Interestingly, inhibition of mTOR activity by AMPK activator metformin promotes 

longevity (Table 1) [94].

It is recognized that NAD dependent protein deacetylases, Sirtuins regulate HSC fate 

through the regulation of oxidative stress, mitochondrial biogenesis and metabolism. SIRT1 

and SIRT6 are dispensable for HSC self-renewal and regulate HSC homeostasis through 

activation of FOXO3 or repression of Wnt target genes, respectively [95–97**]. Indeed, 

SIRT3 and SIRT7 regulate HSC homeostasis through their function on mitochondrial 

biogenesis and unfolded protein response stress [98, 99]. Age-dependent decline in nuclear 

NAD+ availability and consequent functional decline in mitochondrial OXPHOS by the 

SIRT1/HIF-1α/c-Myc/TFAM pathway have been associated with mitochondrial dysfunction 

and increased ROS production in HSC [100], while loss of SIRT6 results genomic instability 

and premature aging in mice [101]. Similarly, decreased SIRT7 expression in aged HSC 

leads to disproportionate NRF1-dependent mitochondrial biogenesis, increased 

mitochondrial stress, compromised regenerative capacity and myeloid skewing. 

Upregulation of SIRT3 and SIRT7 however relieves mitochondrial protein folding stress, 

reduces oxidative stress by enhancing the antioxidant activity of superoxide dismutase 2 

(SOD2) and improves the regenerative capacity of aged HSC (Table 1) [102**].

Several studies have consistently revealed FOXO transcription factors as important 

determinants in aging and longevity via shuttling from cytoplasm to nucleus [103, 104]. 

They influence aging or age related disorders by increasing the key detoxification enzymes, 

SOD2 and catalase [105, 103]. Hematopoietic-specific deletion of FOXO1, FOXO3a, and 

FOXO4 correlates with a marked increase in ROS accumulation, mitochondrial 

fragmentation and mitochondrial protein misfolding stress, resulting in loss of HSC 

quiescence and compromised long-term repopulation ability [106–109].

Together, these studies suggest that HSC aging is potentially reversible by modulation of 

mitochondrial metabolism and unfolded protein stress, which in turn attenuate the 

intracellular ROS accumulation.
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4. Impaired Autophagy

Autophagy is an essential proteostasis and stress response mechanism essential for the 

maintenance of cellular health. In quiescent HSC, basal autophagy maintains glycolysis, 

HSC stemness and regenerative potential by removing metabolically active mitochondria 

and controlling OXPHOS driven oxidative stress [110**–112]. Cumulative evidence 

suggests that impaired autophagy and autophagy-related genes including Atg1/5/6/7/8/12 in 

aged HSC results in proteostasis imbalance and mitochondrial dysfunction [110–112]. 

Deletion of Atg 5, Atg7 or Atg12 in the hematopoietic compartment display myeloid 

skewing, accumulation of mitochondria and ROS, increased proliferation and DNA damage 

as well as impaired HSC self-renewal activity and regenerative potential [110–112]. Notably, 

a recent study observed that although aged HSC remain competent for autophagy induction, 

approximately 30% of aged HSC exhibit high autophagy levels, low OXPHOS metabolism 

and retains long-term regeneration potential similar to young HSC [110**].

Further studies highlighted the link between caloric restriction, autophagy and stem cells 

aging. Caloric restriction act as an efficient inducer of autophagy and ameliorate age-

associated phenotype through inhibition of insulin/insulin-like growth (IGF) factor, mTOR 

complex 1 and activation of AMPK (Figure 2) [113, 75]. Indeed, the pro-longevity effects 

elicited by caloric restriction also involves SIRT1 and FOXO3, which maintains 

transcription of many autophagy related genes to protect HSC during starvation or aging-

associated metabolic stress [114, 75]. Recently, Ito et al. demonstrated that FOXO3 is a 

critical regulator of mitophagy (mitochondrial clearance by autophagy), a key process 

required for HSC self-renewal [115].

5. Effect of Polarity on HSC division and aging

Aged HSC show reduced polarity with respect to established polarity markers numb, tubulin 

and Cdc42 (Figure 2) [116, 117]. Polarity is associated with specialized and 

compartmentalized functions in HSC, such as migration or division while the loss of polarity 

has been correlated with reduced self-renewal and altered differentiation of HSC [116, 17]. 

These data hint toward a crucial role for polarity in stem cell maintenance. Mechanisms of 

cellular polarity establishment and maintenance are well characterized in neuronal stem cells 

and epithelial cells, but largely unknown in HSC. There is an accumulating body of evidence 

focusing on the mechanisms that control cellular asymmetry and division among eukaryotic 

single-celled microorganisms linking polarity directly with the aging process [118–121]. 

Polarity may have evolved as a mechanism to avoid clonal senescence by establishing an 

aging mother cell that accumulates oxidatively damaged or aggregated proteins while a 

rejuvenated daughter cell inherits limited amounts of toxic and deteriorated material, 

preserving the fitness of this daughter cell.

Unfortunately, very few polarity proteins have been functionally interrogated in HSC, and of 

those that have, many are dispensable for HSC function [122, 123]. Perhaps the most direct 

evidence connecting cellular polarity to aging HSC comes from work by Florian et al. in 

which they show that Cdc42 (a small Rho-GTPase) is polarized with tubulin in young HSC. 

Aged HSC exhibit an increase in Cdc42 activity and consequently lose Cdc42 polarization 

[116]. The function of these apolar HSC correlates with the observed age-associated decline 
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in HSC function. Pharmacological intervention using a Cdc42 inhibitor, casin can rejuvenate 

aged HSC to be functionally equivalent to young HSC (Table 1) [116]. Further investigation 

into Cdc42 polarity revealed that a shift from canonical to non-canonical Wnt signaling 

leads to apolar HSC which are responsible for the age related deterioration in the 

hematopoietic system. Florian et al show that the levels of Wnt5a are significantly elevated 

in aged long-term HSC, while expression of canonical Wnt ligands remains unaltered during 

aging. Remarkably, reduction of the non-canonical Wnt5a signaling in old HSC successfully 

rejuvenated chronologically aged HSC and restored polar localization of Cdc42 [124**].

6. Nuclear Architecture and Epigenetic Alterations

In accordance with age-induced myeloid skewing, comparative transcriptional analysis of 

young and aged HSC indicates that myeloid differentiation genes, such as Runx1, Hoxb6 

and Osmr are upregulated while lymphopoiesis-specific genes are transcriptionally 

downregulated in aged HSC [8]. Global gene expression changes such as these raise the 

possibility that aging may be a consequence of altered epigenetic transcriptional regulation. 

Indeed, HSC aging is associated with an altered epigenetic landscape (Figure 2) [125, 116, 

126]. Age-associated epigenetic marks include increased H4K16 acetylation, H4K20 

trimethylation or H3K4 trimethylation, as well as decreased H3K9 methylation or H3K27 

trimethylation [54, 127, 128]. Specifically, epigenetic profiling of young and old HSC has 

revealed that aged HSC displayed broader H3K4 trimethylation peaks across HSC identity 

and self-renewal genes. Aged HSC also exhibit hypermethylation at transcription factor 

binding sites that pertain to differentiation-promoting genes, and reduced DNA methylation 

at genes related to HSC maintenance. Collectively, these epigenetic changes reinforce HSC 

self-renewal while occluding differentiation-promoting genes, which parallel phenotypic 

HSC aging behavior [126].

These age-associated epigenetic marks include both active and repressive changes without a 

clear directional genome-wide bias toward either activation or repression upon aging, and 

thus are termed “epigenetic drift”. Comparative gene expression analyses demonstrated 

deregulation of genes involved in chromatin organization and epigenetic maintenance, such 

as PolyComb Repression Complex 2 (PRC2) genes, validating the age-associated epigenetic 

shift theory [54]. Interestingly, areas of high H3K4 methylation in translocation prone 

regions of human HSC enable chromosomal breakage and increased translocation frequency 

[129*]. Additional studies are warranted to investigate to what extent epigenetic drift can 

impact aging related malignancies caused from such translocations.

A key emerging contributor to genome function, in addition to the rapidly evolving field of 

epigenetics, is the architectural organization of the cell nucleus. The cell nucleus is a 

spatially and functionally compartmentalized organelle containing numerous proteinaceous 

nuclear bodies as well as non-randomly positioned chromatin domains. The most-striking 

class of nuclear protein origin diseases are the laminopathies, characterized by nuclear 

morphologic defects and chromatin disorganization. This diverse class of diseases is caused 

by mutations in the structural lamin A and C proteins encoded by the LMNA gene. 

Interestingly, mutations in LMNA commonly manifest as the premature-aging disease, 

Hutchinson-Gilford Progeria Syndrome [130]. Interestingly, unpublished reports indicate 
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that the LMNA gene is epigenetically silenced in aged HSC resulting in its downregulated 

expression. Continued investigations toward nuclear envelope structural proteins may 

provide further insights into the architectural characteristics and chromatin organization of 

the nucleus within aging HSC.

Subnuclear distribution of heterochromatin by H3K9 methylation has been shown to 

regulate HSC differentiation [131*]. Although no clear role for HSC nuclear architecture has 

yet been defined for aging stem cells, speculations can be made that it could regulate the 

aging process similar to how it controls HSC differentiation. In fact, Florian et al. observed 

that young HSC display nuclear polarization of AcH4K16 and this polarization is lost upon 

aged HSC. Inhibition of aberrant Cdc42 activity in aged HSC can restore the level and 

spatial distribution of AcH4K16 [116]. Rejuvenating agents such as Satb1 activators and 

casin, which can reprogram the epigenetic landscape and the overall nuclear architecture of 

aged HSC, provide promising translational approaches for attenuating hematopoietic aging 

(Table 1) [116, 132].

Extrinsic factors regulating HSC aging

Although most data indicate that HSC aging is a cell intrinsic phenomenon, HSC aging may 

also depend on, or be triggered by, extrinsic stimuli from systemic factors and/or supportive 

cells in their immediate proximity. Two sources of stimuli are of upmost interest.

1. HSC niche

It is likely that HSC aging encompasses both intrinsic changes within the stem cell pool 

itself and within the microenvironment in which they reside. Aging of niche cells or age-

dependent alterations in locally secreted factors including stem cell factor (SCF), 

thrombopoietin (TPO) and the activators of Notch signaling cause maladaptive changes in 

stem cell function. Young and aged HSC have distinct niche selectivity and, contrary to 

young stem cells, aged HSC localize away from the endosteal stem cell niche (Figure 1, 2) 

[117]. Niche composition is also altered upon aging due to decreased bone formation, 

angiogenesis, endosteal thinning, trabecular degradation and changes in extracellular matrix 

(ECM) components [133, 134]. Aging seems to reduce the number of metabolically active 

MSC and induces their differentiation in adipocytes, which promotes myelopoiesis over 

lymphopoiesis and impair HSC function (Figure 2) [135]. In addition, aging associated 

decline in SCF coupled with decline of CD31hiEmcnhi endothelial cells, osteoprogenitors, 

PDGFRβ+ or NG2+ perivascular cells and arterioles formation [136**]. Activation of 

endothelial Notch signaling however induces arteriole formation, leads to the expansion of 

HSC niches and restores SCF levels [136].

The chemokine receptor CXCR4 and its ligand stromal-derived factor (SDF)-1 are 

indispensable for HSC quiescence, BM retention and protection against oxidative stress [16, 

137]. Aging associated increased adipocytes in the bone marrow microenvironment 

decreased plasma IGF-1 and SDF-1 level, which negatively regulate hematopoiesis and 

delay engraftment [138]. Conversely, in a heterochronic transplantation setting, aged HSC 

environment associated with skewing of aged HSC towards a myeloid lineage, through 

increased secretion of RANTES/CCL5 [139]. Reduced HSC homing was also noted upon 
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transplantation in old recipients compared to young ones [6]. Bone marrow macrophage-

osteoblast niche regulate short term repopulating and myeloid progenitor cells egress 

through p62 mediated inhibition of IKK/NFκB/CCL4 pathway [140]. Recently, it was 

observed that decline in osteopontin (OPN) produced by pre-osteoblasts, osteoblasts and 

osteocytes in aged stroma promotes aging associated phenotypes on HSC including 

decreased regenerative capacity, impaired homing and loss of polarity [141**]. Exposure of 

OPN fragments activated by thrombin however completely attenuate the aging of old HSC 

[141**]. Furthermore, age related alteration in adhesion molecules modulates interaction of 

HSC with their niche. Bone marrow endothelial cells promote HSC regeneration by 

upregulating adhesion proteins. However, decreased self-renewal ability of aged HSC could 

be associated with impaired adhesive properties (Figure 2) [16]. Interestingly, G-CSF 

mediated mobilization of HSC increased with age.

Transforming growth factor-β (TGF-β), virtually released by a variety of BM niche cells, 

but majorly by non myelinating Schwann cells act as a significant contributor of age related 

functional decline of HSC (Figure 2) [142, 126, 143]. TGF-β signaling in HSC reduced with 

age, and transcriptome profiling of young and old HSC represent downregulation of TGF-β-

regulated genes including Egr1; a regulator of HSC homeostasis, collagen and 

metalloproteinase genes; implicated in HSC-niche interactions and Nr4a1, Cepba, Jun, and 

Junb; negative regulator of myeloid differentiation in aged HSC [126]. However, the 

relationship of TGF-β1 with HSC aging is complex, and using hematopoietic specific 

deletion of Tif1γ, which controls TGF-β1 receptor (Tgfbr1) turnover, Quere et al. identified 

two distinct subsets of HSC: 1) more sensitive Tgfbr1hi HSC exhibiting an age-associated 

HSC/P expansion and myeloid bias, and; 2) Tgfbr1lo HSC with normal stem cell counts and 

balanced lymphopoiesis/myelopoiesis [142].

Aging also associated with increased ROS generation and decreased hypoxic condition of 

osteoblastic niche; however the underling mechanisms remain to be elucidated. During 

stressed hematopoietic regeneration gap junction protein, Connexin 43 (Cx43) preserved 

HSC function by transfer of ROS from HSC to stromal cells [144]. Interestingly, loss of 

Cx43 in osteoblasts and osteogenic progenitors disrupted trans-stromal migration and 

homing of HSC/Ps in myeloablated animals [145]. These findings define the role of 

environmental factors in the establishment of the aging-associated changes in HSC, while 

further investigations are necessary to dissect the mechanism of crosstalk between HSC and 

stem cell niche in aging, which could lead to a therapeutic basis for promoting stem cells 

rejuvenation.

2. Systemic factors

In addition to signals produced by HSC niche, circulating factors also profoundly affect the 

aging of hematopoietic and tissue stem cells, as well as the hematopoietic 

microenvironment. Inflamm-aging, which is a sterile chronic systemic inflammation, 

develops with age and acts as a major factor in development of cancer, metabolic diseases, 

and other age-related pathologies [146]. Production of chemokines like RANTES, MIP-1α, 

IL-8 and MCP-1 is increased in the elderly, as a consequence of inflammation [147]. 

Concurrently, chronic elevation of inflammatory mediators in aged tissue is associated with 
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myeloid skewing and/or adipogenesis in the bone marrow, and contributes to the aging 

phenotype. Activation of TLR4 signaling, P-selectin, NFκB and RANTES-mTOR pathway 

in elderly also contributes to the production of pro-inflammatory cytokines and affects 

longevity by playing a role in inflamm-aging [148]. Downstream, the deficiency of the 

adaptor protein Lnk, which functions to dampen extrinsic cytokine signals, abrogates the 

phenotypes associated with HSC aging, and aged Lnk−/− HSC harbored superior 

reconstitution potential compared with aged WT HSC, with maintenance of a robust 

lymphoid differentiation potential [149, 150]. NFkB is the major stimulator of SASP, and the 

SASP factors such as TNF-α, MMP13, CXCL12, IL-6 and IL-1α are possibly involved in 

reduced functionality of HSC during aged hematopoiesis [151]. Indeed, accumulation of 

p16Ink4a positive senescent cells in aging tissues affect neighboring cells in the local 

environment by secreting SASP-associated inflammatory cytokines, growth regulators, 

proteases and other signaling molecules [85, 24, 23].

Several studies demonstrated that the gut microbiota act as a critical extrinsic regulator of 

hematopoiesis, and depletion of intestinal flora in mice treated with broad spectrum 

antibiotics show reduced number of stem and progenitor cells in the bone marrow and 

concomitant anemia, thrombocytosis, and leukopenia with pronounced pan-lymphopenia 

[152*, 153]. Interestingly, fecal microbiota transplantation significantly improves the 

hematopoietic changes associated with antibiotic treatment [152*]. Effects of antibiotics on 

stem cells depletion were further replicated in Stat1-deficient mice, suggesting that 

microbiota sustain steady-state hematopoiesis through activation of Stat1 signaling, leading 

to activation of pro-inflammatory interferon signaling [152*]. Further evidences highlighted 

that the changes in the gut microbiota in elderly people associated with aging, while diet 

driven microbiota alterations improve their health [154]. Recently, Han et al. demonstrated 

that bacterial genes influence host aging by modulating mTOR, JNK, and insulin signaling, 

as well as caloric restriction [155**]. Additionally, gut inhabitants promote longevity 

through increased secretion of the polysaccharide colanic acid, which regulates 

mitochondrial dynamics and UPRmt in the host [155**]. These findings further open new 

avenues to access the communication between gut microbiota, mitochondrial dynamics and 

aging of HSC, as well as the clinical significance of microbiota transplantation on chemo/

immunotherapy and aging.

The findings described above argue that the aging environment and potentially the factors 

produced within it can also impact on the manifestation of the HSC aging state. However, as 

the transplantation of aged HSC into a young environment reconstructs an aged 

hematopoietic system, cell intrinsic alterations in aged HSC are sufficient, at least for the 

maintenance of the physiological HSC aging state.

Conclusions and future perspectives

Because physiological HSC aging is caused by the combinatorial action of numerous 

intrinsic and extrinsic alterations, current targeted rejuvenation attempts have failed to 

completely rejuvenate aging HSC function. Epigenetics, proteomics and biochemical 

analyses are hampered by the fact that HSC are rare cells and continue to be a major 

experimental obstacle to advance in our understanding of the causes and effects of aging in 
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HSC. Therefore, as techniques are developed and adapted to allow for studies on these rare 

populations and subpopulations (e.g. quiescent, dormant, lymphoid-biased, platelet-biased), 

we anticipate that the detailed knowledge surrounding the molecular events that coincide 

with and drive HSC aging will continue to expand and potential regulators to be identified. 

However, the identification of regulators will face the challenge of investigating their 

interplay and physiological relevance. Therefore, to achieve full-fledged understanding of 

HSC aging, more systems biology information will undoubtedly be critical to thoroughly 

understand HSC aging and to eventually design appropriate rejuvenation approaches.
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Figure 1. Phenotypic and functional changes associated with aging of hematopoietic stem cells 
(HSC)
HSC and BM microenvironmental niche undergo age-related changes due to oxidative 

stress, genomic instability and epigenetic shift during the aging process. In young HSC 

compartment, Cdc42 is polarized with tubulin and the lymphoid and myeloid differentiation 

as well as basal autophagy are homeostatically maintained, enabling a balanced production 

of blood progeny. Aged HSC however exhibit myeloid skewing, loss of Cdc42 polarity, 

impaired autophagy and replicative senescence. Moreover, aging of the hematopoietic 

microenvironment including adipogenesis and loss of mesenchymal progenitors results 

enhanced HSC mobilization and decreased HSC homing and engraftment. In addition, 

young HSC localize in close proximity to the BM endosteum, while aged HSC reside further 

away from the endosteal stem cell niche.
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Figure 2. Cell intrinsic and extrinsic mechanisms regulating hematopoietic stem cells aging
Aging negatively affects HSC function through both intrinsic and hematopoietic 

microenvironment mediated mechanisms. Intrinsic effects include increased ROS levels 

leading to DNA damage and replicative senescence, epigenomic alterations with H4K16ac, 

H4K20me3 and H3K4me3 and telomere attrition. Increased ROS in aged HSC consequently 

activates p38-MAPK, followed by induction of cell cycle regulators p53, BCL2 and 

p16Ink4a, resulting in an age-associated decline in HSC function and increased senescence. 

Moreover, aging associated amplification of nutrient sensing PI3K/Akt/mTOR pathway and 

the inhibition of downstream FOXO (1, 3 and 4) transcription factors, as well as metabolic 

alterations comprising decrement in NAD+ or Sirtuins (Sirt1/3/7) and consequent alleviation 

of transcription factors Nrf1, ERRα, and PPARα are involved in loss of proteostasis, 

autophagy/mitophagy and mitochondrial biogenesis in aged HSC. Low calorie intake 

however activate AMPK pathway, and promotes HSC quiescence and self-renewal. Increase 

in Cdc42 activity and subsequently loss of Cdc42 and tubulin polarization in aged HSC 

associated with defective HSC self-renewal activity. Aging associated changes in 

hematopoietic microenvironment including high oxidative stress, decreased adhesion to bone 

marrow stromal cells, increased adipogenic differentiation and decreased mesenchymal 

progenitors also linked with reduced HSC self-renewal and differentiation, homing as well 

as HSC mobilization. Various niche cells including osteoblasts, endothelial cells (EC), 

Nestin+ mesenchymal stem cells (MSC), CXCL12 abundant retricular (CAR) cells and 

nonmyelinating Schwann cells have been implicated for their roles in HSC aging. In 

addition, aging of HSC increased CD41 expression, which modulates HSC long-term 

repopulation and survival as well as myeloid skewing, while increased levels of surface 

adhesion molecules P-selectin (CD62P) and intercellular adhesion molecule 1 (ICAM1/
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CD54) have been associated with enhanced HSC mobility and attenuated engraftment. Red 
down arrows represent repressive and blue up arrows represents activating signals. Reactive 

oxygen species (ROS), osteopontin (OPN), common myeloid progenitor (CMP), common 

lymphoid progenitor (CLP), mitochondrial DNA (mtDNA), oxidative phosphorylation 

(OXPHOS), Forkhead O (FOXO), nuclear respiratory factor 1 (Nrf1), estrogen-related 

receptor alpha (ERRα), Peroxisome proliferator-activated receptor alpha (PPARα), CXC-

chemokine ligand 12 (CXCL12), CC-chemokine ligand 5 (CCL5).
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Table 1

Interventions that contribute to HSC rejuvenation or prevent HSC aging

Rejuvenation 
Approach

Mechanism Rejuvenation Phenotype References

Pharmacological interventions

Nicotinamide riboside NAD+ Elevates NAD+ levels through SIRT1 activation, Enhances 
mitochondrial function and proteostasis in aged HSC

[84]

Metformin AMPK activator Downregulates mTOR, Improves HSC numbers and competitive 
repopulation ability

[94]

Rapamycin mTOR inhibitor Reduces the number of HSC to normal (young) levels, Restores HSC 
self-renewal upon transplantation, Reduces the frequency of myeloid-
biased HSC

[156]

Casin Cdc42; H4K16 acetylation Inhibits Cdc42 activity, Enhances competitive repopulation ability, 
Reduces the frequency of myeloid-biased HSC

[116]

Senolytic drug Inhibitor of BCL- 2 and 
BCL-xL

Depletes senescent HSC from the bone marrow, Attenuates myeloid 
skewing, Improves reconstitution potential of HSC following serial 
transplantation

[19, 22]

NAC (N-acetyl L- 
cysteine)

ROS scavenger Improves the replicative potential of HSC [69, 65]

Nutrient sensing

Caloric restriction IGF-1, mTOR, AMPK, 
FOXO, Sirtuins

Reduces the frequency of myeloid-biased HSC, Restores youthful 
HSC self-renewal ability and regenerative capacity upon serial 
transplantation

[157, 75]

Resveratrol Caloric mimetic Increases mitochondrial biogenesis of HSC through activation of 
SIRT1 and PGC1α, Increases the total number of functional HSC

[93]

Genetic modulator

Satb1 overexpression Epigenetic modification Overexpression enriches lymphoid progeny of aged HSC [132]

Sirt3 overexpression ROS, mitochondrial 
function

Restores long-term competitive repopulation ability during serial 
transplantation, Decreases ROS production

[158]

Sirt7 overexpression Mitochondrial function Overexpression reduces mitochondrial protein folding stress, Rescues 
myeloid-biased differentiation, Improves reconstitution potential of 
HSC

[102]
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