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Adult stem cells, particularly those resident in tissues with little turnover, are largely quiescent and only acti-
vate in response to regenerative demands, while embryonic stem cells continuously replicate, suggesting
profoundly different regulatory mechanisms within distinct stem cell types. In recent years, evidence linking
metabolism, mitochondrial dynamics, and protein homeostasis (proteostasis) as fundamental regulators
of stem cell function has emerged. Here, we discuss new insights into how these networks control
potency, self-renewal, differentiation, and aging of highly proliferative embryonic stem cells and quiescent
adult stem cells, with a focus on hematopoietic and muscle stem cells and implications for anti-aging
research.
Introduction
Stemcells are unique cell types that persist throughout an organ-

ism’s life from embryonic development, through adulthood, and

into old age. While embryonic stem cells (ESCs) proliferate

without limit and are pluripotent, somatic stem cells have a

more limited proliferative capacity, have reduced potency, and

can only differentiate into a limited number of cell types that

constitute their host tissue (Sánchez Alvarado and Yamanaka,

2014; Wu and Izpisua Belmonte, 2016). Nevertheless, somatic

stem cells in adult tissues are essential for organismal homeo-

stasis because they sustain homeostatic renewal and recovery

from injury. In normal conditions and the absence of stress,

most stem cells remain in quiescence, a dormant state of low

metabolic activity and transient cell-cycle inhibition. Exit from

and re-entry into quiescence are highly regulated processes, co-

ordinated by interplay between extrinsic signals and intrinsic

quality control checkpoints, and these processes are often

compromised in aging and disease conditions (Cheung and

Rando, 2013).

Metabolic pathways and protein quality control mechanisms

are important for preserving adult stem cell quiescence and ho-

meostasis and for the capacity of these cells to respond rapidly

to environmental stresses, and thus activate, expand, and sus-

tain organ and tissue regeneration. One important outcome of

metabolic activity is the production of reactive oxygen species

(ROS) in the mitochondria, which contribute to macromolecular

damage, including DNA, protein, and organelle damage. Healthy

stem cells thus need to coordinate their metabolic demands with

protective mechanisms to avert accumulation of damaged or-

ganelles and macromolecules. This protective program includes

quality control mechanisms activated to provide stability to the

cells’ proteome (proteostasis), such as the unfolded protein

response (UPR) and clearance systems, that dispose of

damaged proteins and organelles, principally the proteasome

and autophagy (Chandel et al., 2016; Vilchez et al., 2014a). In
this review, we discuss the importance of proteostasis, meta-

bolism, and mitochondrial dynamics and their interconnections,

to preserve homeostatic and regenerative functions of radically

distinct types of stem cells: quiescent stem cells of adult organ-

isms, which, despite their dormancy, can be readily activated

to expand and proliferate for limited rounds in response to

stress, and ESCs, with unlimited proliferative, self-renewal, and

differentiating potential. Regarding the adult stem cell popula-

tions, we focus on hematopoietic stem cells (HSCs) and muscle

stem cells (satellite cells, SCs), as they are the two most exten-

sively studied adult populations and, in addition, due to their

non-proliferative state, rely more strongly on proteostatic

clean-up systems than fast-dividing adult stem cells. Moreover,

HSCs and SCs represent stem cells with different levels of

proliferative pressure, reflecting the different demands of

homeostatic renewal of their host tissue, and thus illustrating

the connections between proteostasis and metabolism and the

proliferative status of stem cells. We also review the ways in

which proteostasis and metabolism underlie the age-associated

regenerative decline of normal stem cells, and how this can be

manipulated.

Proteostatic Control of Stem Cells
Proteome quality and homeostasis (proteostasis) are central

determinants of organismal development and cell and tissue

functions, and they are controlled by mechanisms that check

the synthesis, folding, quantity, interactions, and localization of

proteins from synthesis to degradation (Balch et al., 2008; Gida-

levitz et al., 2011; Powers et al., 2009; Taylor and Dillin, 2011;

Vilchez et al., 2014a, 2014b) (Figure 1). Once a protein is synthe-

sized, chaperones assist its proper folding and cellular localiza-

tion (Hartl et al., 2011). There are several pathways that ensure

the integrity of the proteome in distinct cellular compartments

by promoting efficient folding of unfolded and misfolded poly-

peptides; prominent among these pathways are the heat shock
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Figure 1. Mechanisms of Cellular
Proteostasis and Interconnection with
Nutrient-Sensing Pathways andMetabolism
Correct folding of proteins is facilitated by chap-
erones. To combat protein misfolding, typically
caused by different stresses (including oxidative
stress), cellular responses, such as the UPR
(unfolded protein response), are activated to
maintain or restore the stability of the proteome
(left part of the scheme). Elimination of damaged,
misfolded, or aggregated proteins is executed by
the UPS (ubiquitin-proteasome system) or auto-
phagy (right part of the scheme). Pathways sensi-
tive to nutrients such as themTOR kinase pathway,
and transcriptional regulators such as FoxO and
SIRT, regulate protein synthesis, folding, and
degradation by directly or indirectly acting on the
translation machinery and proteostatic pathways.
These pathways also impact metabolism and
regulate the balance between glycolysis and
OxPhos, hence modulating ROS production and
accumulation.
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response (HSR) and the UPR. When protein folding processes

fail under stress conditions, misfolded and unfolded proteins

accumulate in the cytoplasm, endoplasmic reticulum (ER), and

mitochondria, triggering the UPR to resolve protein misfolding.

When altered, if proteins cannot be rescued by chaperones

and the UPRs, they are degraded through the proteasome or

autophagy systems to remove unnecessary proteins and restore

homeostasis (Vilchez et al., 2014b). The proteasome is a com-

plex proteolytic machine that mostly degrades misfolded,

damaged, or aggregated proteins modified by the attachment

of ubiquitin through ubiquitin ligases; hence, proteasome degra-

dation is also known as the ubiquitin-proteasome system (UPS)

(Finley, 2009; Wong and Cuervo, 2010).

Macroautophagy (hereafter called autophagy) is a regulated

recycling mechanism for protein quality control that disassem-

bles unnecessary or dysfunctional cell components, including

proteins and organelles (Mizushima and Komatsu, 2011). Under

metabolic stress, autophagy-mediated degradation also helps

to support energy balance (Klionsky, 2005; Klionsky et al.,

2010). Through this process, targeted cytoplasmic constituents

are degraded in lysosomes. In mammals, signals emanating

from growth factors, nutrients, and ROS govern autophagy by

controlling the activity of the protein kinases, mTOR and

AMPK, and the transcriptional regulators, sirtuins and FoxO.

These signals cooperate to regulate the activity of UPS and auto-

phagy-related (Atg) genes through transcriptional and post-tran-

scriptional control mechanisms (Vilchez et al., 2014b; Webb and

Brunet, 2014).
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Metabolic Control of the Stem
Cell State
Cells obtain energy through metabolism,

which comprises two categories of pro-

cesses: anabolism, the building up of

cell components such as proteins and

nucleic acids, and catabolism, the

breaking down of intracellular compo-

nents (releasing energy for anabolism).

Increasing evidence demonstrates that

stem cell functions are largely controlled
by metabolism, and in particular, by the two major metabolic

states of the cell: oxidative (occurring in the mitochondria) and

glycolytic (occurring in the cytoplasm) (Chandel et al., 2016; Ryall

et al., 2015a). Glycolysis is the enzymatic conversion of glucose

to pyruvate, which generates two net ATP molecules per mole-

cule of glucose. In contrast, cells in oxygen-rich environments

can use oxidative phosphorylation (OxPhos) for more efficient

ATP production, which nets an average of 34 additional ATPmol-

ecules per glucose by oxidizing pyruvate to acetyl coenzyme A

(acetyl-CoA) in the mitochondrial tricarboxylic acid (TCA) cycle.

As a major location of energy production, mitochondria play a

fundamental role in cell metabolism, and mitochondrial function

is therefore subject to tight quality control. In addition to housing

the TCA cycle and machinery, mitochondria are also important

contributors to amino acid, lipid, and nucleotide metabolism

(Arranz et al., 2013). Mitochondria can also generate ROS and

alter the ratios of metabolites such as acetyl-CoA, NAD/NADH,

AMP/ATP, and SAM/SAH, all of which can regulate stem cell

functions (Ryall et al., 2015a). These organelles are highly

plastic and undergo frequent fusion and fission events to meet

the cell’s needs (Vyas et al., 2016). It is increasingly accepted

that mitochondrial biogenesis and dynamics directly regulate

ESC functions through a metabolic connection (Teslaa and Tei-

tell, 2015).

At present, key areas of interest are the metabolic status of

quiescent stem cells, such as HSCs and SCs, because these

populations are particularly vulnerable to changes that may

cause their exhaustion, and how metabolism controls the
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stress-activated transition of quiescent stem cells to activated

and differentiated states. Moreover, very recent studies suggest

important links between proteostasis-regulating pathways and

metabolism that can directly impact stemness, such as mito-

chondria clearance by autophagy (mitophagy) and the UPR

developed in the mitochondria (UPRmt).

Adult Stem Cells: Metabolic and Proteostatic Plasticity
Enable Reversible Quiescence
HSCs

All the mature cell types of the blood system derive through a

developmental hierarchy from multipotent HSCs, which exist in

low frequency in the adult HSC niche (the bone marrow) (Doula-

tov et al., 2012). In steady state, long-term HSCs (LT-HSCs), the

most undifferentiated cells in this hierarchy, are maintained in

quiescence. In response to hematological stress, such as bone

marrow transplantation, radiation, and anti-cancer medication,

these cells can readily activate, enter the cell cycle, and robustly

repopulate the entire hematopoietic system via multi-lineage dif-

ferentiation and self-renewal (Chandel et al., 2016; Kohli and

Passegué, 2014).

Proteostasis of HSCs

UPR Protects HSCs from Stress. Several proteostatic mecha-

nisms in HSCs ensure the integrity of the proteome by promoting

efficient folding of unfolded and misfolded proteins, most

notably the UPR (UPRER). Prevention of UPRER-induced

apoptosis by the RNA binding protein Dppa5, chemical chaper-

ones, and hypoxia-inducible factor 2a (HIF2a) limit ER stress and

promote HSC function (Miharada et al., 2014; Rouault-Pierre

et al., 2013). In particular, HIF2a limits ROS production in

quiescent HSCs, thereby preventing ROS-induced ER stress

(Rouault-Pierre et al., 2013), but is dispensable for HSC mainte-

nance (Guitart et al., 2013). In another recent example, bile acids

act as chemical chaperones to mitigate ER stress to ensure that

rapidly expanding fetal liver HSCs adequately adapt to higher

rates of protein synthesis (Sigurdsson et al., 2016). Mitochondrial

oxidative stress is also controlled by a protein complex

comprising the mitochondrial heat shock protein mortalin and

Dj-1, an antioxidant protein that directly scavenges ROS (Tai-

Nagara et al., 2014). Blockade of these protective pathways

limits the ability of activated HSCs to return to quiescence, lead-

ing to impairments in long-term reconstitution capacity (Mihar-

ada et al., 2014; Rouault-Pierre et al., 2013; Tai-Nagara et al.,

2014). Indeed, induction of an adaptive UPRER is observed in

the progenitor populations derived from activated human

HSCs, while uncommitted stem cells are prone to ER-stress-

induced apoptosis (van Galen et al., 2014), thus preventing sur-

vival of HSC with compromised protein function.

Mitochondria also have dedicated molecular chaperones and

proteases that promote protein quality control and constitute the

UPRmt. Indeed, a recent study further implicates mitochondrial

protein stress in HSC function (Mohrin et al., 2015). The authors

identify a novel metabolic checkpoint activated by a specific

branch of the UPRmt, and this checkpoint reduces mitochondrial

translation and halts energy metabolism and proliferation until

homeostasis is re-established, thus ensuring mitochondrial pro-

tein quality control in HSCs (Mohrin et al., 2015). These recent

studies implicate stress response pathways involved in proteo-

static control in the maintenance of HSCs. However, the extent
to which these mechanisms control HSC function by regulating

proteostasis remains to be determined.

Protein Synthesis Controls HSC Function. HSC maintenance

also depends on a tight regulation of global protein translation.

The amount of protein synthesized per hour in HSCs is lower

than other hematopoietic progenitors, and perturbations that

either increase or decrease protein synthesis impair HSC func-

tion (Signer and Morrison, 2013; Yilmaz et al., 2006). Deletion

of the transcription factor Runx1 results in reduced ribosome

biogenesis and HSCs with slow growth and impaired function

(Cai et al., 2015). However, Runx1-deficient HSCs can outcom-

pete normal hematopoietic progenitors due to a capacity to

resist apoptosis upon stress in association with an attenuated

UPR (Cai et al., 2015). These findings, taken together, indicate

that HSCs, in contrast to committed progenitors, exhibit

decreased translation and increased stress response to effi-

ciently resolve and overcome different insults and ensure their

proper function and propagation.

UPS and Autophagy Rescue HSCs from Altered Protein-Medi-

ated Stress. When altered proteins cannot be rescued by

chaperones and the UPRs, they are degraded through the ubiq-

uitin-protease system or through autophagy. Ubiquitination and

subsequent proteasome degradation of the transcriptional regu-

lators Notch, c-Myc, c-Kit, and Stat5, all of which are essential

for HSC maintenance and homeostasis, provide examples of

UPS-mediated regulation of HSC functions (Goh et al., 2002;

Moran-Crusio et al., 2012; Schmidt and Dikic, 2005). Some of

these essential HSC transcription factors are negatively regu-

lated by the RING E3 ligase c-Cbl, the lack of which promotes

self-renewal, with Cbl-deficient HSCs showing increased recon-

stitution capacity after bone marrow transplantation (Moran-

Crusio et al., 2012; Rathinam et al., 2008; Strikoudis et al.,

2014). The UPS also tightly regulates the activity of other tran-

scription factors required for HSC function, including c-Rel and

RelA, and GATA2 (Naujokat and Sari�c, 2007).

Autophagy is important formaintaining HSC self-renewal. Inhi-

bition of autophagy in the HSC compartment leads to defects in

stem cell activity resembling those observed in aging and certain

disease conditions (Liu et al., 2010; Mortensen et al., 2011),

including increased ROS levels, accumulation of damaged pro-

tein/organelles, and limited repopulation capacity, resulting in

multi-lineage cytopenias. Of note, HSCs with increased ROS

accumulation are either eliminated by apoptosis or forced into

activation through p38MAPK activation (Ito et al., 2006). In order

to avoid apoptosis, HSCs are wired to mount a rapid protective

response to metabolic stress due to FoxO3-dependent activa-

tion of autophagy, amechanism that is unlike that of their derived

myeloid progenitors (Warr et al., 2013). Furthermore, damage to

key autophagy inductors and enzymes compromises fetal and

adult hematopoiesis through increased ROS production (Ito

et al., 2006; Liu et al., 2010). In general, basal autophagy appears

to be a key maintenance checkpoint that is required to suppress

HSC metabolism through mitophagy and to maintain stemness

(Ho et al., 2017). Thus, autophagy appears essential for HSC

and progenitor cell function, and its inhibition can result in loss

of stemness or even malignancy. Collectively, HSCs, at variance

with their committed progenitors, exhibit decreased protein

translation rate and increased proteostatic quality control mech-

anisms to efficiently preserve stem cell fitness as well as resolve
Cell Stem Cell 20, May 4, 2017 595
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and overcome different insults, and ensure their proper function

and propagation.

Metabolism and HSCs

Glycolysis Protects HSCs from Oxidative Damage. Quiescent

HSCs generate ATP from glycolysis rather than OxPhos (Simsek

et al., 2010). The lower mitochondrial activity in HSCs compared

with their more committed progenitors is a protection against

oxidative damage (Simsek et al., 2010). ATP generation by

anaerobic glycolysis in quiescent HSCs is dependent on pyru-

vate dehydrogenase kinase (Pdk) (Takubo et al., 2013), and

elevated Pdk expression promotes HSC quiescence, survival,

and transplantation capacity. This supports the theory of an

HSC hypoxic niche, since, unlike OxPhos, glycolysis can pro-

ceed anaerobically, raising the possibility that the dependency

of a stem cell on glycolysis is an adaptation to the low oxygen

levels in the niche (Suda et al., 2011).

Glycolysis and limited mitochondrial aerobic metabolism help

to protect quiescent HSCs from oxidative damage; in contrast,

the increased energy demand during activation and differentia-

tion to lineage-committed progenitors requires higher ATP and

ROS levels (Inoue et al., 2010; Maryanovich et al., 2015; Simsek

et al., 2010; Takubo et al., 2013; Lewandowski et al., 2010). Thus,

previous studies suggest that the energy required for HSC prolif-

eration and differentiation is supplied by a glycolytic to mito-

chondrial OxPhos switch. Indeed, suppression of mitochondrial

respiration in HSCs through conditional inactivation of Ptpmt1, a

PTEN-like mitochondrial phosphatase, results in loss of regener-

ative capacity due to impaired differentiation-associated cycling

(Yu et al., 2013). Conversely, loss of mitochondrial carrier homo-

log 2 (MTCH2) in HSCs increases mitochondrial OxPhos, trig-

gering loss of HSC quiescence and cell-cycle entry, exhausting

the stem cell pool (Maryanovich et al., 2015). Thus, glycolysis

protects HSCs during slow cycling quiescence, but OxPhos is

necessary for HSCs to handle the high-energy demand during

differentiation. Of note, lipid metabolism (in particular, fatty

acid synthesis and fatty acid oxidation [FAO]), the catabolic pro-

cess that generates acetyl-CoA through the breakdown of fatty

acid molecules in the mitochondrial matrix, is also key for proper

regulation of asymmetric and symmetric divisions of HSCs in

response to stress, and hence has a crucial impact on the bal-

ance of HSC fate decisions (Ito et al., 2008, 2012; Takahashi

et al., 2007; Yusuf and Scadden, 2012).

Mitochondria Dynamics Regulate HSC Fate Decisions.

Recently, HSC function and differentiation have been found to

be regulated by mitochondria dynamics and function (Luch-

singer et al., 2016). Loss of the mitochondrial outer membrane

protein mitofusin (which regulates mitochondria fusion) specif-

ically affects the self-renewal and repopulation capacity of

lymphoid-biased HSCs, with minimal effects on other HSCs pre-

disposed toward myeloid differentiation (Diebold and Chandel,

2016; Luchsinger et al., 2016). Furthermore, differentiating

HSCs have more active mitochondria than self-renewing

HSCs, suggesting that distinct metabolic programsmay regulate

cell fate choice (self-renewal versus differentiation) rather than

being a hallmark of the quiescence versus activation (Romero-

Moya et al., 2013; Vannini et al., 2016). Nevertheless, the depen-

dence on (and role of) mitochondria and oxidative metabolism

greatly varies throughout the blood cell hierarchy; for example,

in erythrocytes, mitochondria need to be cleared for the comple-
596 Cell Stem Cell 20, May 4, 2017
tion of erythropoiesis (Mortensen et al., 2010), and both eosino-

phils and neutrophils need mitochondria for apoptosis rather

than survival (Simon, 2001). Despite these differences in blood

cell lineages, we can conclude that HSCs adapt their mitochon-

drial oxidative/bioenergetic metabolism to survive in the hypoxic

microenvironment of the niche and exploit redox signaling for

controlling the equilibrium between quiescence versus active di-

vision and differentiation (Piccoli et al., 2013). Of interest, recent

studies have shown that the low number of active mitochondria

in quiescent HSCs is maintained by active autophagy flux, which

constitutes a direct link between proteostatic pathways and

metabolism regulation (Ho et al., 2017).

mTOR, FoxO, and SIRT Metabolic Pathways Regulate HSC

Quiescence. Stemness, in general, is also metabolically regu-

lated by nutrient-sensing pathways, including mTOR, AMPK,

FoxO, and SIRT (sirtuins), which integrate cell metabolism with

information on nutrient availability and growth factor presence

(Laplante and Sabatini, 2012; Ochocki and Simon, 2013). More-

over, thesemolecular pathways represent central hubs that con-

nect metabolism with protein translation and degradation, such

as autophagy. Maintaining low mTOR activity and, in turn, low

levels of protein synthesis appears to be beneficial for sustaining

quiescence in adult HSCs. mTOR is stimulated by targeted mu-

tation of PTEN, which increases protein synthesis in HSCs and

causes their short-term expansion at the expense of losing

long-term quiescence maintenance (Signer et al., 2014; Yilmaz

et al., 2006; Zhang et al., 2006). Similar results are observed in

the absence of several negative regulators of mTOR activity

such as LKB1, TSC, and FBW7, which control HSCmaintenance

by regulating c-Myc, resulting in loss of quiescence and reduced

repopulation capacity of HSCs (Gan and DePinho, 2009; Gan

et al., 2010; Gurumurthy et al., 2010; Matsuoka et al., 2008;

Nakada et al., 2010; Reavie et al., 2010). Nevertheless, a com-

plete loss of mTOR activity may also be detrimental, as observed

after deletion of Raptor or AKT1/2, which leads to defects in HSC

function upon transplantation (Juntilla et al., 2010; Kalaitzidis

et al., 2012).

Antioxidant defense mechanisms include the SIRT family of

proteins, some of which promote mitochondrial biogenesis and

metabolism by deacetylation of mitochondrial proteins. Sirtuins

require nicotinamide adenine dinucleotide (NAD+) to perform

their functions. This requirement for NAD+ allows sirtuins to

sense the cellular metabolic state and tailor their activity to the

needs of the cell (Imai and Guarente, 2010). During fetal hemato-

poiesis in mice, SIRT1 (and its downstream targets FoxO3 and

p53) regulates a stress management program that is essential

for HSC maintenance, whereas it is dispensable for HSCs in

adult mice (Leko et al., 2012). However, in adult HSCs under

stress, SIRT1 deletion induces aberrant HSC expansion and

DNA damage accumulation that results in a loss of long-term

progenitors. Mechanistically, SIRT1 promotes polycomb-spe-

cific repressive histone modification to ensure genome stability

in adult HSCs (Singh et al., 2013). SIRT7 also plays an important

role in HSCs during aging that is discussed in later sections.

HSC quiescence maintenance is also dependent on the FoxO

transcription factors, which comprise four members: FoxO1,

FoxO3a, FoxO4, and FoxO6. These functionally redundant pro-

teins regulate resistance to physiologic oxidative stress, cell-

cycle entry, and apoptosis (Tothova and Gilliland, 2007; Tothova
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et al., 2007; Webb and Brunet, 2014). Deletion of FoxO family

members leads to the premature depletion of HSCs through

the downregulation of genes implicated in cell-cycle arrest and

oxidative stress neutralization, which can be rescued by antiox-

idant NAC treatment (Tothova and Gilliland, 2007; Tothova et al.,

2007). Furthermore, FoxO3a is critical for the regulation of mito-

chondrial respiration in HSCs (Rimmelé et al., 2015), poising

these cells for rapid autophagy induction upon starvation in

order to mitigate an energy crisis and allow their survival (Warr

et al., 2013) (see more detailed discussion below, under Stem

Cell Aging). Collectively, these results support the idea that

nutrient-sensing intracellular pathways and metabolic pathways

have a considerable grade of cross-regulation and influence

each other to control HSC functions.

Crosstalk between Metabolism and Proteostasis in HSCs. The

studies discussed above highlight the necessity for a tight con-

trol of metabolic activity and proteostatic mechanisms for

proper HSC function and maintenance of reversible quies-

cence. Additionally, they uncover several common molecular

and cellular effectors, pointing to a possible integration of

both types of activities in the regulation of HSC function. In

this regard, mitochondria stand out as important organelles

controlling the interplay between metabolism and proteostasis.

Mitochondrial biogenesis is a critical event to fulfill the bioener-

getic demand during HSC activation, by allowing a switch in

metabolic activity. Moreover, mitochondria also have the ca-

pacity to influence cytosolic proteostasis. A recent report

suggests that in yeast, cytosolic accumulation of misfolded

proteins results in mitochondrial import of protein aggregates

for degradation, a mechanism termed mitochondria-mediated

proteostasis mechanism MAGIC (mitochondria as guardian in

cytosol), that is essential for aggregate clearance (Ruan et al.,

2017). The existence of such a mechanism in adult stem cells

is still unknown.

Unlike activation, the return into quiescence requires a

quality assessment and metabolic switch after mitosis is

completed. Thus, after mitosis, the two daughter cells must

decide if one of them should return to the quiescent state

and, if so, which of them. This choice reflects a decision be-

tween a symmetric versus asymmetric division, a decision in

which mitochondrial-dependent lipid metabolism plays an

important role. Also, here the metabolic control may be associ-

ated with proteostatic mechanisms that control asymmetric

segregation of organelles, in particular mitochondria (Mohrin

and Chen, 2016). Indeed, asymmetric segregation of cellular

components and damaged proteins through a lateral diffusion

barrier in the ER has been reported in neural stem cells and

its disruption has consequences for stem cell function (Moore

et al., 2015). A recent study suggests that mitochondria number

rather than mitochondria quality may establish the link between

autophagy and stem cell metabolism. This study reports that, in

HSCs, autophagy functions to clear active, healthy mitochon-

dria and thus reduces metabolic activity, a characteristic

required to maintain quiescence and stemness (Ho et al.,

2017). Thus, cellular clearance mechanisms, such as auto-

phagy, may affect stemness in multiple ways, by controlling

protein and organelle quality or by directly affecting mitochon-

drial function and cellular metabolism, a perspective that is just

starting to be explored.
Muscle Stem Cells

Adult skeletal muscle is a stable tissue under normal conditions,

but it has a remarkable ability to regenerate by virtue of its resi-

dent SCs. Like HSCs, SCs exist in a quiescent state; however,

SC turnover is much slower, with a recent study estimating the

average age of nuclei in human adult muscle to be >15 years

(Cornelison and Perdiguero, 2017; Yin et al., 2013). However,

in response to an activating signal, such as physical or chemi-

cally induced trauma, SCs leave the reversible quiescence state

and enter the cell cycle (Relaix and Zammit, 2012). Cycles of pro-

liferation are followed by cellular differentiation, fusion, growth,

and maturation to form mature myofibers. A small population

of proliferating SCs exit the cell cycle early and return to the

quiescent state (self-renewal) (Cheung and Rando, 2013; Mon-

tarras et al., 2013).

Proteostasis of Muscle Stem Cells

As with HSCs, maintenance of SC quiescence requires basal

surveillance mechanisms to preserve the quality of the proteome

and maintain cellular homeostasis. Entry of SCs into the activa-

tion state in response to damage-induced signals requires rapid

changes in protein composition, eliminating proteins involved in

quiescencemaintenance and supplying new proteins involved in

cell-cycle regulation and differentiation.

Tight Control of Protein Translation and UPR Activities Preserves

the Reversible SC Quiescent State. The dormancy of the SC

quiescent state, as in HSCs, is associated with tight control of

RNA translation and protein biogenesis. SC quiescence mainte-

nance requires active suppression of the protein Dek, which

promotes SC transient proliferative expansion through a mecha-

nism involving miR-489-dependent regulation of Dek synthesis

(Cheung et al., 2012). Preservation of this G0 reversible SC

quiescent state also requires selective repression of translation,

mediated by the phosphorylation of translation initiation factor

eIF2a (P-eIF2a) (Crist et al., 2012; Zismanov et al., 2016).

P-eIF2a and Perk, the kinase responsible for eIF2a phosphoryla-

tion, are master regulators of the UPRER; thus, SCs carrying a

mutant eIF2a allele or deficient in Perk spontaneously commit

to the myogenic program in vivo and fail to self-renew (Zismanov

et al., 2016). SC functions after muscle injury are also strictly

regulated by the PERK arm of the UPRER (Xiong et al., 2017).

Furthermore, SC quiescence is ensured by the sequestration in

RNA granules of transcripts encoding Myf5, which is required

for rapid myogenic commitment (Crist et al., 2012). Thus, tight

control of low protein synthesis is crucial for the fitness of quies-

cent SCs, which, in response to activating cues, require rapid

release from translation inhibition to allow rapid protein produc-

tion for cell growth.

Autophagy Regulates SC Quiescence Maintenance and Activa-

tion. SC quiescence and activation after muscle damage also

both require autophagy, which has distinct but important func-

tions in each cellular state. Although autophagy has been initially

described as a stress-induced mechanism, it operates at base-

line activity in quiescent SCs, and this constitutive autophagic

activity is essential for SC stemness maintenance (Garcı́a-Prat

et al., 2016a, 2016b). Two recent studies have uncovered addi-

tional roles of autophagy in SCs during the subsequent phases

of myogenesis and muscle regeneration. One study proposes

that the requirement of autophagy induction is associated with

the need to meet the bioenergetic demands of SC activation
Cell Stem Cell 20, May 4, 2017 597
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(Tang and Rando, 2014). A second study proposes that during

muscle regeneration, autophagy regulates myoblast differentia-

tion (Fiacco et al., 2016) and myotube formation (Fortini et al.,

2016). Thus, autophagy may be a process needed for efficient

activity of SCs throughout the different myogenic stages of the

repair process, although its action (protein/organelle degrada-

tion, energy facilitation, and/or other) may differ at each of them.

Impairment of autophagy by Atg7 deletion in young SCs

causes accumulation of damaged mitochondria by defective mi-

tophagy that generate high ROS levels, causing further damage

to proteins and DNA (Garcı́a-Prat et al., 2016b), similar to the

phenotype observed in Atg7-deficient HSCs (Mortensen et al.,

2011). Importantly, this autophagy-impairment-induced loss of

proteostasis provokes entry into senescence and impairs SC

functions (Garcı́a-Prat et al., 2016b). In addition, pharmacolog-

ical inhibition of ROS production in Atg7-deficient SCs prevents

senescence entry and restores stem cell self-renewal capacity.

Moreover, the phenotype described in autophagy-deficient

SCs from youngmice partially recapitulates that observed in nor-

mally aged SCs (see more detailed discussion below, under

Stem Cell Aging) (Garcı́a-Prat et al., 2016b; Sousa-Victor

et al., 2014a).

Metabolism and Muscle Stem Cells

Glycolysis Cooperates with Autophagy for Muscle Stem Cell

Activation. Quiescent SCs have been found to co-localize

with capillaries, suggestive of an aerobic niche. Interestingly,

highly capillarized skeletal muscles (known as oxidative or

slow-twitch muscles) have a higher SC density (Christov et al.,

2007). This aerobic SC niche may explain why quiescent SCs

have mitochondrial activity, and their transition into more

committed progenitors is accompanied by a switch from mito-

chondrial FAO to glycolysis, in a process called metabolic

reprogramming (Ryall et al., 2015b). Although glycolysis provides

a less efficient metabolic path to ATP generation than OxPhos, it

allows the SC to respond to the rapid increase in energy demand

that characterizes the activated state (Ryall et al., 2015b). During

this stem cell transition, autophagy seems to cooperate with

glycolysis as a mechanism allowing rapid energy mobilization

through a catabolic process (Tang and Rando, 2014).

mTORC1 and Lkb1 Metabolic Pathway Regulation of SC Quies-

cent State. Although FoxO3a is not required for maintenance of

the SC quiescence state in muscle homeostasis, it is required for

SC self-renewal during muscle regeneration after injury through

regulation of the critical SC self-renewal factor Notch (Gopinath

et al., 2014). Quiescence maintenance in SCs involves an impor-

tant role of the metabolic sensor Lkb1. Adult SCs with specific

loss of Lkb1 are unable to maintain quiescence in resting mus-

cles and exhibit accelerated proliferation and impaired differen-

tiation (Shan et al., 2014).

A groundbreaking study from the Rando lab shows that the SC

quiescent state is composed of two distinct functional phases:

G0 and an ‘‘alert’’ phase called GA (Rodgers et al., 2014). The

transition of SCs into GA functions as an adaptive response

that poises SCs to respond rapidly to injury and stress. This GA

transition is characterized by increases in cell size andmitochon-

drial activity, and it is regulated by mTORC1 through the HGF

receptor Met. However, the role of the mTOR pathway in the

regulation of SC quiescence remains almost unexplored, and it

may have an influence on SC aging and senescence, the terminal
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unresponsive state of very old, geriatric SCs (Sousa-Victor et al.,

2014a). This is of particular interest considering that mTORC1 is

a nutrient-sensor pathway that constitutes a crucial link between

the metabolic status of the cell and protein/organelle homeosta-

sis through direct regulation of protein synthesis and autophagy-

mediated degradation mechanisms, among others.

Metabolic Differences between Quiescent SC Populations

Regulate Commitment. Like virtually almost all stem cell types,

quiescent SCs are not a homogeneous population, as revealed

in elegant transgenesis and cell-tracking/labeling analyses

(Chakkalakal et al., 2012; Kuang et al., 2007; Rocheteau et al.,

2012). Studies from the Tajbakhsh lab showed metabolic differ-

ences between quiescent SC subpopulations, which are also

linked to different cell-cycle entry kinetics (Rocheteau et al.,

2012). Analysis of an SC subset expressing high levels of Pax7

(Pax7hi) shows that this subpopulation has higher self-renewal

capacity and is less primed for commitment, correlating with

lower metabolic activity and mitochondrial activity than the

more myogenic Pax7Lo subpopulation. Serial transplantation

studies reveal that only Pax7hi SCs can give rise to the Pax7lo

population, suggesting a hierarchical order in which SCs with

higher ATP levels are committed to the myogenic program,

whereas a dormant population retains a potent capacity for

self-renewal (Rocheteau et al., 2012). These findings, however,

contrast with the proposal by Cerletti and colleagues suggesting

elevated SC mitochondrial activity as the likely mechanism for

the observed increase in SC transplant efficiency after a caloric

restriction (CR) regime (Cerletti et al., 2012), thus inviting further

detailed metabolic research in SCs.

SCs and HSCs: Similarities and Differences in Metabolism and

Proteostatic Mechanisms. There is a remarkable level of con-

servation in the mechanisms through which proteostasis and

metabolic status control SC and HSC function. However, the

studies described herein also highlight important differences in

theway thesemechanisms control stem cell function in both sys-

tems, which can be interpreted considering the different lifelong

activity of HSCs and SCs. Metabolic activity in the quiescent

state is the first significant distinction between HSCs and SCs.

While quiescent HSCs are mostly glycolytic, quiescence in

SCs is associated with FAO. This contrast may also account

for the distinct mechanisms through which autophagy regulates

quiescence. While in HSCs, autophagy induces quiescence by

inhibiting metabolic activation through mitochondrial degrada-

tion (Ho et al., 2017), in SCs, autophagy-mediated preservation

of the quiescent state relies on avoiding senescence by prevent-

ing excessive macromolecular damage (Garcı́a-Prat et al.,

2016b). Interestingly, basal mitophagy is a required activity in

young resting SCs. Of note, the expression of autophagy genes

depends on FoxO3a in HSCs, but not in SCs (Tang and Rando,

2014; Warr et al., 2013). Another important difference is the

use of the p-eIF2a pathway. While SCs require phosphorylation

of eIF2a and inhibition of protein translation as a mechanism to

maintain reversible quiescence (Zismanov et al., 2016), in

HSCs, activation of this pathway promotes HSC apoptosis

(van Galen et al., 2014), which may correspond to different re-

quirements of metabolic versus proteostatic control. Reflecting

different proteostatic demand, UPRER-mediated repression of

protein translation is yet another mechanism employed by SCs

to maintain quiescence, while HSCs use this branch of the
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UPRER to eliminate unfit HSCs from the stem cell population dur-

ing stress and not as a mechanism to regulate the quiescent

state (van Galen et al., 2014; Zismanov et al., 2016). In conclu-

sion, despite existing regulatory differences in HSCs and SCs,

nutrient-sensing pathways such as mTOR and FoxO regulate

UPS, autophagy, and mitophagy (and metabolism) at transcrip-

tional, translational, and post-translational levels, thus high-

lighting a circular connection among nutrient sensing, proteosta-

sis, and metabolism in adult quiescent stem cells.

Pluripotent Stem Cells: The Need for Unlimited
Proliferative and Self-Renewal Potential
Pluripotent stem cells (PSCs), unlike adult somatic stem cells,

have unlimited self-renewal capacity and the potential to give

rise to all organismal cell types. The ability of PSCs to proliferate

continuously and avoid replicative senescence, all the while

maintaining their pluripotency, requires the high-fidelity opera-

tion in these cells of a series ofmetabolic particularities and intra-

cellular quality control mechanisms, to be discussed in the

following sections.

Proteostasis and PSCs

Mechanisms Maintaining Proteomic Integrity Sustain Extensive

PSC Self-Renewal. The continuous proliferation of PSCs re-

quires an elevated translational rate, and thus treatment with

translation inhibitors blunts proliferation and compromises plu-

ripotency (Garcı́a-Prat et al., 2013; Lee et al., 2017; Vilchez

et al., 2014b). This elevated protein synthesis capacity is sup-

ported in ESCs by high expression of components of the small

subunit processome (SSUP) complex, which mediates 18S

rRNA biogenesis, and interference with specific SSUP compo-

nents greatly affects proliferative capacity (You et al., 2015). Hy-

peractive protein synthesis also requires exquisite mechanisms

of proteome quality control, and PSCs are also endowed with

elevated chaperone and proteasome activities (Vilchez et al.,

2012). For example, PSCs have high levels of the chaperone

TRiC/CCT complex components and high complex assembly

capacity, which helps in maintaining correct protein folding,

whereas this feature diminishes during their differentiation; inter-

ference with the TRiC/CCT complex causes a drop in cell plurip-

otency and an anticipated differentiation (Noormohammadi

et al., 2016; Yam et al., 2008). Similarly, heat shock chaperone

proteins (HSPs) such as HSPA1, HSP9 (also known as mortalin),

and HSP90, which also contribute to proper cytosolic protein

folding, are more highly expressed in PSCs than in their more

differentiated counterparts, endowing PSCs with the stress

response capacity required for pluripotency maintenance (Sar-

etzki et al., 2004). Surveillance mechanisms for preserving

mature protein structure in the ER, such as the UPRER, also

contribute to maintenance of pluripotency. For instance, the

UPRER protein BiP is required for pluripotency through its essen-

tial function in regulating cell viability (Luo et al., 2006), reinforc-

ing the notion that high rates of protein synthesis and exquisite

proteome quality control are both intrinsic PSC properties, and

that their decline precipitates PSC differentiation.

PSCs Possess Sophisticated Protein Elimination Mechanisms.

When the cell proteome is irreversibly compromised and the

chaperones and UPRER cannot salvage the abnormally folded

or damaged proteins, PSCs turn on pathways that drive protein

degradation, principally the UPS/proteasome and autophagy
pathways. Supporting the relevance of the UPS, human ESCs

(hESCs), compared with differentiated cells, have elevated levels

of PSMD11 (a 19S proteasome subunit that is essential for the

activity of the 26S proteasome), which results in increased over-

all proteasome assembly and function (Vilchez et al., 2012,

2014b). Similarly, the UPS components, POMP (a promoter of

proteasome maturation), Psmd14 (a deubiquitinating enzyme),

and Fbxw7 (an E3 ubiquitin ligase), are also elevated in hESCs

and are required for their proliferation as well as for induced

PSC (iPSC) reprogramming (Buckley et al., 2012; Jang et al.,

2014). The UPS also contributes to ESC functions and iPSC re-

programming by tightly controlling the concentration of key plu-

ripotency transcription factors, as demonstrated by the altered

balance between pluripotency and differentiation upon interfer-

ence with the N-Myc-targeting E3 ubiquitin ligase, Huwe1, or

treatment with proteasome inhibitors (Lee et al., 2017; Zhao

et al., 2008). Proteostasis mechanisms, therefore, are critical

for ensuring stem cell pluripotency.

Autophagy and mTORC1 Regulation of iPSC Reprogramming.

Emerging evidence also supports a key role for autophagy in

PSC biology. Early studies have found that mice lacking distinct

Atg genes are viable, despite postnatal defects, suggesting that

autophagy is dispensable in early phases of embryogenesis

(Rodolfo et al., 2016). These results suggest that loss of auto-

phagy may be compensated by induction of alternative proteo-

lytic pathways, such as the proteasome. These findings are in

line with the high UPS activity in PSCs comparedwith their differ-

entiated counterparts (Vilchez et al., 2012). Nevertheless, lack of

Atg3, Atg5, or Atg7 impairs reprogramming of murine embryonic

fibroblasts (MEFs) into iPSCs, indicating that autophagy is

required for iPSC reprogramming (Wang et al., 2013). Of note,

high levels of autophagy are also detected in early differentiation

of ESCs (Tra et al., 2011) and during iPSC differentiation, which

may be interpreted as a way to rejuvenate diseased adult so-

matic cells into their healthy counterparts (Vilchez et al., 2014a;

Zhou et al., 2014). Reprogramming is also impaired upon auto-

phagy inhibition by mTOR hyperactivation in cells lacking the

TOR kinase inhibitor Tsc2 (Panopoulos et al., 2012), suggesting

that low mTOR activity and high autophagy are needed during

somatic cell reprogramming into iPSCs. Thus, mTOR activity

may be pivotal not only for autophagy control, but also for plurip-

otency regulation, and this can be ascribed to direct control of

pluripotency regulatory factors.

Several recent studies, however, offer opposing views on

whether mTOR has a positive or negative effect on reprogram-

ming (Ma et al., 2015; Wang et al., 2013; Wu et al., 2015; Zhou

et al., 2009). The discrepancies between the studies cannot be

easily reconciled, as both use similar experimental models. Yet

as reprogramming kinetics and yield are particularly sensitive

to experimental parameters including transcription factor levels,

reagents, and protocols, they might underlie these discrep-

ancies. Further work is needed to better define the mechanisms

by which mTORC1 and autophagy/mitophagy influence mito-

chondrial mass and metabolic functions in ESC pluripotency

and somatic cell reprogramming.

Metabolism and PSCs

Preferential Glycolysis Regulation of Varying States of Pluripo-

tency. PSCs produce ATP through glycolysis, while differenti-

ating PSCs are characterized by increased mitochondrial
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content and a metabolic shift toward OxPhos activity, and

conversely, a transition from oxidative into glycolytic metabolism

promotes efficient somatic cell reprogramming to iPSCs (Folmes

et al., 2011). The functional role of glycolytic metabolism in regu-

lating pluripotency has been confirmed in hESCs (Gu et al.,

2016). The switch during PSC differentiation from glycolytic to

oxidative metabolism is evident from the high ATP and low

lactate content in somatic cells compared with ESCs (Cho

et al., 2006; Folmes et al., 2011; Panopoulos et al., 2012; Prigione

et al., 2010; Varum et al., 2011). Consistent with these notions,

stemness is promoted—and differentiation is prevented—by

glycolysis induction or OxPhos inhibition (Kondoh et al., 2007;

Varum et al., 2009), whereas interference of glycolysis regulatory

enzymes in PSCs triggers cell differentiation over time (Ro-

drigues et al., 2015). There are two main categories or states

of PSCs: ‘‘naive/ground’’ state and ‘‘primed’’ state. The former

state represents an earlier stage of pluripotency than the primed

state, which is poised for differentiation. Remodeling of energy

metabolism plays a role in the transition between naive and

primed human PSCs. EpiESCs (primed ESCs) rely principally

on glycolysis and have a low mitochondrial respiration rate,

whereas naive ESCs are highly oxidative and can transit between

OxPhos and glycolysis (Zhou et al., 2012). Glycolysis is less effi-

cient than OxPhos at ATP production, and it is not completely

understood why energy production in PSCs (particularly in the

primed state) is mainly glycolysis dependent. It is also largely un-

knownwhy the two pluripotency states use a remarkably distinct

type of metabolism. A high glycolysis activity (and low OxPhos)

might support high PSC proliferation rates by providing the

required substrates and cofactors while avoiding the ROSgener-

ation associated with oxidative metabolism, thereby protecting

the cell’s genetic and proteinaceous constituents (Ryall et al.,

2015a). The transition from ESC to EpiESC is regulated by

estrogen-related receptor (ERR), peroxisome proliferator-acti-

vated receptor-gamma coactivator 1 (PGC1) family genes, and

HIF1a, which coordinate to enhance glycolysis and suppress

OxPhos, suggesting an important role for oxygen sensing in plu-

ripotency (Varum et al., 2009; Zhou et al., 2012). This idea is

consistent with the hypoxic environment of ESCs in the blasto-

cyst inner cell mass; moreover, low oxygen promotes a switch

from mitochondrial respiration to anaerobic glycolysis (Ezashi

et al., 2005; Prasad et al., 2009). Hypoxia (and HIF1a) also in-

creases the efficiency of iPSC reprogramming and promotes

self-renewal and pluripotency maintenance (Covello et al.,

2006; Ezashi et al., 2005; Folmes et al., 2011; Forristal et al.,

2010; Mathieu et al., 2014; Mazumdar et al., 2010). Hypoxia

and HIF pathway signaling thus appear to direct stem cell fate

and function by regulating the metabolic transition toward

glycolysis.

In summary, despite the major reliance on glycolysis, OxPhos

is still required for pluripotency, although the reasons are not well

understood. This mitochondrial respiration pathmay be a source

for NAD+ to maintain the TCA cycle, whose metabolites are

employed in lipid and nucleotides synthesis. There is also a

requirement for mitochondrial-derived metabolites to regulate

the function of histone acetyltransferases (HATs) and histone de-

methylases (HDMs), thus supporting the idea that OxPhos might

also indirectly control epigenetics in PSCs (the metabolic regula-

tion of epigenetics in PSCs and adult stem cells was recently re-
600 Cell Stem Cell 20, May 4, 2017
viewed in Ryall et al., 2015a). Thus, PSCs principally rely on

glycolysis, yet maintain mitochondrial activity and require

OxPhos for differentiation.

The Role of Mitochondrial Dynamics in Stem Cell Differentiation

and Reprogramming. Mitochondrial and metabolic changes

are now considered hallmarks of stem cell differentiation.

PSCs have few mitochondria, which are located in the perinu-

clear area and are immature and globular, with poorly developed

cristae; as they differentiate, mitochondria gain mass and struc-

tural complexity, developmoremature cristae, and increase ATP

generation, in parallel with ROS production (Cho et al., 2006;

Todd et al., 2010). The reverse process during iPSC reprogram-

ming, with mitochondria transiting from more to less structural

complexity, is known as mitochondrial rejuvenation (Folmes

et al., 2011; Varum et al., 2011). The low number ofmitochondria,

immature mitochondrial structure, and mitophagy may safe-

guard PSCs from potential mitochondrial alterations, thereby

preserving stemness. Consistent with this, mitophagy is required

for robust reprogramming to iPSCs, and iPSC reprogramming is

impeded by the absence of PTEN-induced putative kinase 1

(PINK1), a protein that commits mitochondria to clearance

by mitophagy (Vazquez-Martin et al., 2016). Furthermore,

accumulating evidence supports a role in stemness for mito-

chondria dynamics, in particular fission and fusion. Repression

of the mitochondrial fission GTPase dynamin-related protein 1

(DRP1) prevents somatic cell reprogramming; DRP1-mediated

mitochondrial fission is thus important for pluripotency (Son

et al., 2013). PHB2/Prohibitin-mediated OPA1 processing (which

regulates mitochondrial fusion) has also been linked to the con-

trol of ESC pluripotency and differentiation (Kowno et al., 2014).

Notably, mitochondrial function and organization are also regu-

lated by the PSC pluripotency stage. Lowmitochondrial function

associated with primed pluripotency and regulation of one-car-

bon metabolism is maintained by the RNA-binding protein

LIN28 (Zhang et al., 2016b). EpiSCs also contain more elongated

mitochondria with more developed cristae than ESCs and

iPSCs, although these mitochondria are less mature than those

of somatic cells (Choi et al., 2015; Zhou et al., 2012). These are

not merely descriptive features, as experimental manipulation

of metabolism and mitochondrial dynamics can enhance or

reduce PSC differentiation (Folmes et al., 2011; Mandal et al.,

2011; Panopoulos et al., 2012; Pereira et al., 2013; Varum

et al., 2011; Zhang et al., 2011).

Taken together, ESC pluripotency maintenance and the

pathway to pluripotency in iPSCs both involve transient meta-

bolic changes toward glycolysis in coordination with changes

in mitochondrial structure and maturation (Figure 2). The control

of mitochondrial dynamics by mitophagy places metabolic regu-

lation by proteostatic networks at a pivotal decision point be-

tween pluripotency and differentiation.

Stem Cell Aging: Proteostasis and Metabolic
Alterations and the Potential for Rejuvenation
Because stem cells are among the most long-lived cells, their

age-related decline is a major contributor to organismal aging

and its associated diseases. Despite tissue and organ differ-

ences, the function of most stem cells declines with aging and

leads to tissue deterioration and incapacity for repair (Blau

et al., 2015; Brack and Muñoz-Cánoves, 2016; Chandel et al.,



Figure 2. Metabolic Alterations during iPSC Reprogramming and in the Distinct Pluripotent States
The scheme shows the characteristics of pluripotent stem cells (PSCs), adult quiescent stem cells (multipotent hematopoietic stem cells [HSCs] and unipotent
muscle satellite cells [SCs]), and adult activated/differentiated (somatic) cells, concerning metabolism, mitochondria, proteostasis, and nutrient-sensing intra-
cellular pathways. Common characteristics for the distinct cell types within each column are shown centrally in black, particular characteristics for the cell type
depicted in the left side of each column are shown in brown, and characteristics for the cell type depicted in the right are shown in blue. The reprogramming of
adult somatic cells into iPSCs (green arrow) is also characterized by structural, morphological, and functional changes in mitochondria, metabolism, and pro-
teostasis characteristic of pluripotency. Metabolic changes also occur in the interconversion between the two pluripotent stem cell states: naive/ground and
primed states. Despite common general metabolic and proteostatic traits in adult stem cell derivatives, distinct types of somatic cells differ in mitochondrial
metabolism, particularly in the blood system (asterisk [*], right column, indicated in brown on the left hand side).
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2016; Garcı́a-Prat et al., 2013, 2016a; Oh et al., 2014; Schultz

and Sinclair, 2016; Schwörer et al., 2016; Sousa-Victor et al.,

2014b, 2015). It is notable that four of the nine hallmarks of aging

broadly accepted by the scientific community are related to the
focus of this review (López-Otı́n et al., 2013). Stem cell exhaus-

tion, dysregulated nutrient sensing, mitochondria dysfunction,

and loss of proteostasis are common denominators of aging in

several organisms and are the major drivers of aging-associated
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pathologies such as cancer, diabetes, cardiovascular disorders,

and neurodegenerative diseases (López-Otı́n et al., 2013, 2016).

In this section, we review the major signaling pathways regu-

latingmetabolism and proteostasis implicated in the age-associ-

ated deterioration of HSCs and SCs.

Aging Associated with Reduced Ability of Stem Cells to

Protect and Rescue the Proteome

The ability to maintain a functional proteome declines during the

aging process. In cells undergoing division, mother cells retain

damaged proteins and organelles (such as mitochondria) while

generating daughter cells with pristine proteomes that retain

stem-cell-like properties (Katajisto et al., 2015). However, these

phenomena have not yet been described in actively dividing

adult stem cells in living organisms. Instead, non-dividing quies-

cent adult stem cells and post-mitotic cells hold a special

distinction for their susceptibility to age-related diseases

featuring protein and organelle aggregation (Cuervo andMacian,

2014; Garcı́a-Prat et al., 2016a; Guan et al., 2013). A decline

in the capacity of the cell to protect its proteome has been

linked to multiple age-related phenotypes and diseases, such

as Alzheimer’s, Parkinson’s, and Huntington’s disease (Guan

et al., 2013).

Baseline autophagy activity is a characteristic of G0 arrested,

quiescent young muscle stem cells. In contrast, old SCs show

defective autophagosome clearance because of decreased pro-

teolytic activity of lysosomes or an impaired ability of lysosomes

to fuse with autophagosomes. This autophagy block results in an

accumulation of toxic intracellular waste, mainly composed of

altered mitochondria, which generates high levels of ROS and

DNA damage and provokes the upregulation of p16INK4a, leading

tomuscle stem cell senescence in very old (geriatric) mice (Brack

and Muñoz-Cánoves, 2016; Garcı́a-Prat et al., 2016b; Sousa-

Victor et al., 2014a). Premature senescence also occurs by

ROS accumulation in SCs lacking Pitx2/3 (L’honoré et al.,

2014). Although it has been initially reported that HSCs increase

basal autophagy with aging (Warr et al., 2013), the same group

now reports that a fraction of the old HSC population has

reduced autophagy, accounting for changes in their metabolic

state that contribute to stem cell activation and accelerated

myeloid differentiation (Ho et al., 2017). Importantly, loss of auto-

phagy with aging in SCs results in cell-cycle arrest and cellular

senescence (Garcı́a-Prat et al., 2016b), while age-related loss

of autophagy in HSCs results in over activation (Ho et al.,

2017). One interesting interpretation of these findings is that

they may reflect differences in the dominant role of autophagy

in distinct stem cell populations. The reduced rate of SC division

makes it difficult to segregate damaged cellular components. In

this case, autophagymay work primarily as a proteostatic mech-

anism that prevents damaged macromolecules and organelles

from accumulating. By contrast, despite prolonged periods in

quiescence, HSCs have higher turnover rates, and autophagy

may act primarily as a gatekeeper of metabolic activity, prevent-

ing metabolic activation. Importantly, the consequences of ge-

netic impairments of autophagy in both cell types resemble

those of their aged counterparts, suggesting that autophagy

loss may be a common hallmark of aging in different stem cell

populations, equally amendable as a target for rejuvenation.

HSCs are also equipped with mechanisms of proteostatic con-

trol. Selective elimination of HSCs by apoptosis is mediated by
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the UPRER under stress conditions, suggesting that safeguard-

ing an intact proteome may be an important checkpoint for

HSC survival (van Galen et al., 2014). A similar checkpoint has

been reported in response to an independent type of macromo-

lecular damage, DNA damage induced by telomere shortening,

which also results in HSC senescence and apoptosis, through

similar mechanisms operating in old SCs (Wang et al., 2014).

These age-related differences may be ascribed to the ineffi-

ciency of old HSCs in nutrient uptake compared with young

HSCs, and the possibility that old HSCs may be constitutively

metabolically stressed. Autophagy-driven survival in old HSCs

indicates the need for research to determine whether autophagy

also contributes indirectly to the development of age-related

blood diseases by allowing the survival of damaged, dysfunc-

tional, or transformed HSCs that might be eliminated via

apoptosis in younger animals.

Caloric Modulation May Regulate Stem Cell

Regenerative Capacity

Nutrient-sensitive signaling pathways that regulate the quies-

cence-proliferation balance in adult stem cells also regulate their

aging, and they do so in part by providing increased stability to

the proteome. ThemTOR pathway has been convincingly shown

to promote aging in various model organisms, and in addition, its

inhibition later in life can significantly extend lifespan and miti-

gate multiple age-related diseases. CR (dietary restriction

without malnutrition) delays age-related pathologies and in-

creases lifespan in diverse species, partially by preserving

stem cell numbers or function (Signer and Morrison, 2013). CR

prevents the decline in HSC and SC numbers during aging

(Chen et al., 2003; Ertl et al., 2008). A short CR regime (40%

reduction of ad libitum food intake in mice) can enhance the

regenerative capacity of old SCs transplanted into recipient

mice, an effect associated with increasedmitochondrial content,

oxygen consumption, and SIRT1 expression (Cerletti et al.,

2012). However, the molecular pathways implicated in this CR-

induced beneficial effect in SCs and HSCs remain so far un-

known. Further evaluation of the induction of protein/organelle

homeostasis pathways, such as how autophagy and mTOR

function in such regimes as final downstream effectors, would

be interesting avenues of investigation. Consistent with this,

treatment of aged mice with rapamycin, an mTOR inhibitor, pre-

vents the entry of SCs into senescence by restoring autophagy

(Garcı́a-Prat et al., 2016b). Similar to the beneficial effect of CR

in old SCs, rapamycin restores the self-renewal and hematopoi-

etic potential of aged HSCs (Chen et al., 2009). Furthermore,

treatment with the NAD+ precursor nicotinamide riboside (NR),

which is required for SIRT1 activity, induces the mitochondrial

UPRmt, resulting in rejuvenation of SCs and preventing their entry

into senescence (Sousa-Victor et al., 2014a; Zhang et al., 2016a).

Moreover, a direct connection between mitochondrial status

and regulation of HSC function with aging is provided by

SIRT7. Aged HSCs have low SIRT7 expression and show similar

biological defects to HSCs with engineered SIRT7 deficiency,

including elevated accumulation of misfolded proteins and an

inability to reconstitute the hematopoietic system of recipient

mice, demonstrating not only that SIRT7 drives a regulatory

branch of the UPRmt, but also that its reduction accounts for

the age-associated functional decline of HSCs (Mohrin et al.,

2015; Wrighton, 2015). Interventions that increase NAD+ levels



Figure 3. Metabolic and Proteostatic Dysfunction during Adult Stem Cell Aging and Potential Rejuvenating Strategies
As organisms age, their stem cells show failure in their intrinsic functional properties, such as quiescencemaintenance and self-renewal capacity, which results in
defective tissue regeneration in response to stress or damage. This age-associated stem cell failure is largely attributed to alterations in metabolism, faulty
mitochondrial activity, and impaired proteostasis (in particular, impaired autophagy). This leads to accumulation of intracellular waste and proteotoxicity. Several
nutritional and pharmacological regimes have been shown to restore proteostasis and hence revert stem cell function in old mice (i.e., stem cell rejuvenation). The
pathways/molecules depicted refer principally to adult quiescent HSCs and SCs.
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and UPRmt activity, including direct treatment with NR, may

improve function of aged HSCs, as they do in old SCs (Zhang

et al., 2016a). Further research is needed to define the mecha-

nisms underlying the aging-associated decline of adult stem

cells and will facilitate the development of interventions to

improve human health and longevity (Longo et al., 2015; Neves

et al., 2017; Sacco and Puri, 2015).

PSCs and Adult Stem Cells: Commonalities and

Differences in Their Proteostatic, Metabolic, and

Anti-aging Strategies

The specific purpose of each cell type may determine differ-

ences in metabolism and proteostasis and how aging impacts

their metabolic and protein/organelle clearance processes.

PSCs do not undergo replicative senescence; thus, they have

high levels of proteasome components and activity compared

to their downstream progeny. Increased proteasome activity in

PSCs may be necessary to avoid senescence and maintain an

intact proteome for self-renewal. Furthermore, ESCs exhibit

higher autophagy activity during early differentiation. These re-

sults suggest that increased proteolytic systemsmaintain plurip-

otency and immortality in PSCs, but they may also be needed

during the early stages of differentiation to eliminate damaged

organelles/proteins that might alter the function and induce

senescence in the downstream lineages and, therefore, provoke

aging. Once the cells are differentiated, their proteolytic potential

is diminished and further reduced by the impact of aging. Never-

theless, like PSCs, adult stem cells require proteolytic machin-
eries to prevent intracellular waste accumulation and maintain

stemness. The requirement of autophagy by adult SCs to avoid

senescence entry is particularly reminiscent of PSCs, despite

being stem cells with radically different proliferative demands.

It is also worth noting how nutrient-sensing pathways that help

to preserve stemness in quiescent adult stem cells, and that

act as anti-aging agents (and even mediate the beneficial effects

of CR rejuvenating regimes), are also needed to preserve

PSC function and facilitate nuclear reprograming of somatic

into iPSCs.

Similarly to PSCs, the reliance of quiescent HSCs on glycolysis

may be regarded as a method to minimize the accumulation of

damaging ROS. Like PSCs, HSCs maintain a low mitochondrial

metabolic activity and rely on glycolysis during quiescence, but

depend on OxPhos for activation and differentiation. This con-

trasts with SCs, which require lipid metabolism for quiescence

preservation and are metabolically reprogramed to glycolysis

for activation and expansion. The lack of increase in oxygen con-

sumption in activated SCs, despite mitochondrial biogenesis, is

also reminiscent of that observed during the shift from the naive

ESCs to the primed state of EpiSCs. Whether the mechanisms

underlying this imbalance between mitochondrial density and

OxPhos are similar between PSCs and SCs deserves further

investigation.

Declining proteostasis and mitochondrial/metabolic dysfunc-

tion are two of the hallmarks of aging, and together drive a third,

stem cell exhaustion (Figure 3). A better understanding of PSC
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proteostasis and metabolism will thus help to reveal why these

processes decay with aging, as well as ways to combat them

in new rejuvenation strategies.

Conclusion
Recent advances implicate energy metabolism, mitochondrial

dynamics, and proteostasis networks in the preservation of

stemness and the modulation of cell-fate decision making.

Although ESCs and adult quiescent stem cells differ extensively

in their proliferative and differentiating demands, commonmeta-

bolic and proteostatic networks are emerging as underlying reg-

ulators of their dynamic states, with subtle differences to meet

their distinct status and functional needs (Figure 2).

Stem cells are among the longest-living cells in an organism,

and stem cell aging is therefore a highly relevant driver of organ-

ismal aging, health, and longevity. Although phenotypes and

mechanisms vary widely, the function of most stem cell popula-

tions declines with age. Greater understanding of the metabolic

and proteostatic changes occurring with stem cell aging and its

reversal may one day permit interventions to rejuvenate tissues,

and thus improve quality of life (Figure 3). Future research to

compare the proteostatic and metabolic programs in ESCs,

adult stem cells, and differentiated cells, and their interconnec-

tions, will expand our understanding of how proteostatic and

metabolic reprogramming control the identity and function of

distinct stem cell types. Identifying interventions, such as die-

tary regimes, to modulate these intracellular clearance and

metabolic mechanisms or promote somatic cell reprogramming

without triggering negative effects will be clinically relevant to

the treatment of age-related diseases and to regenerative

medicine.
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Kohli, L., and Passegué, E. (2014). Surviving change: the metabolic journey of
hematopoietic stem cells. Trends Cell Biol. 24, 479–487.

Kondoh, H., Lleonart, M.E., Nakashima, Y., Yokode, M., Tanaka, M., Bernard,
D., Gil, J., and Beach, D. (2007). A high glycolytic flux supports the proliferative
potential of murine embryonic stem cells. Antioxid. Redox Signal. 9, 293–299.

Kowno, M., Watanabe-Susaki, K., Ishimine, H., Komazaki, S., Enomoto, K.,
Seki, Y., Wang, Y.Y., Ishigaki, Y., Ninomiya, N., Noguchi, T.A., et al. (2014).
Prohibitin 2 regulates the proliferation and lineage-specific differentiation of
mouse embryonic stem cells in mitochondria. PLoS ONE 9, e81552.

Kuang, S., Kuroda, K., Le Grand, F., and Rudnicki, M.A. (2007). Asymmetric
self-renewal and commitment of satellite stem cells in muscle. Cell 129,
999–1010.
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