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Abstract

Purpose of review—Cell-cycle checkpoints are surveillance mechanisms in eukaryotic cells 

that monitor the condition of the cell, repair cellular damages, and allow the cell to progress 

through the various phases of the cell cycle when conditions become favorable. We review recent 

advances in hematopoietic stem cell (HSC) biology, highlighting a mitochondrial metabolic 

checkpoint that is essential for HSCs to return to the quiescent state.

Recent findings—As quiescent HSCs enter the cell cycle, mitochondrial biogenesis is induced, 

which is associated with increased mitochondrial protein folding stress and mitochondrial 

oxidative stress. Mitochondrial unfolded protein response and mitochondrial oxidative stress 

response are activated to alleviate stresses and allow HSCs to exit the cell cycle and return to 

quiescence. Other mitochondrial maintenance mechanisms include mitophagy and asymmetric 

segregation of aged mitochondria.

Summary—Because loss of HSC quiescence results in the depletion of the HSC pool and 

compromised tissue regeneration, deciphering the molecular mechanisms that regulate the 

mitochondrial metabolic checkpoint in HSCs will increase our understanding of hematopoiesis 

and how it becomes dysregulated under pathological conditions and during aging. More broadly, 

this knowledge is instrumental for understanding the maintenance of cells that convert between 

quiescence and proliferation to support their physiological functions.
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INTRODUCTION

Hematopoietic stem cells (HSCs) persist throughout the lifespan of an organism to maintain 

the blood system [1]. Although HSCs possess a robust proliferative capacity that allows 

them to self-renew and to differentiate, the cell-cycle activity of HSCs changes over the 
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lifetime. During development, nearly all fetal HSCs are actively cycling to meet the 

physiological demands of the growing organism [2,3]. In contrast, about 90% of adult HSCs 

exit the cell cycle and reside in the quiescent state under homeostatic conditions [2,4]. HSC 

quiescence has long been viewed as a result of reduced physiological demands once the 

organism enters the adulthood. However, it has become increasingly appreciated that the 

maintenance of HSC quiescence is a highly regulated protective mechanism that prevents 

cell death and the depletion of the HSC pool [5]. Thus, deciphering the regulation of HSC 

quiescence will deepen our understanding of hematopoiesis under physiological and 

pathophysiological conditions.

In this review, we summarize the recent advances in the regulation of HSC quiescence and 

highlight a mitochondrial metabolic checkpoint that is essential for the maintenance of the 

quiescent state. Beginning with a brief summary of the classic cell-cycle checkpoints, we 

present evidence for the existence of a mitochondrial metabolic checkpoint in HSCs at the 

transition between quiescence (G0) and G1 phases of the cell cycle. We further discuss the 

regulatory mechanisms of the mitochondrial metabolic checkpoint in HSCs. Finally, we 

speculate on the physiological importance of the mitochondrial metabolic checkpoint by 

examining how this checkpoint becomes dysregulated in HSCs during the aging process.

CELL-CYCLE CHECKPOINTS

The cell-cycle checkpoints serve at the critical points of the cell cycle when the conditions of 

the cell are assessed and defects are repaired before the cell progresses to the next phase of 

the cell cycle [6]. Severe defects that are beyond repair result in cell death. Historically, cell-

cycle studies have been focused on understanding how cells maintain their genomic integrity 

during cell division, because a major event during the cell cycle is the replication of the 

genome and segregation of the chromosomes into daughter cells. As a result, well 

established cell-cycle checkpoints include the G2 checkpoint that monitors DNA damage [7] 

and the metaphase checkpoint that surveils spindle formation [8] (Fig. 1). Molecular control 

of the DNA damage checkpoint and the spindle checkpoint has been extensively studied, 

illuminating the actions of sensors, transducers, and effectors that orchestrate the resolution 

of cellular damage and dictate cell fate decisions.

Another cell-cycle checkpoint is the restriction point at the G1 phase of the cell cycle. The 

entry of a quiescent cell into the G1 phase of the cell cycle requires signals from 

extracellular growth factors, which elicit a cascade of signaling events, prominently the 

PI3K/Akt/mTOR pathway, and ultimately result in the regulation of the core cell-cycle 

machinery, the cyclin D–Cdk4/6 complex [9,10] (Fig. 2). CDK inhibitors, such as Ink4 

proteins and p21, counteract the cyclin–cdk activity. Dysregulation of the PI3K/Akt/mTOR 

pathway or the CDK inhibitors results in loss of HSC quiescence and the depletion of the 

HSC pool [11–22]. These observations underscore the importance of the regulation of the 

restriction point for HSC maintenance, but also beg the questions of what cellular conditions 

are assessed at the restriction point and how the defects are repaired.
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EVIDENCE FOR A MITOCHONDRIAL METABOLIC CHECKPOINT IN 

HEMATOPOIETIC STEM CELLS

Quiescent HSCs have low numbers of mitochondria [23]. This observation is in keeping 

with quiescent HSCs’ intrinsic bioenergetic demands and extrinsic environmental cues. 

HSCs primarily rely on glycolysis for energy production. Compared to mitochondrial 

oxidative phosphorylation, glycolysis is much less efficient for energy production but is 

sufficient to support the low energy requirement of quiescent HSCs. HSCs reside in a 

hypoxic bone marrow niche, which triggers a metabolic switch from oxidative 

phosphorylation to glycolysis throughHIF1a signaling [23]. This metabolic feature is 

essential for the maintenance of HSCs, because less reactive oxygen species (ROS), the 

byproducts of respiration, are produced [24,25▪▪].

A major functional output of mitogenic signals and the subsequent activation of the 

PI3K/Akt/mTOR pathway is the upregulation of translation, resulting in not only the 

production of proteins, but increased mitochondrial biogenesis that is necessary for the 

metabolic switch to the energy efficient oxidative phosphorylation to meet the increasing 

energy demands [9,26]. Because a major event during the G0 to G1 transition is 

mitochondrial biogenesis, this raises a possibility that a cellular condition that needs to be 

assessed at the restriction checkpoint is the health of the mitochondria.

Deletion of TSC1, a negative regulator of mTOR, leads to increased mitochondrial 

biogenesis, loss of HSC quiescence, and depletion of the HSC pool [11]. Ablation of LKB1, 

an activator of the energy sensor AMPK and a negative regulator of mTOR, results in 

increased mitochondrial mass but reduced mitochondrial activity, loss of HSC quiescence, 

and transient expansion of the HSC pool followed by exhaustion [27–29]. These 

observations support the existence of a mitochondrial metabolic checkpoint in HSCs at the 

transition between G0 and G1 phases of the cell cycle, and suggest that the mitochondrial 

stress response leads to the reduction of mitochondrial mass and the return to quiescence. 

Failure to repair mitochondrial stresses results in cell death (Fig. 1).

MOLECULAR REGULATION OF THE MITOCHONDRIAL METABOLIC 

CHECKPOINT IN HEMATOPOIETIC STEM CELLS

In this section, we highlight recent studies that have uncovered the genes and mechanisms 

that regulate the mitochondrial metabolic checkpoint in HSCs (Fig. 3). We also propose 

potential mechanisms based on the studies in other stem cell populations or somatic cells 

that need to be tested experimentally in HSCs. These discoveries not only solidify the 

existence of the mitochondrial metabolic checkpoint at the transition between G0 and G1, 

but also provide valuable information on how mitochondrial stress is sensed and responded 

to at such a checkpoint.

The mitochondrial unfolded protein response

The mitochondrial unfolded protein response (UPRmt) is activated in response to the 

perturbation of mitochondrial proteostasis, resulting in the transcriptional upregulation of 
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mitochondrial chaperones or proteases and reestablishement of proteostasis [30,31]. The 

physiological significance of this pathway was first realized in Caenorhabditis elegans, in 

which the UPRmt is activated during a developmental stage when a burst of mitochondrial 

biogenesis takes place and is attenuated when mitochondrial biogenesis subsides [30]. It was 

therefore hypothesized that in mammals, the UPRmt pathway is important for cells that 

experience bursts of mitochondrial biogenesis and convert between growth states with 

markedly different bioenergetic demands, such as stem cells [32▪▪].

A recent study identified a novel regulatory branch of the UPRmt, which is regulated by the 

interplay of SIRT7, a histone deacetylase, and NRF1, a master regulator of the mitochondria 

[32▪▪,33]. In response to mitochondrial protein folding stress, SIRT7 represses the activity of 

NRF1 to suppress mitochondrial translation and alleviate mitochondrial protein folding 

stress, and to reduce mitochondrial activity and cell growth. Deletion of SIRT7 leads to 

increased mitochondrial biogenesis and mitochondrial protein folding stress in HSCs, loss of 

HSC quiescence, and depletion of the HSC pool upon stress [32▪▪].

These findings provide the first evidence that mitochondrial protein folding stress is 

surveilled at the restriction point and that activation of the UPRmt leads to reduced 

mitochondrial biogenesis and transition to HSC quiescence. Failure to engage the 

surveillance of mitochondrial protein folding stress leads to cell death. The role of the 

canonical UPRmt components, such as the mitochondrial chaperones HSP60 and HSP10, 

and the mitochondrial protease ClpP, have not been tested in HSCs, but these experiments 

will be informative in understanding the role of the UPRmt-mediated metabolic checkpoint 

in regulating HSC quiescence.

The mitochondrial oxidative stress response

Mitochondrial biogenesis leads to increased production of ROS. A tight correlation has been 

observed between increased ROS levels and HSC proliferation and death in numerous 

mouse models [11,15,20,34–38]. These observations suggest that mitochondrial biogenesis 

at the transition from G0 to G1 not only provides HSCs energy supplies to fuel proliferation, 

but also generates ROS, which can function as signaling molecules to induce proliferation 

and differentiation [39]. However, accumulation of ROS can lead to oxidative stress and cell 

death. Thus, one cellular condition that needs to be assessed at the restriction point is the 

cellular ROS level. The FoxO family of transcription factors, major downstream effectors of 

the PI3K/Akt pathway, regulate the oxidative stress response by inducing the expression of 

antioxidants, such as SOD2 [40]. Ablation of FoxOs leads to increased cellular ROS, loss of 

HSC quiescence, and HSC death [20,37].

SOD2 and likely other cellular antioxidants are modified by acetylation in cells [41–44]. 

SIRT3, a mitochondrial deacetylase, targets SOD2 for deacetylation at critical lysine 

residues and enhances the enzymatic activity of SOD2 [43,44]. SIRT3 deficiency results in 

increased ROS levels, proliferation and death of HSCs under transplantation stress, and the 

depletion of the HSC pool at an old age [34]. Thus, FoxOs and SIRT3 act on SOD2 

concertedly at the transcriptional and posttranslational levels to reduce oxidative stress in 

HSCs. SIRT3 is highly enriched in HSCs but its expression is much suppressed in the 

differentiated progeny [34]. Similarly, FoxOs tend to accumulate in the nucleus of HSCs but 
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are found primarily in the cytosol of differentiated cells [45], underscoring the importance of 

the oxidative stress response in regulating the mitochondrial metabolic checkpoint in HSCs.

Mitophagy

Autophagy is a regulated cellular process that disassembles unnecessary or dysfunctional 

cellular components [46]. Selective degradation of mitochondria by autophagy, or 

mitophagy, often occurs to defective mitochondria following damage or stress [47]. 

Autophagy is induced in HSCs when Lkb1 is ablated and defective mitochondria accumulate 

[28]. Deletion of Atg7, an essential autophagy gene, in the hematopoietic system results in 

the accumulation of defective mitochondria and ROS, and a reduction in HSC number [48]. 

FoxO3a directs an autophagy program in HSCs and in FoxO3a deficient HSCs, autophagy is 

compromised, contributing in part to loss of HSC quiescence [49]. Together, these studies 

suggest that HSCs maintain a robust autophagy program, which senses mitochondrial stress, 

disassembles the damaged mitochondria, and retains HSCs in the quiescent state.

Asymmetric apportioning of mitochondria

Stem cells divide asymmetrically to generate two daughter cells with distinct fates. A recent 

study investigated the organelle distribution during the division of human mammary stem-

like cells and found that old mitochondria but not other cellular organelles are 

asymmetrically apportioned between daughter cells, and daughter cells that received fewer 

old mitochondria maintained the stem cell fate [50▪▪]. Although this phenomenon has not 

been tested in HSCs, it raises the possibility that asymmetric apportioning of mitochondria is 

a potential mechanism for ensuring the mitochondrial integrity of HSCs.

The regulation of asymmetric apportioning of mitochondria is unknown. Much work is 

needed to elucidate whether and how mitochondria in HSCs are asymmetrically partitioned 

into daughter cells. A potential clue comes from the studies of the small RhoGTPase Cdc42 

and PPARd. Elevated activity of Cdc42 is linked to a loss of polarity in HSCs and their 

reduced reconstitution capacity [51]. Loss of PPARd or inhibition of mitochondrial fatty acid 

oxidation induces symmetric division of HSCs and loss of HSC maintenance [52]. An 

additional lead is a recent finding in neural stem cells, which generate a lateral diffusion 

barrier in the membrane of the endoplasmic reticulum to promote asymmetric segregation of 

cellular components [53▪▪].

Another intriguing question is how this mitochondrial surveillance program controls HSC 

quiescence, because this regulation must not occur at the transition between G0 and G1, but 

after mitosis. A recent study in human mammary epithelial cells identified a novel exit from 

the cell cycle into quiescence. Cells decide at the end of mitosis to either start the next cell 

cycle or to enter a transient G0 state depending on the CDK2 activity (Fig. 1) [54]. It appears 

that the regulation of quiescence is much more complex than we previously thought and 

offers ample opportunities for new discoveries.
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DEREGULATION OF THE MITOCHONDRIAL METABOLIC CHECKPOINT IN 

AGED HEMATOPOIETIC STEM CELLS

The decline in hematopoietic function during the aging process is attributable to the 

deterioration of HSCs [14,38,55,56]. Aged HSCs are prone to cell death, have reduced 

capacity to reconstitute the blood system and skewed differentiation potential from the 

lymphoid lineage toward the myeloid lineage. Recent advances on HSC aging highlight 

deregulation of the mitochondrial metabolic checkpoint as an underlying mechanism (Fig. 

4). Mitochondrial protein folding stress and ROS levels increase in aged HSCs [32▪▪,36]. 

The expression of SIRT7 and SIRT3 is reduced with aging in HSCs, whereas mTOR activity 

is increased in HSCs from old mice compared to those from young mice [11,32▪▪,34,57]. 

Defects manifested in SIRT7 knockout HSCs resemble essential aspects of aged HSCs 

whereas SIRT3 knockout mice have aging-dependent defects in HSCs [32▪▪,34]. mTOR 

activation through conditional deletion of Tsc1 in HSCs mimicks the phenotypes of aged 

HSCs [11]. These observations suggest that protective programs that safeguard the 

mitochondrial protein folding stress and oxidative stress are compromised in aged HSCs.

The observations that aged mice and genetically engineered mouse models that manifest 

mitochondrial stresses in HSCs display myeloid-biased differentiation potential raise a 

possibility that HSCs with lymphoid potential are particularly sensitive to mitochondrial 

stresses. A recent study of mitofusin 2, a protein involved in mitochondrial fusion, has 

provided direct evidence. Gain-of-function and loss-of-function studies revealed that 

mitofusin 2 is specifically required for the maintenance of HSCs with extensive lymphoid 

potential but less so for myeloid primed HSCs [58▪▪]. How mitochondria stresses 

specifically affect lymphoid primed HSCs is unclear. One potential explanation is that 

lymphoid-biased HSCs divide more frequently than myeloid-biased HSCs [59].

Studies of Wnt signaling in HSCs revealed an unexpected shift from canonical to 

noncanonical Wnt signaling during physiological aging, which is causally linked to apolarity 

and functional deterioration of HSCs via activation of Cdc42 [60]. It remains to be tested 

whether asymmetrical apportioning of mitochondria is compromised in aged HSCs. 

Together, these findings suggest that deregulation of the mitochondrial metabolic checkpoint 

is a contributing factor to HSC aging and these deregulated pathways may be exploited to 

reverse HSC aging. Indeed, overexpression of either SIRT3 or SIRT7 rejuvenated aged 

HSCs [32▪▪,34]. Inhibition of Cdc42 activity or repression of Wnt5a improved the functional 

capacity of aged HSCs [51,60]. Pharmacological inhibition of mTOR restores the 

functionality of aged HSCs [11].

CONCLUSION

Recent advances in the molecular regulation of the mitochondrial metabolic checkpoint 

represent the tip of the iceberg of deciphering this complex process. Future studies will 

unravel new regulators and mechanisms that control the mitochondrial stress responses and 

elucidate how mitochondrial stresses result in HSC quiescence and how severe 

mitochondrial stresses lead to the death of HSCs. Studies in HSCs are instrumental to the 

understanding of stem cell biology and tissue regeneration. Much work is needed to 
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determine whether the molecular regulation of the mitochondrial metabolic checkpoint in 

HSCs is conserved in stem cells in other tissues. The importance of the mitochondrial 

metabolic checkpoint for stem cell maintenance and tissue homeostasis motivates the search 

for small molecules targeting this pathway for therapeutic purposes.
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KEY POINTS

• A mitochondrial metabolic checkpoint regulates HSC quiescence.

• Mitochondrial unfolded protein response and mitochondrial oxidative stress 

response regulate the mitochondrial metabolic checkpoint in HSCs.

• Mitophagy and likely asymmetric mitochondrial apportioning safeguard 

mitochondrial health and stemness of HSCs.

• The mitochondrial metabolic checkpoint is deregulated in aged HSCs
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FIGURE 1. 
Cell-cycle checkpoints. The cell-cycle checkpoints serve at critical points of the cell cycle 

when the conditions of the cell are assessed and defects are repaired before the cell 

progresses to the next phase of the cell cycle. Classic cell-cycle checkpoints include the G2 

checkpoint that monitors DNA damage and the metaphase checkpoint that surveils spindle 

formation. Another cell-cycle checkpoint is the restriction point at the G1 phase of the cell 

cycle. Recent advances in hematopoietic stem cell (HSC) quiescence support the existence 

of a mitochondrial metabolic checkpoint in HSCs at the transition between G0 and G1 

phases of the cell cycle (restriction point 1). Studies in human mammary epithelial cells 

identified a novel exit from mitosis to G0 (restriction point 2), which may also monitor 

mitochondrial stresses.
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FIGURE 2. 
Cell-cycle entry regulated by a network of protein regulators. The entry of a quiescent cell 

into the G1 phase of the cell cycle requires signals from extracellular growth factors, which 

elicit a cascade of signaling events, mainly the PI3K/Akt/mTOR pathway, and ultimately 

result in the regulation of the core cell-cycle machinery, the cyclin D–Cdk4/6 complex. CDK 

inhibitors, such as Ink4 proteins and p21, counteract the cyclin–cdk activity.
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FIGURE 3. 
Molecular regulation of the mitochondrial metabolic checkpoint in hematopoietic stem cells 

(HSCs). As quiescent HSCs enter the cell cycle, mitochondrial biogenesis is induced, which 

is associated with increased mitochondrial protein folding stress and mitochondrial oxidative 

stress. SIRT7 represses the activity of NRF1 to suppress mitochondrial translation and 

alleviate mitochondrial protein folding stress, and to reduce mitochondrial activity and cell 

growth. SIRT3 and FoxOs act on SOD2 concertedly to reduce oxidative stress and repress 

proliferation. In addition to reducing oxidative stress, FoxO3a also directs an autophagy 

program in HSCs to disassemble damaged mitochondria. Wnt signaling, Cdc42, PPARd, and 

potentially the lateral diffusion barrier regulate asymmetric division of cellular components, 

likely including mitochondria, in HSC. Asymmetric apportioning of mitochondria is 

required to maintain stemness and likely regulates restriction point 2 (RP2). Established 

links are in solid lines and hypothesized links are in dashed lines. ROS, reactive oxygen 

species; RP1, restriction point 1.
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FIGURE 4. 
Deregulation of the mitochondrial metabolic checkpoint in aged hematopoietic stem cells 

(HSCs). Mitochondrial protein folding stress and mitochondria oxidative stress are increased 

in aged HSCs because of deregulation of the mitochondrial metabolic checkpoint in HSCs, 

such as repression of SIRT3 and SIRT7, and activation of mTOR and noncanonical Wnt. 

ROS, reactive oxygen species.
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