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Abstract

Stem cell aging contributes to aging-associated tissue degeneration and dysfunction. Recent
studies reveal a mitochondrial metabolic checkpoint that regulates stem cell quiescence and
maintenance, and dysregulation of the checkpoint leads to functional deterioration of aged stem
cells. Here, we present the evidence supporting the mitochondrial metabolic checkpoint regulating
stem cell aging and demonstrating the feasibility to target this checkpoint to reverse stem cell
aging. We discuss the mechanisms by which mitochondrial stress leads to stem cell deterioration.
We speculate the therapeutic potential of targeting the mitochondrial metabolic checkpoint for
rejuvenating aged stem cells and improving aging tissue functions.
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The stem cell theory of aging postulates that aging is the result of the inability of tissue-
specific stem cells to repair and maintain tissues. A large body of evidence supports the
notion that stem cell functions decline with aging, consistent with the degeneration and
dysfunction of aging regenerative tissues (de Haan and Lazare, 2018; Lopez-Otin et al.,
2013; Rossi et al., 2008). These observations suggest the importance of stem cells in
understanding the biology of aging and in developing effective therapies for treating diseases
of aging. Genetic regulators of aging are critical for stem cell maintenance (Chen et al.,
2008; Juntilla et al., 2010; Miyamoto et al., 2007; Tothova et al., 2007). Prominently, some
genetic regulators of aging become dysregulated during aging and reversion of such
dysregulations has been shown to improve the maintenance and function of aged stem cells
(Brown et al., 2013; Luo et al., 2017; Mohrin et al., 2015). These findings strongly support
the stem cell theory of aging and provide an entry point for understanding the molecular
mechanism of stem cell aging and the feasibility of rejuvenating aged stem cells and
reversing aging-associated tissue degeneration.
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Mitochondrial Metabolic Checkpoint in Stem Cell Maintenance and Aging

Stem cells in many tissues convert between two metabolically distinctive states:
metabolically inactive quiescent state and metabolically active proliferative state. In adult
animals, stem cells are mostly quiescent due to a lack of physiological demand to
proliferate. Compelling evidence indicates that stem cell quiescence is also a protective
mechanism to prevent stem cell death and the depletion of the stem cell pool (Cheung and
Rando, 2013; Ren et al., 2017). Quiescent stem cells have fewer mitochondria and primarily
rely on glycolysis to support the energy demand (Ito and Suda, 2014). Upon the transition
from quiescence to proliferation, mitochondrial biogenesis occurs and OXPHOS is
upregulated to meet the increased energy demand of proliferating cells (Mohrin et al., 2018).
This metabolic switch from glycolysis to OXPHOS is also necessary to support stem cell
differentiation (Anso et al., 2017; Inoue et al., 2010; Khacho et al., 2016; Tang et al., 2016;
Tormos et al., 2011; Vannini et al., 2016; Zhang et al., 2013; Zheng et al., 2016).

Increased mitochondrial biogenesis during the transition from stem cell quiescence to
proliferation is inevitably concomitant with increased mitochondrial stress, such as
mitochondrial oxidative stress and mitochondrial protein folding stress, which makes the
cells prone to death (Mohrin et al., 2018). Thus, a cellular condition that needs to be
monitored during the restriction point, a cellular checkpoint at the transition of GO to G1
state of the cell cycle, is the mitochondrial health. Because cells are committed to
proliferation once they pass the restriction point, monitoring the mitochondrial health at the
restriction point ensures that only cells with healthy mitochondria and metabolic competence
can enter the cell cycle.

Recent studies revealed sirtuins, a family of protein deacetylases, as critical regulators of the
mitochondrial metabolic checkpoint in stem cells. SIRT3 is a mitochondrial deacetylase that
modifies mitochondrial antioxidant SOD2 to reduce oxidative stress (Qiu et al., 2010). It is
highly expressed in hematopoietic stem cells (HSCs) and its expression is suppressed in
differentiated hematopoietic cells (Brown et al., 2013). SIRT3 deletion results in loss of
HSC quiescence and compromised HSC maintenance and function at an old but not young
age. SIRT7 is a histone deacetylase that represses the expression of mitochondrial ribosomal
proteins to regulate the mitochondrial unfolded protein response and to reduce mitochondrial
protein folding stress (Mohrin et al., 2015; Shin et al., 2013). SIRT7 ablation leads to loss of
HSC quiescence and aspects of HSC aging phenotypes, such as reduced regenerative
capacity per cell and myeloid-biased differentiation (Mohrin et al., 2015). Interestingly, the
expression of SIRT3 and SIRT7 is reduced in HSCs during aging, and overexpression of
SIRT3 or SIRT7 improves the function of aged HSCs (Brown et al., 2013; Chambers et al.,
2007; Mobhrin et al., 2015). These studies demonstrate that dysregulation of the
mitochondrial metabolic checkpoint is an underlying cause of stem cell aging and may be
targeted for rejuvenation.

Mitochondrial Quality Control in Stem Cells

Mitochondrial damage can also be mitigated by mitochondria fusion/fission, which occurs to
dilute or segregate the damage (Chen and Chan, 2009; Twig et al., 2008). Damaged
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mitochondria can also be cleared by the process of mitophagy (Ding and Yin, 2012; Twig et
al., 2008). Consistent with the view that mitochondrial stress critically regulates stem cell
fate and aging, these mitochondrial quality control mechanisms have been shown to be
essential for stem cell maintenance.

The asymmetric division of stem cells allows them to generate two daughter cells with
distinct cell fates (Katajisto et al., 2015; Morrison and Kimble, 2006). The daughter cell that
inherited fewer aged and possibly damaged mitochondria preserves the stemness (Katajisto
et al., 2015). Silencing dynamin-related protein 1 (DRP1), a component required for
mitochondrial fission, prevents the asymmetric segregation of mitochondria during cell
division and leads to the subsequent loss of stemness in the daughter cells (Katajisto et al.,
2015). Inactivation of DRP1 upon transplantation stress results in the accumulation of
damaged mitochondria and loss of HSC regenerative potential (Hinge et al., 2020).

Loss of mitofusinl/2 (MFN1/2) or OPAL, mitochondrial fusion proteins, leads to aberrant
mitochondrial fragmentation, a shift toward oxidative respiration, and excessive ROS
production in neural stem cells (NSCs) (Khacho et al., 2016). This structural disruption of
mitochondria impairs the self-renewal of NSCs, further depletes the NSCs pool, blocks
neurogenesis and causes cognitive dysfunction (Khacho et al., 2016). Similarly, HSCs have
higher expression of MFN2 and longer mitochondrial length compared to the progeny
(Luchsinger et al., 2016). Interestingly, MFNZ2 is preferentially required for the maintenance
of HSCs primed for lymphopoiesis (Luchsinger et al., 2016). This observation is in keeping
with the notion that mitochondrial stress is a cause of HSC aging, as characteristics of HSC
aging include reduced lymphopoiesis and increased myelopoiesis. It will be worth
examining whether modulating mitochondrial fusion/fission could affect the lineage
potential of HSCs during aging and reverse HSC aging.

Adult stem cells have high levels of autophagy under the physiological state (Salemi et al.,
2012). This autophagic activity is necessary for the self-renewal and differentiation
capacities of stem cells from various tissue origins, including HSCs, muscle stem cells
(MuSCs), and NSCs (Ito et al., 2016; Mortensen et al., 2011; Salemi et al., 2012; Sun et al.,
2015). Loss of autophagy increases mitochondrial oxidative stress and leads to senescence in
young MuSCs (Garcia-Prat et al., 2016), while increases autophagy via chemical uncoupling
enhances engraftment ability of HSCs (Vannini et al., 2016). Lysosomal sequestration of
mitochondrial enhances the regenerative capacity of HSCs (Liang et al., 2020). Autophagy is
overall diminished in aged stem cells, contributing to the loss of quiescence, senescence, and
ultimately degeneration (Garcia-Prat et al., 2016; Sun et al., 2015).

Mechanisms underlying mitochondrial stress regulation of stem cells

The mitochondrial genome encodes genes that are essential for mitochondrial respiratory
chain including OXPHOS subunits, ribosomal RNAs and transfer RNAs. Mitochondrial
oxidative stress could result in mitochondrial DNA (mtDNA) mutations due to proximity.
Indeed, mtDNA mutations accumulate with age in stem cells, and impair mitochondrial
oxidative respiration in the progeny (Kang et al., 2016; McDonald et al., 2008; Taylor et al.,
2003). In NSCs, mitochondrial 8-oxoguanine DNA glycosylase (OGG1), an enzyme for
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oxidized DNA lesion repair, is required to maintain mtDNA integrity and support
mitochondrial biogenesis during proper differentiation (Wang et al., 2011; Wang et al.,
2010). Moreover, mtDNA defects have been shown causative to stem cell dysfunction in
mice carrying a proofreading-defective mitochondrial DNA polymerase (POLG-mutator
mice) (Ahlgvist et al., 2012; Chen et al., 2009; Kujoth et al., 2005; Norddahl et al., 2011;
Trifunovic et al., 2004). POLG-mutator mice develop severe somatic mtDNA mutations with
accelerated aging and reduced lifespan (Kujoth et al., 2005; Trifunovic et al., 2004). These
mice have defective NSCs and HSCs, and exhibit some premature HSC aging phenotypes
including anemia, lymphopenia, and myeloid differentiation (Ahlqvist et al., 2012; Chen et
al., 2009; Norddahl et al., 2011). These findings indicate that mtDNA integrity is needed for
proper mitochondrial function and stem cell fate decisions.

Recent studies uncovered a signaling event that mediates the effect of mitochondrial stress
on the degeneration of HSCs during aging. The NACHT, LRR and PYD domains-containing
protein 3 (NLRP3) inflammasome is an innate immune sensor that can be activated by
metabolic danger signals such as ROS, leading to proinflammatory cytokine secretion and/or
caspase 1-dependent cell death (Grant and Dixit, 2013; Guo et al., 2015; Nakahira et al.,
2011). While extensively studied in myeloid cells, NLRP3 has been found to be expressed
and function in HSCs (Luo et al., 2019). The NLRP3 inflammasome is activated in aged
HSCs due to increased mitochondrial stress. Ameliorating mitochondrial stress by
overexpressing SIRT3 or SIRT7 reduces the caspase 1 activity and improves the function of
aged HSCs (Brown et al., 2013; Luo et al., 2019; Mobhrin et al., 2015). NLRP3 is a bona fide
substrate of SIRT2, which deacetylates NLRP3 and inhibits the activation of the NLRP3
inflammasome (He et al., 2020). The expression of SIRT2 is reduced in aged HSCs,
resulting in aberrant activation of the NLRP3 inflammasome and increased susceptibility to
mitochondrial stress-induced stem cell deterioration (Luo et al., 2019).

Therapeutic Implications

The findings that mitochondrial stress is a main driver of stem cell deterioration during
aging and the mitochondrial protective programs may be targeted to reverse stem cell aging
have important therapeutic implications (Brown et al., 2013; Luo et al., 2019; Mohrin et al.,
2015). Sirtuin activation is likely to improve mitochondrial integrity and stem cell
maintenance. NAD" is the co-factor for the sirtuin family proteins that catalyze protein
deacetylation (Houtkooper et al., 2012). Indeed, replenishing NAD* levels by dietary
nicotinamide riboside (NR), a key NAD* precursor, increased sirtuin activity, reduced
mitochondrial stress within HSCs, and improved the regenerative function of HSCs (Vannini
et al., 2019). It significantly expanded the pool of progenitors, without concurrent HSC
exhaustion, boosted survival by 80%, and accelerated blood reconstitution after lethal
irradiation and HSC transplantation. NR treatment induced the mitochondrial unfolded
protein response in aged MuSCs, and mitigated muscle degeneration by decreasing MuSC
senescence (Zhang et al., 2016). Treatment with NR was also effective in preventing muscle
degeneration in a mouse model of muscular dystrophy. Treatment with NR rejuvenated
intestine stem cells (ISCs) from aged mice and reversed an impaired ability to repair gut
damage (lgarashi et al., 2019), attenuates NSC senescence and increases the lifespan of aged
C57BL/6J mice (Zhang et al., 2016). These findings indicate that the mitochondrial

Mech Ageing Dev. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mu et al. Page 5

metabolic checkpoint regulation of stem cell aging is a conserved mechanism across tissues
and offer a translational path for maintaining tissue homeostasis and treating tissue
degenerative diseases.

Future Directions

Recent studies support a model that stem cell aging is driven by epigenetic drift and the
resulting dysregulation of gene expression and cellular function (Buisman and de Haan,
2019; Chen and Kerr, 2019; Grigoryan et al., 2018). However, many questions remain
unaddressed. What are the epigenetic changes in stem cells during aging? What causes the
epigenetic drift in aged stem cells? How does epigenetic drift lead to loss of stem cell
function? Mitochondrial stress may provide a piece of the puzzle in understanding the
epigenetic regulation of stem cell aging because intermediates from mitochondrial
metabolism can act as co-enzymes for epigenetic regulators (Matilainen et al., 2017).
Several TCA cycle intermediates such as acetyl-coenzyme A (acetyl-CoA), a-ketoglutarate
(a-KG), NAD*, and S-adenosyl-methionine (SAM) from one-carbon metabolism are among
the most important metabolites in epigenetic regulation (Matilainen et al., 2017). Future
studies are needed to elucidate how mitochondrial stress affects these epigenetic remodeling
metabolites, which in turn cause epigenetic drive during stem cell aging.

The understanding of stem cell aging has been mostly powered by studies in mouse models.
It is pivotal to understand if the knowledge we gained in mouse studies can be translated to
humans. Recent human studies reveal a phenomenon termed clonal hematopoiesis,
describing a clonal expansion of blood cells derived from mutated HSCs in aged humans
(Jaiswal et al., 2014; Jaiswal et al., 2017). Individuals with clonal hematopoiesis are of
higher risk for not only hematologic malignancies but also diseases in distal tissues. It would
be of interest to understand if mitochondrial stress drives stem cell aging in humans and
contributes to the emergence of clonal hematopoiesis.
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Highlights
. Mitochondria metabolic checkpoint critically regulates stem cell aging.
. Mitochondrial metabolic checkpoint is governed by sirtuins in stem cells.
. Mitochondrial metabolic checkpoint has therapeutic implications for aging-

associated tissue degeneration.
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Fi%ure_l. The mitochondrial metabolic checkpoint regulates stem cell quiescence, maintenance,
ana aging.

Upongstegm cell transition from quiescence to proliferation, mitochondrial biogenesis takes
place, which is associated with increased mitochondrial oxidative stress and mitochondrial
protein folding stress. SIRT3 and SIRT7 govern mitochondrial stress in stem cells. Damaged
mitochondria can also be cleared by mitochondrial fusion and fission, and mitophagy.
Accumulation of mitochondrial stress results in stem cell death due to DNA mutations and
activation of the NLRP3 inflammasome, which is regulated by SIRT2. During aging, the
expression of SIRT2, SIRT3, and SIRT7 reduces in stem cells, resulting in the dysregulation
of the mitochondrial metabolic checkpoint and loss of stem cell maintenance.
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