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Almost all complex multicellular organisms on earth utilize 
oxygen for the production of energy. This strategy carries the 
risk for damaging ROS to be generated and so these biochemical 
pathways must be highly regulated. Because of this, regulation of 
oxidative-phosphorylation is tightly coordinated with every aspect 
of cellular physiology, including stem cell regulation during embry-
onic development and in adult organisms. The protein-deacetylase, 
SIRT1, has received much attention because of its roles in oxygen 
metabolism, cellular stress response, aging, and has been investi-
gated in various species and cell types including embryonic stem 
cells. However, there is a dearth of information on SIRT1 in adult 
stem cells, which have a pivotal role in adult aging processes. Here, 
we discuss the potential relationships between SIRT1 and the 
surface receptor protein, Notch, with stem cell self-renewal, asym-
metric cell division, signaling and stem cell aging.

Almost every eukaryotic organism on earth uses oxygen as 
the terminal electron acceptor in the production of adenosine 
triphosphate (ATP) for its energy needs. Mitochondrial oxidative 
phosphorylation (OXPHOS) is a more efficient mechanism of ATP 
production compared to anaerobic glycolysis, but this efficiency 
comes with a risk. A byproduct of OXPHOS that is sometimes 
generated is reactive oxygen species (ROS). ROS are toxic and can 
damage macromolecules and lipids; accumulation of this damage is 
believed to be important in aging and age-associated pathologies.1 
Given this, it is surprising that a small amount of intrinsically 
generated ROS is important for proper regulation of proliferation 
and differentiation in a number of tissues.2,3 ROS and the oxida-
tive status (REDOX) of tissues and cells, especially stem cells, play 
important roles during early metazoan development and in tissue 
maintenance and organization.1-3 Many hypoxic environments exist 
in metazoans where the REDOX status allows cells, like stem cells, to 
adapt, and take advantage of, these specialized niches.

Sirt1 and Self-Renewal

Recently, we have reported that ROS and oxidative stress can have 
an important role in regulating mouse embryonic stem cell (mESC) 
apoptosis and self-renewal/pluripotency.4 Mild intrinsically-gener-
ated ROS induces p53-mediated transcriptional upregulation of 
antioxidant enzymes GPX1, SESN1 and SESN2 that help suppress 
the damaging effects of ROS in mESC. At the same time, p53 also 
suppresses the transcription of Nanog, which is required for pluri-
potency maintenance and suppression of differentiation.4,5 p53 is a 
multifunctional protein important for proper regulation of apoptosis, 
cell cycle, DNA-damage/checkpoint responses, and metabolism in 
addition to its influence on pluripotency/self-renewal (via Nanog) 
and ROS-defense (via anti-oxidative enzymes).6-8 Therefore, p53 
must be tightly controlled to maintain a balance between all its 
effects to promote survival, pluripotency and self-renewal in mESC. 
Much of p53’s influence is via transcriptional regulation in the 
nucleus, but it also has potent effects when localized to the cyto-
plasm such as its ability to directly promote mitochondrial-mediated 
apoptosis.9,10 Thus, regulation of p53 effects is highly dependent on 
its nuclear or cytoplasmic localization. The nuclear translocation of 
p53 can be regulated by post-translational modification, especially 
by acetylation.4,11 The aging-related protein, Sirtuin 1 (Sirt1), is 
a member of a class of protein deacetylases. p53 is an important 
target substrate of Sirt1.4,11 We demonstrated that, in mESC, Sirt1 
is essential for proper p53 localization to nuclear or cytoplasmic 
mitochondria in response to ROS stress.4 Normal p53 responses to 
ROS stress were abrogated in Sirt1-/- mESC, but could be restored 
by lentiviral vector gene expression of Sirt1 in the Sirt1-/- mESC cell 
line. We also showed that the influence of Sirt1 on p53 translocation 
linked it to expression of other p53-activated genes, like p21cip1-waf1, 
and especially Nanog. The regulation of Nanog expression by Sirt1 
via p53 nuclear translocation was then shown to be clearly linked to 
surface expression of several pluripotency markers during ROS-stress 
induced differentiation of Sirt1-/- mESC compared to wild type 
mESC. Together, our data4 suggested that Sirt1 is very important 
in maintaining mESC in an undifferentiated/self-renewing state 
in-vitro, especially when confronted with changing oxidative condi-
tions. There have been numerous studies of Sirt1 in yeast and ESC, 
but only recently has there been interest in Sirt1 in adult vertebrate 
stem cells. To our knowledge, there has only been one limited study of 
the potential roles of Sirt1 in adult hematopoietic progenitor cells.12 
That study evaluated the ations in-vitro of a phenotypically-defined 
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population highly enriched for hematopoietic stem cells (CD34-

Flk2-Sca1+c-kit+lineage-), but did not evaluate Sirt1 in functional 
hematopoietic stem cells in-vivo nor did it consider the influence 
of oxygen in culture. They did report an increase in progenitor cell 
growth capacity in Sirt1 deficient animals compared to wild type. 
Armed with our recently gained knowledge of Sirt1 during oxidative 
stress in ESCs,4 we have begun to investigate the potential roles of 
Sirt1 in mouse hematopoietic stem and progenitor cells.

To evaluate the influence of Sirt1 on hematopoietic progenitor 
cells (HPC), a type of somatic stem/progenitor cell (instead of an 
ESC), we assessed cytokine-stimulated colony formation of mouse 
fetal liver (FL) cells from Sirt1-/-, Sirt1+/- and wild-type (+/+) litter-
mate controls under selected oxidative conditions: normal oxygen 
tension (=normoxia; ~20% O2), compared to hypoxic conditions 
of 5% O2. We have previously shown enhanced colony formation 
by murine and human HPC at 5%, compared to ~20%, O2.13-16 
Our new data (Broxmeyer HE, Wang RH, Deng C, unpublished 
information) now confirms this behavior in FL HPC. We found that, 
under normoxic conditions, Sirt1-/- FL HPC have enhanced colony 
formation compared to +/+ HPC, when cells were stimulated with a 
combination of growth factors, under culture conditions similar to 
those reported previously for growth of murine bone marrow cells.17 
This suggests that Sirt1 has growth-suppressive activity for prolif-
eration of HPC at normoxic O2 tension, consistent with results of 
others for mouse bone marrow cells.12 This suppressive effect is not 
seen in Sirt1 heterozygous (+/-) HPC, where Sirt1+/- HPC numbers 
are decreased compared to +/+ cells and to Sirt1-/- cells. Thus, the loss 
of just one allele results in the opposite effect of the loss of both.

As previously reported for mouse and human bone marrow and 
human cord blood HPC colony formation,13-16 we noted colony 
formation by FL HPC+/+ was higher when cells were grown at 5%, 
compared with 20%, O2 tension. However, under hypoxic condi-
tions of 5% O2, Sirt1-/- HPC manifested decreased colony numbers 
compared to +/+ HPC; these were numbers approximately equal to 
colony numbers of +/+ HPC growing under normoxic conditions. 
This suggests Sirt1 may act as a positive regulator for HPC colony 
growth at 5% O2. This growth decrease at 5% O2 in comparison to 
+/+ HPC is also seen for Sirt1+/- cells suggesting that even with one 
missing allele, Sirt1 could act as a positive regulator at 5% O2.

Further studies are needed to determine if HPC from bone marrow 
of mice after birth manifest the same behavior as FL HPC when +/+, 
Sirt1-/- and Sirt1+/- HPC are assessed. Such studies will need to be 
followed by analysis of intracellular signaling to provide mechanistic 
insight into a role for Sirt1 in HPC. Some limited studies have been 
reported on a possible role for Sirt1 in function of HSC,12 but much 
more in-depth study is clearly warranted in this area, especially with 
regards to response of HSC and HPC to stress. However, our new 
information clearly show that Sirt1 is important for proper prolifera-
tive responses to cytokines in somatic stem/progenitor cells and that 
it appears vital for proper responses to oxidative stress in these adult 
stem cells in a way similar to its role in embryonic stem cells.4

Sirt1 and Aging Hypothesis

Sirt1 is a protein that has received much scientific attention 
because it appears to have a central role in aging mechanisms, at 
the level of both cells and whole organisms.18-22 The involvement 
of Sirt1 in aging has been observed in various model organisms like 

yeast, rodents, and also recently, humans, and may be conserved in 
all eukaryotic cells.18-22 In addition to a more direct involvement 
in aging, Sirt1 also seems to be involved in age-related pathological 
conditions, i.e., diabetes.23 It is hoped that a deeper understanding 
of Sirt1 involvement in diseases of aging, coupled with a new genera-
tion of small molecule Sirt1 modulators (i.e., resveratrol, stimulates 
Sirt1 activites), could help advance geriatric medicine. There is a 
close relationship between Sirt1 involvement in aging and the ROS 
hypothesis of aging.24-26 The ROS hypothesis of aging is perhaps 
the most durable and well-studied mechanism of aging. Simply, 
it proposes that ROS generation, a natural byproduct of oxygen 
metabolism in eukaryotes, causes macromolecular damage, some 
of which is irreparable. This damage, especially to DNA and long-
lived proteins, accumulates over time, eventually causing the cell or 
tissue to die. The stem cell hypothesis of aging postulates that, with 
age, stem cells lose their self-renewing proliferative capacity, and 
this attrition finally disrupts the organization/function of the tissue/
organ.27,28 Combining the cellular-based ROS hypothesis with the 
tissue/organ-based stem cell hypothesis results in a compelling and 
testable model of aging. Our recent studies of Sirt1, ROS, p53 and 
Nanog present a potential molecular link between the ROS- and 
stem cell-hypotheses of aging. Moreover, our unpublished informa-
tion noted above on FL HPC now links Sirt1 function to response to 
different oxidative conditions in one kind of tissue stem/progenitor 
cell. We thus propose that stem cell self-renewal and pluripotency 
are also linked, via Nanog in ESC and possibly other transcription 
factors in hematopoietic stem cells (HSC), to ROS and Sirt1.

Sirt1 and Asymmetric Stem Cell Division

While Sirt1 has a role in the function of many diverse cells and 
tissues, its function in stem cells may play a direct role in organismic 
aging. Sirt1 has been studied primarily in embryonic stem cells 
and much less so in adult stem cells. The role of adult (somatic, or 
tissue) stem cells in aging is seminal, according to the stem cell aging 
hypothesis discussed earlier. The consequences and mechanisms of 
stem cell aging have recently been appreciated and studied.27 We 
have also recently pointed out the potential significance of Sirt1 in 
stem cell aging.28

The generation of cellular diversity during development and for 
diversity maintenance in metazoan organisms relies heavily on asym-
metric stem cell division.29 Stem cell maintenance in adult organisms 
requires self-renewal (the capacity to make more of itself ). To achieve 
both of these requirements, adult stem cells can undergo a symmetric 
division giving rise to two similar cells, both with stem cell function, 
or asymmetric division with two daughter cells having different fates; 
one can remain a stem cell, while the other can differentiate into a 
functional tissue or organ cell. So a stem cell could be characterized 
as a cell capable of a mitotic division where the two daughter cells 
are identical or not identical. Asymmetric division may present itself 
immediately (intrinsically) or later because of a change in environ-
mental conditions such as the influence of hormones or signaling 
from nearby cells (extrinsically).30 Asymmetric stem cell division is 
often influenced or regulated by the “niche” in which the stem cell 
resides, but asymmetry can also be achieved in single-celled organ-
isms like yeast by breaking cellular symmetry and polarization. In 
the case of most higher organisms, asymmetry is manifested by the 
unequal segregation of cell fate determinants to different sides of 
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ligand, Jagged1, have enhanced engraftment in-vivo.38 Also, human 
CD34+ umbilical cord blood cells (cell populations enrinched for 
human HSC) cultured with immobilized Notch ligand, Delta-1, 
enhanced their marrow-repopulating ability in immunodeficient 
mice.41 These studies suggest that Notch1 is important for HSPC 
and HSC self-renewal and can act as a suppressor of stem-cell 
differentiation. However, a recent study found that by suppressing 
Notch signaling by dominant-negative forms or gene-deletion of 
key Notch-mediated transcription factors in HSC, the cells could 
still support long-term hematopoietic reconstitution of animals, 
even after secondary competitive transplantation.39 This is strong 
evidence supporting the idea that Notch is dispensable for HSC 
self-renewal. Still other studies demonstrated that overexpressing the 
major Notch1 target, Hes1, in human HSPC inhibits cell cycling 
in-vitro and cell expansion in-vivo.42 Interestingly, it was also shown 
in these studies that short-term repopulation was reduced in Hes1-
transduced mouse and human HSPC, but long-term repopulation 
was maintained. So, while some uncertainty remains regarding the 
precise role of Notch1, via its transcription-regulating target, Hes1, 
in self-renewal and differentiation of HSC, there is an abundance of 
evidence in other model systems to support an important role for 
Notch and Notch-signaling in asymmetric stem cell division which 
is an important component for stem cell self-renewal and function. 
Notch and receptors like it are thought to function in asymmetric 
cell division by binding to their ligands which are expressed on the 
surface of companion or niche cells resulting in segregation of these 
receptors to one side of the stem cell before cell division. The orien-
tation of the mitotic spindle relative to the Notch-niche axis directs 
which proteins (cell fate determinants) are sequestered into which, or 
both, daughter cells resulting in one cell remaining a stem cell and 
the other beginning a program of differentiation.29 Thus, receptors 
like Notch are linked to asymmetric cell division in stem cells which 
is necessarily linked to self-renewing stem cell divisions, which are 
integral to the stem cell-aging hypothesis.

So how might the self-renewal- and aging-linked effects of Sirt1 
be related to Notch and asymmetric stem cell division? To our 
knowledge, there are no direct studies of Sirt1 linkage to Notch 
signaling or to asymmetric division. However, an intriguing and 
likely connection is via the major Notch effector protein, Hes1, 
which is also an important substrate and effector of Sirt1.43 Figure 
1 suggests how aging, hypoxia and ROS, and metabolism might all 
influence Hes1 activities, and both Sirt1 and Notch are implicated 
in these processes.44-47 Moreover, there are two Nanog binding sites 
in the HES1 promoter, potentially implicating Nanog in HES1 
regulation. Based on the pathways implicated in Figure 1, it seems 
possible that Sirt1 may act as an attenuating influence on Notch 
effects and vice-versa via HES1, and therefore Sirt1 could influence 
the role of Notch pathway in asymmetric stem cell division and self-
renewal divisions. In this context, it is also interesting to note that 
Sirt1 suppresses the co-repressor for ppar-gamma, (NCoR), while 
Notch signaling enhances NCoR.48 ppar-gamma is considered a 
master regulator of mitochondrial biogenesis and so the same kind 
of balancing regulation observed for Hes1 might also be at work for 
metabolic/energy regulation by Sirt1 and Notch. Also of note, there 
is experimental evidence supporting an influence of nanog, wnt/
beta-catenin pathway, and sonic hedgehog pathways on Hes1 and 
its family members.4,37,49 These pathways are considered a part of 

the cell as defined by the metaphase spindle and cleavage furrow.29 
This tightly locks into coordinated regulation of cell cycle mecha-
nisms with stem cell self-renewal and asymmetric division. Stem cell 
mitotic spindle positioning relative to niche stem cell positioning 
is often a crucial cueing mechanism; we have previously discussed 
the role of the spindle checkpoint in asymmetric cell division and 
self-renewal.31 In an interesting twist, the spindle checkpoint does 
not appear to be completely functional in mESCs or in human (h) 
ESCs,32 but does appear to be functional in mouse adult stem cells.33 
The reasons for this and the influence this has on development and 
asymmetric stem cell division is unknown.

Asymmetric stem cell division and/or self-renewal has been most 
rigorously studied in lower organisms like Saccharomyces cerevisiae 
and in invertebrates like Crenorhabditus elegans and Drosophila mela-
nogaster, but has more recently been investigated in vertebrate brain, 
kidney, skin, hair and pancreatic islet β-cells.29 An interesting body 
of evidence suggests that the fundamental principles and mechanisms 
of asymmetric stem cell division and self-renewal are conserved in 
metazoan evolution. Of note, HSC from mouse bone marrow are 
of particular interest. This is because they can easily be purified to 
relative homogeneity. There is already a large body of information 
about their function and regulation; they undergo asymmetric cell 
division and self-renewal.34 Knowledge about them can more easily 
be applied in a clinical setting. HSCs are considered to reside in a 
bone marrow niche, but can also circulate throughout the body and 
even embed and influence extra-bone marrow tissues. Like all the 
other self-renewing compartments, they are susceptible to a repeat-
able pattern of aging and decline.25,34

The investigation of Sirt1’s influence on aging, self-renewal, 
proliferation and survival in HSCs is in its infancy.28 However, the 
data from our recent investigations in mESC,4 our unpublished 
information in FL HPC, studies from Sirt1-/- mouse ESC,20 and 
information obtained in other systems,25,35 are already remarkably 
consistent and provide beginning evidence for Sirt1’s potential role 
in stem cell aging and stem cell self-renewal. Because self-renewing 
divisions can involve asymmetric division, and because Sirt1 has been 
linked to self-renewal, we have begun to develop a proposal that Sirt1 
might be important in stem cell asymmetric division.

Notch, Sirt1, Asymmetric Stem Cell Division and Stem Cell 
“Age-Asymmetry”

Notch is an ancient and very highly conserved family of cell surface 
receptors that help coordinate and regulate development.36 Notch 
signaling, via the gamma-secretase-cleaved intracellular domain of 
the receptor, is implicated in stem cell self-renewal, proliferation and 
differentiation.36-39 The cleavage is facilitated by binding of ligands 
which are expressed on companion cells commonly found in the 
“niche” of stem cell systems.29,34,36,37 Notch is highly implicated 
in asymmetric (differential) segregation of cell-fate determinants 
during stem cell self-renewing divisions.36 Expression of consti-
tutively activated Notch1 in hematopoietic stem and progenitor 
cells (HSPC) induces immortalized cell lines that can reconstitute 
myeloid and lymphoid lineages in long-term mouse reconstitution 
assays35,37 and also delays differentiation of human HSPC in-vitro.40 
Overexpression of Notch1 in HSCs also cause increased production 
of HSC in-vitro and in-vivo.37 Human bone-marrow cell popula-
tions enriched with HSC that are cultured with the soluble Notch1 
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disease.58-60 Also, a mutant form of Lamin-A, called progerin, causes 
Hutchinson-Gilford Progeria Syndrome, a disease of premature 
aging, and it also influences the Notch/Hes pathways.61

The seminal experiments needed to test our proposal will need to 
demonstrate the maintenance of divisional age-asymmetry between 
two daughters of a stem cell division. While simple to envision, this 
would be very difficult from a technical perspective. Perhaps a kind 
of “age-determinant”, in addition to a fate-determinant, might be 
found that is asymmetrically sequestered in the two stem cell daugh-
ters. It would seem that the best place to start looking for such kinds 
of age-determinants (other than accumulated ROS- and epigenetic-
damage) might be in the same pathways that are already implicated 
in stem cell self-renewal, like wnt/beta-catenin, nanog, Notch, 
hedgehog and potentially Sirt1 pathways. Exploring these possibili-
ties could reveal new opportunities for intervention and preventive 
medicine for the aged.
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division relate to stem cell aging? That stem cells age in an 
autonomous manner has been investigated and discussed,25 
and ROS figures prominently in this process.45 There is also 
considerable crosstalk between notch and other pathways 
that can regulate stem cell self-renewal which influences stem 
cell aging.50 Aging in some lower eukaryotes like budding 
yeast have also been studied, and their age is measured 
in terms of “divisional age”, not chronological age. Every 
division is tabulated by accumulation of specialized extra-
chromosomal circular DNAs (ERCs) that are replicated once 
per division and sequestered in the nucleolus. This process 
depends on segregating the ERCs asymmetrically into the 
mother cell and not the budding daughter cell,51-53 and Sir2, 
the yeast homologue of Sirt1, has been implicated in this 
process.22,54 An analogous process of tracking divisional age 
in metazoan stem cells has not been identified, but structures similar 
to ERCs have been identified in human lymphocytes and fibroblasts 
and are associated with in-vitro and in-vivo aging.55,56 So it remains 
a possibility that mechanisms of divisional-age accounting in yeast 
could have similarities with other eukaryotes. It therefore seems likely 
(and logical) that stem cell asymmetric division will have an impor-
tant role in metazoan stem cell aging as it appears to have in more 
primitive single cell eukaryotes. The concept of “age-asymmetry” 
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stem cells, in particular HSC, may be constrained by a similar kind 
of age-asymmetry. If correct, this could have implications for stem 
cell biology. For example, if HSCs are constrained by an intrinsically 
determined divisional age, does it influence ex-vivo expansion of 
HSCs? Ex-vivo expansion of HSCs is considered as a potential means 
to enhance the use of collected samples whose HSC numbers can 
be limiting (e.g., in umbilical cord blood).57 What influence would 
intrinsically determined divisional age have on HSC transplantation? 
Could this behavior help explain the phenotypic changes occurring 
in HSCs during aging? Does disregulation of this process contribute 
to progeroid diseases? In this context, a mutant form of presenillin-1, 
a component of gamma-secretase (the enzyme complex that cleaves 
the Notch intracellular domain), is already implicated in Alzheimer’s 

Figure 1. Potential model of intersecting pathways of Sirt1 and Notch. See text for 
detail. ROS is reactive oxygen species; AMPK is AMP-activated protein kinase; eNOS 
is endothelial nitric oxide synthase.
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