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Autophagy is a fundamental cell survival mechanism that allows cells to adapt to
metabolic stress through the degradation and recycling of intracellular components to
generate macromolecular precursors and produce energy. The autophagy pathway is
critical for development, maintaining cellular and tissue homeostasis, as well as immunity
and prevention of human disease. Defects in autophagy have been attributed to cancer,
neurodegeneration, muscle and heart disease, infectious disease, as well as aging.
While autophagy has classically been viewed as a passive quality control and general
house-keeping mechanism, emerging evidence demonstrates that autophagy is an
active process that regulates the metabolic status of the cell. Adult stem cells, which
are long-lived cells that possess the unique ability to self-renew and differentiate into
specialized cells throughout the body, have distinct metabolic requirements. Research
in a variety of stem cell types have established that autophagy plays critical roles in
stem cell quiescence, activation, differentiation, and self-renewal. Here, we will review
the evidence demonstrating that autophagy is a key regulator of stem cell function
and how defective stem cell autophagy contributes to degenerative disease, aging and
the generation of cancer stem cells. Moreover, we will discuss the merits of targeting
autophagy as a regenerative medicine strategy to promote stem cell function and
improve stem cell-based therapies.
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AUTOPHAGY: A FUNDAMENTAL CELL SURVIVAL MECHANISM

Autophagy is a fundamental cellular process by which cells sequester intracellular constituents,
including organelles and proteins, that are delivered to lysosomes for degradation and recycling
of macromolecule precursors (Galluzzi et al., 2017). The process of autophagy is evolutionarily
conserved from yeast to mammals and serves as an essential adaptation mechanism to provide
cells with a source of energy during periods of nutrient deprivation and metabolic stress. Under
homeostatic conditions, cells maintain a constitutive basal level of autophagy as a method
of turning over cytoplasmic content. Autophagy can also be induced in response to cellular
stresses such as nutrient deprivation, oxidative stress, DNA damage, endoplasmic reticulum stress,
hypoxia, and infection.

The term autophagy, which literally translates to “self-eating” was invented by Christian de Duve
in 1963 to describe the presence of double-membraned vesicles containing cytoplasmic constituents
within the cell (Klionsky, 2008; Yang and Klionsky, 2010). These vesicles that encapsulate
cytoplasm, organelles and proteins, are known as autophagosomes and are the phenotypic

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 March 2020 | Volume 8 | Article 138

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.00138
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.00138
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.00138&domain=pdf&date_stamp=2020-03-04
https://www.frontiersin.org/articles/10.3389/fcell.2020.00138/full
http://loop.frontiersin.org/people/750751/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00138 March 2, 2020 Time: 20:46 # 2

Chang Autophagy and Stem Cells

hallmark of macroautophagy, the most prevalent and extensively
characterized form of autophagy. Macroautophagy, which is the
focus of this review, will hereby be referred to as autophagy.

Autophagy is a multi-step process of sequential events
including induction, nucleation of a phagophore structure,
maturation of the autophagosome, autophagosome fusion with
the lysosome, and the degradation and recycling of nutrients
(Figure 1) (Mizushima, 2007). The execution of autophagy is
dependent on the formation of several key protein complexes and
two ubiquitin-like conjugation steps. Initial studies performed to
characterize key players in the autophagy pathway were carried
out in yeast and identified a family of autophagy-related genes,
referred to as Atg, which encode for autophagy effector proteins
(Tsukada and Ohsumi, 1993).

Autophagy is negatively regulated by the nutrient-sensing
mammalian target of rapamycin (mTOR) kinase, a master
regulator of cellular growth and metabolism. Under nutrient-
rich conditions, mTOR inhibits autophagy by preventing
the formation of the autophagy initiation ULK1 Ser/Thr
kinase protein complex. mTOR represses autophagy by direct
phosphorylation of ULK1 (the mammalian ortholog of yeast
Atg1) at serine residue (Ser) 757. Phosphorylation of ULK1
by mTOR at this site prevents ULK1 from interacting with
a second master regulator of metabolism, the energy-sensing
AMP-activated protein kinase (AMPK) (Kim et al., 2011).
AMPK induces autophagy by alleviating the negative regulation
by mTOR through the phosphorylation and activation of
TSC2 (Inoki et al., 2003), an upstream negative regulator
of mTOR, and via direct phosphorylation of Raptor (Gwinn
et al., 2008), a subunit of the mTOR complex. Additionally,
AMPK induces the formation of the ULK1 complex through
direct phosphorylation of ULK1 at Ser 317 and Ser 777,
which result in the activation of ULK1 kinase activity
(Kim et al., 2011).

Following activation, ULK1 phosphorylates several
downstream targets to initiate the autophagic process. Formation
of the ULK1 multi-protein complex requires ULK1-mediated
phosphorylation of ATG13 and the scaffold protein FIP200, thus
resulting in the assembly of the ULK1-ATG13-FIP200-ATG101
complex (Jung et al., 2009; Zachari and Ganley, 2017). The
ULK1 complex translocates to sites of autophagosome initiation,
where it is responsible for the activation of a second essential
autophagy effector protein complex, the phosphatidylinositol
3-kinase (PI3K) complex.

The PI3K complex is made up of the proteins VPS34,
VPS15, Beclin 1, ATG14L, and AMBRA1. VPS34, a class III
PI3K, is responsible for producing the phosphatidylinositol
3-phosphate (PI(3)P) that is required for autophagosome
formation (Simonsen and Tooze, 2009). Enrichment in PI(3)P
at specialized sites form the initiating autophagosome structure,
known as the omegasome (Axe et al., 2008). The omegasome
serves as a membrane platform, that remains in contact
with the endoplasmic reticulum and with vesicles containing
the transmembrane autophagy protein ATG9, to recruit the
necessary subsequent core autophagy machinery that drive
elongation of the autophagosome membrane (Orsi et al.,
2012; Karanasios et al., 2016). The haploinsufficient tumor

suppressor and critical autophagy effector protein Beclin 1
(the mammalian ortholog of yeast Atg6) is also a key
member of the PI3K complex, and can regulate autophagy
through its ability to interact with members of the anti-
apoptotic BCL-2 family (Yue et al., 2003; Pattingre et al.,
2005). BCL-2 directly interacts with Beclin 1 to negatively
regulate autophagy, a process that is mediated by the BCL-
2 adapter protein CISD2/NAF-1 at the endoplasmic reticulum
(Chang et al., 2010).

Elongation of the autophagosome membrane is dependent
on two ubiquitin-like conjugation steps (reviewed in Geng
and Klionsky, 2008). The first involves the conjugation
of the ubiquitin-like protein ATG12 to ATG5, which
is catalyzed by ATG7 and ATG10. The ATG12-ATG5
conjugate forms a multi-protein complex with ATG16L1
and functions as an E3-like ligase. The second conjugation
step is mediated by ATG7 and ATG3, which together with
the ATG5-ATG12:ATG16L1 complex are responsible for
conjugating phosphatidyl-ethanolamine to microtubule-
associated protein 1 light chain 3 beta (MAP1LC3B, also
known as LC3B), which has been proteolytically cleaved
by ATG4 (LC3-I). Lipidated LC3B (referred to as LC3-II)
is incorporated into the autophagosome membrane during
elongation and is commonly used as an experimental
marker to detect and quantify autophagosomes within cells
(Kabeya et al., 2000).

Mature autophagosomes carrying cytoplasmic cargo are
trafficked to lysosomes, and subsequent autophagosome-
lysosome fusion is mediated by the Rab family of
small GTPases, SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins, and
membrane tethering proteins (reviewed by Nakamura and
Yoshimori, 2017). The contents of the autophagolysosome
are degraded by lysosomal acidic hydrolases and are
exported back to the cytoplasm to be reused for
metabolic processes.

THE PHYSIOLOGICAL IMPORTANCE OF
AUTOPHAGY

Autophagy plays critical roles during embryonic development
and is essential for maintaining cell survival, tissue homeostasis,
and immunity. Importantly, dysfunctional autophagy has
been linked to cancer, infectious diseases, neurodegeneration,
muscle and heart diseases, as well as aging (Levine and
Kroemer, 2008). Accumulating evidence demonstrates that
autophagy is also critical for stem cell function. Adult stem
cells are long-lived cells that are capable of undergoing
differentiation to maintain tissue homeostasis and contribute
to tissue repair, while also possessing the capacity for self-
renewal to support the life-long maintenance of the stem
cell reservoir. This review will focus on the emerging role of
autophagy specifically in somatic stem cells (Figure 2) and
discuss the merits of targeting autophagy as a therapeutic
strategy for modulating stem cell function in regenerative
medicine (Figure 3).
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FIGURE 1 | The autophagy program. Autophagy is negatively regulated by mTOR and positively regulated by AMPK. Activation of autophagy involves the formation
of the ULK1 and PI3K protein complexes. Nucleation of the autophagosome structure involves the generation of PI(3)P at the omegasome. Maturation and
elongation of the autophagosome membrane involves two ubiquitin-like conjugation steps, the conjugation of ATG12 to ATG5 and the conversion of LC3 I to LC3 II.
Fully formed autophagosomes fuse with lysosomes to degrade their intracellular content and recycle macromolecule components.

FIGURE 2 | Summary of the role of autophagy in stem cell biology. In various
stem cell systems, autophagy plays a critical role in stem cell maintenance.
Autophagy regulates mitochondrial content to adapt to the metabolic
requirements of the cell. Autophagy prevents accumulation of damaged
mitochondria and the production of reactive oxygen species (ROS).
Autophagy protects cells against metabolic stress and prevents genome
instability, cell death and senescence. Through its ability to regulate epigenetic
and metabolic programs, autophagy can also influence cell fate and regulate
stem cell quiescence, activation, differentiation, and self-renewal.

HEMATOPOIETIC STEM CELLS

Adult hematopoietic stem cells are multipotent stem cells
residing in the bone marrow that give rise to both myeloid
and lymphoid lineages to generate blood cells, a process
termed hematopoiesis. Hematopoiesis supports the life-long
daily generation of blood cells within the circulation that
are in constant turnover. Thus, hematopoiesis is a highly
orchestrated process that is required to maintain a balance

FIGURE 3 | Targeting autophagy in stem cells. Inducing autophagy may
improve aged stem cell function, promote reprogramming of somatic cells into
induced pluripotent stem cells (iPSC), facilitate direct conversion of somatic
cells into tissue specific stem cells, and improve stem cell transplantation
therapies. In contrast, inhibiting autophagy in cancer stem cells may be a valid
strategy to eliminate tumor initiating cells and prevent cancer treatment
resistance.

between hematopoietic stem cell quiescence, activation, and
differentiation. Importantly, perturbations in the regulation
of hematopoiesis underlie blood disorders such as anemia
(characterized by the loss of red blood cells) and leukemia
(blood cancer caused by elevated numbers and defective
maturation of leukocytes).

There are multiple lines of evidence supporting an essential
role for autophagy in the maintenance and function of
hematopoietic stem cells. Deletion of Atg7 in the hematopoietic
system resulted in a significant reduction in hematopoietic stem
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cells and progenitors of multiple lineages, indicating a critical
role for autophagy in the maintenance of the hematopoietic stem
cell compartment. Additionally, Atg7-deficient hematopoietic
stem cells exhibited an accumulation of damaged mitochondria,
increased levels of reactive oxygen species (ROS), and DNA
damage (Mortensen et al., 2011).

Quiescent hematopoietic stem cells exhibit low oxidative
phosphorylation levels and switch to a high oxidative
phosphorylation metabolic state following their activation
(Yu et al., 2013). Upon deletion of Atg12 in hematopoietic
stem cells, Ho et al. (2017) observed increased mitochondrial
content accompanied by an activated metabolic state and
enhanced myeloid differentiation, features that resemble an
aging phenotype. Moreover, Atg12-deficient hematopoietic stem
cells exhibited impaired self-renewal and regenerative potential,
as determined by transplantation experiments. These findings
indicate that autophagy plays an essential role in removing
activated mitochondria as a mechanism for controlling oxidative
metabolism to maintain hematopoietic stem cell quiescence
and self-renewal. Interestingly, autophagy-dependent metabolic
activation was linked to epigenetic reprogramming, as detected
by changes in the DNA methylation profile of Atg12-deficient
hematopoietic stem cells. Thus, basal autophagy is an important
mediator of hematopoietic stem cell fate determination by
controlling epigenetic-mediated mitochondrial content and
metabolism (Ho et al., 2017).

While basal autophagy contributes to stem cell maintenance,
hematopoietic stem cells are also capable of inducing the
autophagy program in response to metabolic stress as a protective
mechanism to prevent cell death. Hematopoietic stem cells
express high levels of FOXOA3 (Warr et al., 2013), a transcription
factor that targets and activates the transcription of pro-
autophagy genes upon induction of the autophagy program
(Mammucari et al., 2007). By maintaining high levels of
FOXOA3, hematopoietic stem cells are poised for the rapid
induction of autophagy genes in response to metabolic stress
(Warr et al., 2013). In agreement with these results, Foxo3a-
null aged mice exhibit a reduced hematopoietic stem cell
pool, and loss of FOXOA3 results in impaired self-renewal
capacity and defective maintenance of stem cell quiescence
(Miyamoto et al., 2007).

In the context of aging, basal autophagy was found to be
increased in a subset (around 30%) of aged hematopoietic stem
cells compared to their younger counterparts (Ho et al., 2017).
Augmented autophagy in a population of aged hematopoietic
stem cells is attributed to the need for maintaining life-long
survival of old hematopoietic stem cells within the aging bone
marrow stem cell niche and conditions of reduced nutrient
availability (Warr et al., 2013). It will be interesting to investigate
why aged hematopoietic stem cells exhibit heterogeneity
with respect to autophagic activity and to understand why
hematopoietic stem cells have evolved an augmented autophagy
response to aging in contrast to the dampened autophagy
observed in other tissues (Rubinsztein et al., 2011).

Additionally, defective autophagy in the hematopoietic stem
cell compartment can contribute to blood diseases. Defects
in erythropoiesis, the process of generating red blood cells

(erythrocytes), result in anemia, a blood condition that
is characterized by the reduction of red blood cells. In
erythroblasts, the autophagy pathway is critical for the selective
clearance of mitochondria during erythroid differentiation. In
a hematopoietic specific and inducible Atg7 knockout mouse
model (Vav-iCre:Atg7fl/fl), loss of Atg7 resulted in severe anemia
and eventual lethality at 8–14 weeks of age (Mortensen et al.,
2010). Moreover, in an inflammatory cytokine-induced model
of anemia in human hematopoietic stem/progenitor cells, it was
found that TNFα-induction of anemia occurs via inhibition of
autophagy in an mTOR-dependent manner (Orsini et al., 2019).
Of note, not all hematopoietic lineages were equally affected by
the loss of autophagy, suggesting distinct mechanisms in which
autophagy contributes toward hematopoietic differentiation
(Mortensen et al., 2010; Rožman et al., 2015).

NEURAL STEM CELLS

Somatic neural stem cells are multipotent self-renewing stem
cells that reside in distinct niches within the subventricular
zone of the lateral ventricles and subgranular zone of the
hippocampal dentate gyrus of the adult brain. The progeny of
neural stem cells, termed neural progenitor cells, can proliferate
and differentiate into the three main cell types of the nervous
system; neurons, astrocytes, and oligodendrocytes. While the
importance of autophagy during embryonic development of the
nervous system has been well-documented (reviewed in Boya
et al., 2018; Casares-Crespo et al., 2018), the contribution of
autophagy in adult neural stem cells and postnatal neurogenesis
remain less well-defined. Of note, there is a lack of animal studies
that employ genetic deletion of autophagy genes specifically
in postnatal neural stem cells. Studies examining the impact
of autophagy on the adult neural stem cell population have
utilized animal models where the deletion of autophagy genes was
performed during development. This makes it difficult to discern
the effects of autophagy loss during postnatal neurogenesis that is
independent from effects of autophagy loss in the embryo.

Similar to hematopoietic stem cells, transcriptional regulation
of the autophagy program in neural stem cells is mediated by
the transcription factor FOXO3. In Foxo3-deficient neural stem
cells, defective autophagy results in the accumulation of protein
aggregates (Audesse et al., 2019). Interestingly, another study
found that lysosome-associated genes are highly upregulated
in quiescent neural stem cells in contrast to activated neural
stem cells that express high levels of proteasome-associated
genes (Leeman et al., 2018). During quiescence, neural stem
cells were found to contain an abundance of large lysosomes
that contained insoluble protein aggregates. Inhibiting lysosome
function resulted in the accumulation of these aggregates and
impaired stem cell activation in response to growth factors.
In contrast, activation of the autophagy pathway resulted in
the clearance of protein aggregates and enhanced stem cell
activation. Aged quiescent neural stem cells exhibited reduced
lysosome content, increased amounts of protein aggregates and
impaired stem cell activation that was reversible upon induction
of lysosome activity. This study highlights the importance of
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lysosome-mediated protein degradation mechanisms (such as
autophagy) in neural stem cells and also suggests a physiological
role for protein aggregates in healthy neural stem cells (Leeman
et al., 2018). It will be interesting to see if other stem cell systems
exhibit similar protein aggregate content and lysosome dynamics
in the transition between quiescence and activated states.

Also similar to the hematopoietic system, there is evidence
supporting a role for mitochondria in the regulation of neural
stem cell fate. While in hematopoietic stem cells, autophagy
is critical for clearing metabolically active mitochondria to
maintain quiescence (Ho et al., 2017), the role of mitochondria
in neural stem cells is focused on the regulation of ROS-mediated
signaling (Khacho et al., 2016). In neural stem cells, elongated
mitochondria regulate self-renewal by maintaining low levels of
ROS. During stem cell activation, the mitochondria transition to
a fragmented state resulting in increased levels of ROS, which
subsequently induce a gene expression signature that inhibits
self-renewal while promoting commitment and differentiation
(Khacho et al., 2016). Further studies are required to determine
if autophagy, or even mitophagy (the selective autophagic
degradation of mitochondria), plays a role in modulating the
switch in mitochondrial dynamics between self-renewing and
differentiating neural stem cells.

In another study, FIP200, a component of the ULK1-
autophagy activating complex was deleted in neural stem cells
in mice using GFAP-Cre, where expression of Cre recombinase
is under the control of human glial fibrillary acidic protein
(GFAP). Developmental deletion of FIP200 resulted in increased
mitochondrial content and ROS levels in postnatal neural stem
cells, which lead to progressive depletion of the adult neural stem
cell pool (Wang C. et al., 2013). Intriguingly, the same group
deleted the autophagy genes Atg5 and Atg16L1 using the same
GFAP-Cre deletion strategy and found no impact on neural stem
cell maintenance (Wang et al., 2016).

With respect to differentiation, in vitro neurosphere assays
with FIP200-null neural progenitor cells indicated defects
in self-renewal and neural differentiation (Wang C. et al.,
2013). Moreover, GFAP-mediated deletion of FIP200 resulted
in increased infiltration of microglia immune cells into the
subventricular zone, which inhibited differentiation of neural
stem cells. Thus, in addition to a cell autonomous role for
FIP200 in neural stem cells, FIP200 also influences neural
differentiation via extrinsic mechanisms to restrict microglia
infiltration (Wang et al., 2017). Additional in vitro studies in
primary rat hippocampal neural stem cells have indicated that
autophagic flux increases during neural differentiation. Depletion
of the autophagy genes Atg7, LC3, and p62 using lentiviral
shRNA and CRISPR/Cas9 approaches had an inhibitory effect
on astrogenesis (Ha et al., 2019). These results collectively
demonstrate that autophagy plays a contributing role in neural
differentiation.

In addition, autophagy has also been shown to promote
survival and prevent cell death in neural stem cells. Adult
neural stem cells isolated from Ambra1 and Beclin1 heterozygous
mice exhibited reduced cell survival and impaired neural
differentiation in vitro (Yazdankhah et al., 2014). Additional
studies using a retroviral strategy to delete Atg5 in dividing

neural progenitor cells in the adult brain found that Atg5 is
critical for the survival of proliferating neural progenitor cells.
Loss of Atg5 in neural progenitor cells resulted in cell death
that was dependent on the expression of BAX, a pro-apoptotic
member of the BCL-2 family. Interestingly, the subpopulation
of Atg5-null progenitor cells that survive are able to undergo
differentiation and generate functional neurons despite a delay
in their maturation (Xi et al., 2016).

Of note, although autophagy is typically viewed as a survival
mechanism, induction of autophagy can also result in cell death.
Primary rat hippocampal neural stem cells undergo autophagic
cell death in response to metabolic stress induced by insulin
withdrawal and oxygen-glucose deprivation in vitro (Ha et al.,
2017; Chung et al., 2018). Additionally, autophagy-mediated
cell death programs also occur in vivo in mice subjected
to chronic restraint stress. Neural stem cells are protected
against autophagy-mediated cell death in mice where Atg7 is
conditionally deleted (using a Nestin-CreERT2:Atg7fl/fl mouse
model) (Jung et al., 2020). Thus, the contribution of autophagy
in neural stem cells can be beneficial and detrimental depending
on the context in which autophagy is being induced.

Dysfunctional autophagy has been shown to contribute
to the development of neurodegenerative diseases, including
Alzheimer, Parkinson and Huntington disease (reviewed in
Menzies et al., 2015). In the absence of autophagy, persistence and
defective clearance of misfolded proteins and protein aggregates
result in progressive neurodegeneration. The contribution
of autophagy in neural stem cells within the context of
neurodegeneration is not well-understood. Loss of either Atg5
or Atg7 in neural cells under the control of the Nestin
promoter (Nestin-Cre) were shown to cause neurodegenerative
disease in mice (Hara et al., 2006; Komatsu et al., 2006). As
these models perturb the autophagy pathway during embryonic
neural development, it will be critical to determine how
disrupting autophagy in postnatal neural stem cells contributes
to neurodegeneration during adulthood, which would be more
relevant to aging-related neurodegeneration. Understanding the
role of autophagy in adult neural stem cells is essential for
the development of strategies that aim to simulate endogenous
repair mechanisms within the neural stem cell and progenitor
population for the treatment of neurodegenerative diseases.

MUSCLE STEM CELLS

In skeletal muscle tissue, muscle homeostasis and regeneration
are mediated by resident muscle stem cells, which are also known
as satellite cells. Short-term caloric restriction in mice was found
to increase satellite cell number and improve muscle regeneration
and satellite cell transplantation efficiency (Cerletti et al., 2012),
suggesting that nutrient deprivation-induced autophagy may
enhance muscle stem cell function.

In stark contrast to stem cells in the hematopoietic system,
aged muscle cells were reported to have impaired basal autophagy
levels. Using GFP-LC3 mice, quiescent satellite cells from young
mice were found to exhibit robust levels of autophagic flux
which was reduced in an age-dependent manner in satellite cells
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from old and geriatric mice (García-Prat et al., 2016). Moreover,
stimulating autophagy in old satellite cells improved stem cell
function, as determined by transplantation and engraftment
assays, and prevented aging-induced entry into senescence.
Genetic deletion of Atg7 in satellite cells resulted in a loss of
the satellite cell pool, indicating that autophagy is important for
quiescent satellite cell maintenance. Residual satellite cells were
found to express markers of senescence and DNA damage, which
resembled an aging phenotype, and were unable to participate
in muscle regeneration. Atg7-deficient satellite cells, similar to
old satellite cells, exhibited defective mitophagy and increased
levels of ROS. Altogether, these results indicate that autophagy in
muscle stem cells is required to prevent stem cell senescence and
that inducing the autophagic pathway may improve muscle stem
cell function in the context of aging (García-Prat et al., 2016).

Of note, autophagy genes in muscle stem cells were found
to be expressed in an oscillatory fashion, expressing higher
levels of autophagy and lysosome markers during the day
compared to at night. The rhythmic expression of autophagy
genes is abrogated in aged muscle stem cells, which can be
rescued by subjecting mice to a caloric restriction diet (Solanas
et al., 2017). Intriguingly, supplementing nicotinamide adenine
dinucleotide (NAD+) in the diet of aged mice lead to an
improvement in aged muscle stem cell function and increased
life span. NAD+ repletion enhanced mitochondrial function and
prevented muscle stem cell senescence (Zhang H. et al., 2016). It
will be interesting to examine if NAD+-mediated improvement
in muscle stem cell function occurs via stimulation of the
autophagy pathway.

On a different note, another study reported that autophagy
is induced during satellite cell activation (Tang and Rando,
2014) to help satellite cells adapt to the increased metabolic
demands associated with the switch from quiescence to activation
(reviewed by Nguyen J.H. et al., 2019). In contrast to the study
by García-Prat and colleagues, Tang and colleagues also used
GFP-LC3 mice and reported undetectable levels of autophagic
flux in quiescence satellite cells and increased autophagic flux
in activated satellite cells. Notably, Tang and colleagues also
found that inhibition of autophagy lead to a delay in satellite
cell activation and did not result in permanent cell cycle arrest.
The delay in cell cycle entry was attributed to insufficient
ATP levels to support the cellular energy demands associated
with stem cell activation (Tang and Rando, 2014). In another
study, Fiacco and colleagues performed immunostaining for the
autophagy marker LC3 on muscle cross-sections and were unable
to detect LC3 expression in resting muscle. Following muscle
damage, however, they observed an induction in LC3 expression
in regenerating muscle. LC3 immunostaining in combination
with myogenic markers for commitment and self-renewal
revealed that committed myogenic progenitors (expressing the
myogenic commitment factor MYOD) were mostly positive for
LC3 expression and not the self-renewing population (PAX7-
expressing cells), suggesting that autophagy plays a contributing
role during myogenic differentiation (Fiacco et al., 2016). Thus,
further investigation is required to resolve these contrasting and
potentially overlapping results concerning the role of autophagy
in muscle stem cell biology.

Muscle stem cell dysfunction is one of the contributing factors
in Duchenne muscular dystrophy (Dumont et al., 2015; Chang
et al., 2018), a severely debilitating muscle degenerative disease
that results from the genetic loss of the dystrophin gene Dmd
(reviewed in Chang et al., 2016). Impaired autophagy has been
reported in muscles from both dystrophic mouse models and
Duchenne muscular dystrophy patients (Spitali et al., 2013;
Fiacco et al., 2016). Although there is some indication that the
expression of LC3 is reduced in committed myogenic progenitors
in muscle biopsies from Duchenne muscular dystrophy patients
(Fiacco et al., 2016), it remains unclear how autophagy
is impaired specifically in the dystrophic muscle stem cell
population and how this may contribute to disease progression.

INDUCED PLURIPOTENT STEM CELLS

Cellular reprogramming of differentiated somatic cells into
undifferentiated pluripotent stem cells has been made possible
through the pioneering work of Shinya Yamanaka. Ectopic
expression of the pluripotency transcription factors Oct4,
Sox2, Klf4, and c-Myc permits the resetting of somatic cells
into undifferentiated cells that resemble embryonic stem cells,
termed induced pluripotent stem cells (iPSCs) (Takahashi and
Yamanaka, 2006). Interestingly, autophagy has been shown
to be required for the quality and efficiency of the somatic
reprogramming process.

In particular, autophagy is upregulated during the early
stages of reprogramming, which corresponds to an inhibition
in mTOR signaling (Wang S. et al., 2013). Inhibitors of mTOR,
such as rapamycin, were found to increase the efficiency of
the reprogramming process, while activating mTOR impeded
reprogramming (Chen et al., 2011; He et al., 2012). Of
note, mTOR inhibition at later stages was found to inhibit
reprogramming, indicating that early upregulation of autophagy
is transient and its downregulation is required to complete the
reprogramming process (Wang S. et al., 2013).

It has been proposed that autophagy may promote
reprogramming by preventing cell death and cellular senescence,
which impede the reprogramming process. However, an
alternative explanation for the role of autophagy during
reprogramming may be the ability to mediate mitochondrial
remodeling. Indeed, stem cells in general have less mitochondria
than their differentiated counterparts, in accordance with a heavy
reliance on glycolysis rather than oxidative phosphorylation
for energy production in stem cells (Ito and Suda, 2014).
Metabolic transitions from oxidative phosphorylation to
glycolysis during reprogramming have also been observed
(Folmes et al., 2011). Several autophagy and mitophagy
genes play a critical role in mitochondrial homeostasis and
clearance of somatic mitochondria during reprogramming
including ATG3, PTEN-induced putative kinase 1 (PINK1),
and BCL2-interacting protein 3 like (BNIP3L) (Liu et al., 2016;
Vazquez-Martin et al., 2016; Xiang et al., 2017). However,
the molecular regulation of autophagy and/or mitophagy-
dependent remodeling during somatic reprogramming require
further elucidation.
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CANCER STEM CELLS

Cancer stem cells, also known as tumor-initiating cells, are a
subpopulation of cells within a tumor that are highly tumorigenic
and able to hyperactively self-renew and differentiate to generate
the different cell types within a heterogenous tumor (Reya et al.,
2001). Cancer stem cells were first identified in acute myeloid
leukemia (AML) as a population of cells that were able to
regenerate AML when transplanted into immune-compromised
mice (Bonnet and Dick, 1997). Since the initial discovery of
a tumor-initiating cell with self-renewing and differentiating
capabilities, cancer stem cells have been identified in many other
types of cancers including cancers of the brain, breast, lung,
pancreas, colon, ovary, and skin. A key property of cancer stem
cells is their ability to maintain a quiescent dormant state and
resist anti-cancer treatment, which is a significant contributing
factor to tumor recurrence following therapy.

The role of autophagy in cancer is complex as there is
evidence demonstrating that autophagy can both promote and
inhibit tumorigenesis (White, 2012). On one hand, autophagy has
been established as an essential cytoprotective mechanism that
safeguards cells against oncogenic stresses such as oxidative stress
and DNA damage, thus preventing chromosomal instability and
tumorigenesis. Autophagy also protects cells from undergoing
necrotic cell death and triggering inflammatory responses, which
also contribute to oncogenesis. On the other hand, cancer
cells, which are subject to conditions of hypoxia and reduced
nutrient availability, upregulate basal autophagy levels in order to
promote their own survival. Additionally, induction of autophagy
in cancer cells can also prevent the effectiveness of anti-
cancer treatment. Altogether, these findings indicate that the
contribution of autophagy in cancer is highly complex and
context-dependent.

Given the evidence demonstrating that autophagy is essential
for stem cell maintenance in multiple stem cell types (Figure 2),
it is not surprising that autophagy also plays critical roles
in cancer stem cell maintenance and function. In breast
cancer, cancer stem cells are described as a population of
CD44high/CD24−/low expressing cells that express high levels of
aldehyde dehydrogenase 1 (ALDH1). Functionally, breast cancer
stem cells possess the ability to regenerate breast cancer tumors
in vivo upon transplantation into the mammary fat pad of
immunodeficient mice and can form floating spheres, termed
mammospheres, when cultured in serum-free media in vitro (Al-
Hajj et al., 2003; Dontu et al., 2003; Ginestier et al., 2007). When
comparing breast cancer stem cell-enriched mammospheres
to heterogenous cultures of adherent breast cancer cells, one
study found that autophagic flux and Beclin 1 expression
are higher in mammospheres. As well, both proliferation and
maintenance of mammospheres were dependent on Beclin 1
expression (Gong et al., 2013). Mechanistically, a subsequent
study found that autophagy supports the survival of breast
cancer stem cells by mediating the secretion of interleukin-
6 (IL6), a cytokine that is important for breast cancer stem
cell maintenance (Maycotte et al., 2015). In transplantation
assays, depletion of Beclin 1 in breast cancer stem cells
inhibited xenograft tumor formation in immunodeficient mice.

Interestingly, Beclin1 deletion in adherent breast cancer cells
had the opposite effect. Tumor generation was enhanced upon
transplantation of Beclin 1-deleted adherent breast cancer cells
(Gong et al., 2013), which supports the role of Beclin 1 as
a general tumor suppressor (Yue et al., 2003). These distinct
differences in the requirement for Beclin1 in tumor formation in
differentiated cancer cells versus cancer stem cells may provide
an explanation as to why autophagy both promotes and inhibits
tumorigenesis in cancer.

In chronic myeloid leukemia (CML), CD34+ CML stem and
progenitor cells expressed increased levels of autophagy genes.
Specifically, ATG4B was highly upregulated at both the transcript
and protein levels, indicating that ATG4B may be a potential
biomarker and target for CML cancer stem cells. Interestingly,
leukemic stem cells that were refractory to treatment with
imatinib mesylate, a potent tyrosine kinase inhibitor, expressed
higher levels of ATG4B in comparison to cells that responded well
to imatinib. Knockdown of ATG4B impaired cell proliferation,
colony-formation capacity and cell survival of CML stem cells.
Importantly, depletion of ATG4B also sensitized CML cancer
stem cells to imatinib treatment, which indicates that inhibiting
autophagy in combination with imatinib would have therapeutic
potential in the treatment of CML (Rothe et al., 2014).

Similarly, in AML, genetic deletion of Atg5 and Atg7, delayed
tumor progression of leukemic mice and reduced the function
and survival of AML-initiating stem cells. In the absence of
autophagy, AML stem cells exhibited increased mitochondria,
enhanced levels of ROS, and a higher frequency of apoptotic
cell death. Moreover, in the absence of Atg7, in vivo treatment
of leukemic mice with the chemotherapeutic drug cytarabine,
commonly known as AraC, resulted in selective targeting of
AML-initiating cells and greatly enhanced the potency of AraC
treatment (Sumitomo et al., 2016). These findings demonstrate
that autophagy plays a critical role in cancer stem cell survival,
which contribute to cancer therapeutic resistance.

TABLE 1 | The role of autophagy in different stem cell types.

Stem cell Autophagy contribution

Hematopoietic stem cell Quiescence and maintenance

Self-renewal

Metabolism

Protection against metabolic stress

Neural stem cell Quiescence and maintenance

Self-renewal

Clearance of protein aggregates

Survival

Differentiation

Muscle stem cell Quiescence and maintenance

Prevent senescence

Activation

Metabolism

Induced pluripotent Reprogramming

stem cell Cellular remodeling

Cancer stem cell Self-renewal

Survival
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As well, a recent study found that human AML stem
cells exhibited high expression of the mitochondrial fission 1
(FIS1) protein and unique mitochondrial morphology. AML
stem cells were highly dependent on FIS1-mediated mitophagy
that is induced by constitutively active AMPK. Importantly,
disruption of either FIS1 or AMPK in AML stem cells induced
myeloid differentiation and cell cycle arrest, and greatly reduced
engraftment potential (Pei et al., 2018). Additionally, high
expression of the autophagy receptor p62 was associated with
poor prognosis in human AML. Specifically in leukemia cells, p62
interacts with damaged mitochondria to mediate their clearance
via mitophagy. Loss of p62 impaired leukemia cell proliferation
and survival, and delayed leukemia development in an AML
mouse model (Nguyen T.D. et al., 2019). These findings indicate
a specific role for mitophagy in the self-renewal and maintenance
of AML stem cells and provide the rationale for developing
compounds that target selective autophagy in leukemia.

MODULATING AUTOPHAGY IN STEM
CELLS

While it appears that targeting autophagy to inhibit the
autophagy-mediated cell survival properties in cancer stem cells
may hold promise for anti-cancer therapy, the importance
of autophagy in maintaining normal stem cell function
suggest that inducing autophagy may have therapeutic potential
for regenerative medicine (Figure 3). Certainly within the
context of aging, stimulation of autophagy via genetic and
pharmacological approaches in aged stem cells have improved
their regenerative capacity and function (García-Prat et al., 2016;
Leeman et al., 2018).

Intriguingly, few studies have examined the direct impact
of autophagy modulation in stem cell transplantation therapy.
Stem cell transplantation is an exciting approach in regenerative
medicine as it allows delivery of functional stem cells to repair the
damaged or degenerative tissue with the potential of repopulating
the stem cell niche and providing a long-term means of correcting
the degenerative phenotype. However, various limitations have
impeded the use of stem cell transplantation within the clinic
including difficulty in expanding stem cell cultures ex vivo,
poor survival of engrafted stem cells, preferred differentiation
and limited self-renewing capacity of transplanted cells, as
well as the risk of causing graft-versus-host disease. As an
example, hematopoietic stem cells isolated from human umbilical
cord blood hold tremendous potential for hematopoietic stem
cell transplantation therapy. However, widespread clinical use
of cord blood as a primary source of stem cells is limited
by the low yield of hematopoietic stem and progenitor cells
within each cord blood unit. In a recent study, ex vivo
culturing of human cord blood-derived hematopoietic stem
cells in the presence of N-(4-hydroxy-phenyl) retinamide
(4HPR), an inhibitor of the sphingolipid enzyme DEGS1,
enhanced self-renewal of a specialized population of long-term
hematopoietic stem cells (Xie et al., 2019). 4HPR treatment

increased long-term repopulating cell frequencies following serial
xenotransplantation into immune deficient mice compared to
untreated cells. Intriguingly, 4HPR-mediated improvement of
hematopoietic stem cell function was attributed to activation
of quality control proteostasis programs including autophagy
and the unfolded protein response. Thus, the identification
of compounds that can increase stem cell expansion and
simultaneously preserve stem cell self-renewing functions show
great promise for the future of stem cell transplantation
approaches (Fares et al., 2014; Xie et al., 2019).

Moreover, directed differentiation of iPSCs or direct
reprogramming from somatic cells into the various types of
tissue-specific stem cells provides the possibility of generating
an unlimited supply of stem cells. In addition, correction
of genetic defects via CRISPR/Cas9-mediated approaches in
patient cells along with reprogramming avoids the problem of
transplantation-related immune complications. Interestingly,
SMER28, a small molecule enhancer of rapamycin, which
enhances autophagy and has been shown to induce clearance
of autophagy substrates in fly models of Huntington’s disease
(Sarkar et al., 2007), was identified in a small molecule screen
to improve the efficiency of neural stem cell reprogramming
(Zhang M. et al., 2016). It will be interesting to determine
the molecular mechanism in which autophagy contributes
to reprogramming and examine the benefits of modulating
autophagy in reprogramming protocols.

CONCLUDING REMARKS

Historically, autophagy has been viewed as a non-selective
housekeeping process that is upregulated during conditions of
nutrient deprivation to provide the cell with an alternative
source of energy. Our understanding of autophagy has evolved
and increasing evidence demonstrates that autophagy is an
active program that controls the metabolic status of the cell. In
stem cells, autophagy is emerging as an important mechanism
for the homeostatic maintenance, function and survival of
long-lived stem cells. Autophagy can also influence cell fate
decisions through its ability to influence mitochondrial content,
energy production, and epigenetic programming (summarized in
Table 1). Particularly in the context of aging and degenerative
conditions that involve the decline of stem cell regenerative
capacity, autophagy plays key roles in protecting stem cells
against cellular stress and is transpiring as a viable target in
regenerative medicine.

AUTHOR CONTRIBUTIONS

NC conceptualized and wrote the review.

ACKNOWLEDGMENTS

Figures were created with BioRender.com.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 March 2020 | Volume 8 | Article 138

https://biorender.com/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00138 March 2, 2020 Time: 20:46 # 9

Chang Autophagy and Stem Cells

REFERENCES
Al-Hajj, M., Wicha, M. S., Benito-Hernandez, A., Morrison, S. J., and Clarke, M. F.

(2003). Prospective identification of tumorigenic breast cancer cells. Proc. Natl.
Acad. Sci. U.S.A. 100:3983. doi: 10.1073/pnas.0530291100

Audesse, A. J., Dhakal, S., Hassell, L.-A., Gardell, Z., Nemtsova, Y., and Webb,
A. E. (2019). FOXO3 directly regulates an autophagy network to functionally
regulate proteostasis in adult neural stem cells. PLoS Genet. 15:e1008097. doi:
10.1371/journal.pgen.1008097

Axe, E. L., Walker, S. A., Manifava, M., Chandra, P., Roderick, H. L., Habermann,
A., et al. (2008). Autophagosome formation from membrane compartments
enriched in phosphatidylinositol 3-phosphate and dynamically connected to the
endoplasmic reticulum. J. Cell Biol. 182, 685–701. doi: 10.1083/jcb.200803137

Bonnet, D., and Dick, J. E. (1997). Human acute myeloid leukemia is organized
as a hierarchy that originates from a primitive hematopoietic cell. Nat. Med. 3,
730–737. doi: 10.1038/nm0797-730

Boya, P., Codogno, P., and Rodriguez-Muela, N. (2018). Autophagy in
stem cells: repair, remodelling and metabolic reprogramming. Development
145:dev146506. doi: 10.1242/dev.146506

Casares-Crespo, L., Calatayud-Baselga, I., García-Corzo, L., and Mira, H. (2018).
On the role of basal autophagy in adult neural stem cells and neurogenesis.
Front. Cell. Neurosci. 12:339. doi: 10.3389/fncel.2018.00339

Cerletti, M., Jang, Y. C., Finley, L. W., Haigis, M. C., and Wagers, A. J. (2012).
Short-term calorie restriction enhances skeletal muscle stem cell function. Cell
Stem Cell 10, 515–519. doi: 10.1016/j.stem.2012.04.002

Chang, N. C., Chevalier, F. P., and Rudnicki, M. A. (2016). Satellite cells in muscular
dystrophy - lost in polarity. Trends Mol. Med. 22, 479–496. doi: 10.1016/j.
molmed.2016.04.002

Chang, N. C., Nguyen, M., Germain, M., and Shore, G. C. (2010). Antagonism of
Beclin 1-dependent autophagy by BCL-2 at the endoplasmic reticulum requires
NAF-1. EMBO J. 29, 606–618. doi: 10.1038/emboj.2009.369

Chang, N. C., Sincennes, M. C., Chevalier, F. P., Brun, C. E., Lacaria, M., Segales,
J., et al. (2018). The dystrophin glycoprotein complex regulates the epigenetic
activation of muscle stem cell commitment. Cell Stem Cell 22, 755–768.e6.
doi: 10.1016/j.stem.2018.03.022

Chen, T., Shen, L., Yu, J., Wan, H., Guo, A., Chen, J., et al. (2011). Rapamycin
and other longevity-promoting compounds enhance the generation of mouse
induced pluripotent stem cells. Aging Cell 10, 908–911. doi: 10.1111/j.1474-
9726.2011.00722.x

Chung, H., Choi, J., and Park, S. (2018). Ghrelin protects adult rat hippocampal
neural stem cells from excessive autophagy during oxygen-glucose deprivation.
Endocr. J. 65, 63–73. doi: 10.1507/endocrj.EJ17-0281

Dontu, G., Al-Hajj, M., Abdallah, W. M., Clarke, M. F., and Wicha, M. S. (2003).
Stem cells in normal breast development and breast cancer. Cell Prolif. 36,
59–72. doi: 10.1046/j.1365-2184.36.s.1.6.x

Dumont, N. A., Wang, Y. X., von Maltzahn, J., Pasut, A., Bentzinger, C. F., Brun,
C. E., et al. (2015). Dystrophin expression in muscle stem cells regulates their
polarity and asymmetric division. Nat. Med. 21, 1455–1463. doi: 10.1038/nm.
3990

Fares, I., Chagraoui, J., Gareau, Y., Gingras, S., Ruel, R., Mayotte, N., et al. (2014).
Pyrimidoindole derivatives are agonists of human hematopoietic stem cell
self-renewal. Science 345:1509. doi: 10.1126/science.1256337

Fiacco, E., Castagnetti, F., Bianconi, V., Madaro, L., De Bardi, M., Nazio, F.,
et al. (2016). Autophagy regulates satellite cell ability to regenerate normal and
dystrophic muscles. Cell Death Differ. 23, 1839–1849. doi: 10.1038/cdd.2016.70

Folmes, C. D. L., Nelson, T. J., Martinez-Fernandez, A., Arrell, D. K., Lindor,
J. Z., Dzeja, P. P., et al. (2011). Somatic oxidative bioenergetics transitions into
pluripotency-dependent glycolysis to facilitate nuclear reprogramming. Cell
Metab. 14, 264–271. doi: 10.1016/j.cmet.2011.06.011

Galluzzi, L., Baehrecke, E. H., Ballabio, A., Boya, P., Bravo-San Pedro, J. M.,
Cecconi, F., et al. (2017). Molecular definitions of autophagy and related
processes. EMBO J. 36, 1811–1836. doi: 10.15252/embj.201796697

García-Prat, L., Martínez-Vicente, M., Perdiguero, E., Ortet, L., Rodríguez-Ubreva,
J., Rebollo, E., et al. (2016). Autophagy maintains stemness by preventing
senescence. Nature 534, S3–S4. doi: 10.1038/nature19415

Geng, J., and Klionsky, D. J. (2008). The Atg8 and Atg12 ubiquitin-like conjugation
systems in macroautophagy. EMBO Rep. 9, 859–864. doi: 10.1038/embor.
2008.163

Ginestier, C., Hur, M. H., Charafe-Jauffret, E., Monville, F., Dutcher, J., Brown, M.,
et al. (2007). ALDH1 Is a marker of normal and malignant human mammary
stem cells and a predictor of poor clinical outcome. Cell Stem Cell 1, 555–567.
doi: 10.1016/j.stem.2007.08.014

Gong, C., Bauvy, C., Tonelli, G., Yue, W., Delomenie, C., Nicolas, V., et al.
(2013). Beclin 1 and autophagy are required for the tumorigenicity of breast
cancer stem-like/progenitor cells. Oncogene 32, 2261–2272. doi: 10.1038/onc.
2012.252

Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M. M., Mery, A., Vasquez,
D. S., et al. (2008). AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol. Cell 30, 214–226. doi: 10.1016/j.molcel.2008.03.003

Ha, S., Jeong, S.-H., Yi, K., Chu, J. J.-M., Kim, S., Kim, E.-K., et al. (2019).
Autophagy mediates astrogenesis in adult hippocampal neural stem cells. Exp.
Neurobiol. 28, 229–246. doi: 10.5607/en.2019.28.2.229

Ha, S., Jeong, S.-H., Yi, K., Chung, K. M., Hong, C. J., Kim, S. W., et al. (2017).
Phosphorylation of p62 by AMP-activated protein kinase mediates autophagic
cell death in adult hippocampal neural stem cells. J. Biol. Chem. 292, 13795–
13808. doi: 10.1074/jbc.M117.780874

Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-
Migishima, R., et al. (2006). Suppression of basal autophagy in neural cells
causes neurodegenerative disease in mice. Nature 441, 885–889. doi: 10.1038/
nature04724

He, J., Kang, L., Wu, T., Zhang, J., Wang, H., Gao, H., et al. (2012). An elaborate
regulation of mammalian target of rapamycin activity is required for somatic
cell reprogramming induced by defined transcription factors. Stem Cells Dev.
21, 2630–2641. doi: 10.1089/scd.2012.0015

Ho, T. T., Warr, M. R., Adelman, E. R., Lansinger, O. M., Flach, J., Verovskaya,
E. V., et al. (2017). Autophagy maintains the metabolism and function of young
and old stem cells. Nature 543, 205–210. doi: 10.1038/nature21388

Inoki, K., Zhu, T., and Guan, K. L. (2003). TSC2 mediates cellular energy response
to control cell growth and survival. Cell 115, 577–590. doi: 10.1016/s0092-
8674(03)00929-922

Ito, K., and Suda, T. (2014). Metabolic requirements for the maintenance of
self-renewing stem cells. Nat. Rev. Mol. Cell Biol. 15, 243–256. doi: 10.1038/
nrm3772

Jung, C. H., Jun, C. B., Ro, S.-H., Kim, Y.-M., Otto, N. M., Cao, J., et al. (2009).
ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy
machinery. Mol. Biol. Cell 20, 1992–2003. doi: 10.1091/mbc.e08-12-1249

Jung, S., Choe, S., Woo, H., Jeong, H., An, H.-K., Moon, H., et al. (2020).
Autophagic death of neural stem cells mediates chronic stress-induced decline
of adult hippocampal neurogenesis and cognitive deficits. Autophagy 16, 512–
530. doi: 10.1080/15548627.2019.1630222

Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T.,
et al. (2000). LC3, a mammalian homologue of yeast Apg8p, is localized in
autophagosome membranes after processing. EMBO J. 19, 5720–5728. doi:
10.1093/emboj/19.21.5720

Karanasios, E., Walker, S. A., Okkenhaug, H., Manifava, M., Hummel, E.,
Zimmermann, H., et al. (2016). Autophagy initiation by ULK complex assembly
on ER tubulovesicular regions marked by ATG9 vesicles. Nat. Commun.
7:12420. doi: 10.1038/ncomms12420

Khacho, M., Clark, A., Svoboda, D. S., Azzi, J., MacLaurin, J. G., Meghaizel, C., et al.
(2016). Mitochondrial dynamics impacts stem cell identity and fate decisions
by regulating a nuclear transcriptional program. Cell Stem Cell 19, 232–247.
doi: 10.1016/j.stem.2016.04.015

Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011). AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132–141.
doi: 10.1038/ncb2152

Klionsky, D. J. (2008). Autophagy revisited: a conversation with Christian de Duve.
Autophagy 4, 740–743. doi: 10.4161/auto.6398

Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J.-I., Tanida, I., et al. (2006).
Loss of autophagy in the central nervous system causes neurodegeneration in
mice. Nature 441, 880–884. doi: 10.1038/nature04723

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 March 2020 | Volume 8 | Article 138

https://doi.org/10.1073/pnas.0530291100
https://doi.org/10.1371/journal.pgen.1008097
https://doi.org/10.1371/journal.pgen.1008097
https://doi.org/10.1083/jcb.200803137
https://doi.org/10.1038/nm0797-730
https://doi.org/10.1242/dev.146506
https://doi.org/10.3389/fncel.2018.00339
https://doi.org/10.1016/j.stem.2012.04.002
https://doi.org/10.1016/j.molmed.2016.04.002
https://doi.org/10.1016/j.molmed.2016.04.002
https://doi.org/10.1038/emboj.2009.369
https://doi.org/10.1016/j.stem.2018.03.022
https://doi.org/10.1111/j.1474-9726.2011.00722.x
https://doi.org/10.1111/j.1474-9726.2011.00722.x
https://doi.org/10.1507/endocrj.EJ17-0281
https://doi.org/10.1046/j.1365-2184.36.s.1.6.x
https://doi.org/10.1038/nm.3990
https://doi.org/10.1038/nm.3990
https://doi.org/10.1126/science.1256337
https://doi.org/10.1038/cdd.2016.70
https://doi.org/10.1016/j.cmet.2011.06.011
https://doi.org/10.15252/embj.201796697
https://doi.org/10.1038/nature19415
https://doi.org/10.1038/embor.2008.163
https://doi.org/10.1038/embor.2008.163
https://doi.org/10.1016/j.stem.2007.08.014
https://doi.org/10.1038/onc.2012.252
https://doi.org/10.1038/onc.2012.252
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.5607/en.2019.28.2.229
https://doi.org/10.1074/jbc.M117.780874
https://doi.org/10.1038/nature04724
https://doi.org/10.1038/nature04724
https://doi.org/10.1089/scd.2012.0015
https://doi.org/10.1038/nature21388
https://doi.org/10.1016/s0092-8674(03)00929-922
https://doi.org/10.1016/s0092-8674(03)00929-922
https://doi.org/10.1038/nrm3772
https://doi.org/10.1038/nrm3772
https://doi.org/10.1091/mbc.e08-12-1249
https://doi.org/10.1080/15548627.2019.1630222
https://doi.org/10.1093/emboj/19.21.5720
https://doi.org/10.1093/emboj/19.21.5720
https://doi.org/10.1038/ncomms12420
https://doi.org/10.1016/j.stem.2016.04.015
https://doi.org/10.1038/ncb2152
https://doi.org/10.4161/auto.6398
https://doi.org/10.1038/nature04723
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00138 March 2, 2020 Time: 20:46 # 10

Chang Autophagy and Stem Cells

Leeman, D. S., Hebestreit, K., Ruetz, T., Webb, A. E., McKay, A., Pollina, E. A.,
et al. (2018). Lysosome activation clears aggregates and enhances quiescent
neural stem cell activation during aging. Science 359:1277. doi: 10.1126/science.
aag3048

Levine, B., and Kroemer, G. (2008). Autophagy in the Pathogenesis of Disease. Cell
132, 27–42. doi: 10.1016/j.cell.2007.12.018

Liu, K., Zhao, Q., Liu, P., Cao, J., Gong, J., Wang, C., et al. (2016). ATG3-dependent
autophagy mediates mitochondrial homeostasis in pluripotency acquirement
and maintenance. Autophagy 12, 2000–2008. doi: 10.1080/15548627.2016.
1212786

Mammucari, C., Milan, G., Romanello, V., Masiero, E., Rudolf, R., Del Piccolo, P.,
et al. (2007). FoxO3 controls autophagy in skeletal muscle in vivo. Cell Metab.
6, 458–471. doi: 10.1016/j.cmet.2007.11.001

Maycotte, P., Jones, K. L., Goodall, M. L., Thorburn, J., and Thorburn, A.
(2015). Autophagy supports breast cancer stem cell maintenance by regulating
IL6 secretion. Mol. Cancer Res. 13:651. doi: 10.1158/1541-7786.MCR-14-
0487

Menzies, F. M., Fleming, A., and Rubinsztein, D. C. (2015). Compromised
autophagy and neurodegenerative diseases. Nat. Rev. Neurosci. 16, 345–357.
doi: 10.1038/nrn3961

Miyamoto, K., Araki, K. Y., Naka, K., Arai, F., Takubo, K., Yamazaki, S., et al. (2007).
Foxo3a is essential for maintenance of the hematopoietic stem cell pool. Cell
Stem Cell 1, 101–112. doi: 10.1016/j.stem.2007.02.001

Mizushima, N. (2007). Autophagy: process and function. Genes Dev. 21, 2861–
2873. doi: 10.1101/gad.1599207

Mortensen, M., Ferguson, D. J., Edelmann, M., Kessler, B., Morten, K. J., Komatsu,
M., et al. (2010). Loss of autophagy in erythroid cells leads to defective removal
of mitochondria and severe anemia in vivo. Proc. Natl. Acad. Sci. 107, 832–837.
doi: 10.1073/pnas.0913170107

Mortensen, M., Soilleux, E. J., Djordjevic, G., Tripp, R., Lutteropp, M., Sadighi-
Akha, E., et al. (2011). The autophagy protein Atg7 is essential for
hematopoietic stem cell maintenance. J. Exp. Med. 208, 455–467. doi: 10.1084/
jem.20101145

Nakamura, S., and Yoshimori, T. (2017). New insights into autophagosome–
lysosome fusion. J. Cell Sci. 130:1209. doi: 10.1242/jcs.196352

Nguyen, J. H., Chung, J. D., Lynch, G. S., and Ryall, J. G. (2019). The
microenvironment is a critical regulator of muscle stem cell activation and
proliferation. Front. Cell Dev. Biol. 7:254. doi: 10.3389/fcell.2019.00254

Nguyen, T. D., Shaid, S., Vakhrusheva, O., Koschade, S. E., Klann, K., Thölken,
M., et al. (2019). Loss of the selective autophagy receptor p62 impairs murine
myeloid leukemia progression and mitophagy. Blood 133, 168–179. doi: 10.
1182/blood-2018-02-833475

Orsi, A., Razi, M., Dooley, H. C., Robinson, D., Weston, A. E., Collinson, L. M.,
et al. (2012). Dynamic and transient interactions of Atg9 with autophagosomes,
but not membrane integration, are required for autophagy. Mol. Biol. Cell 23,
1860–1873. doi: 10.1091/mbc.e11-09-0746

Orsini, M., Chateauvieux, S., Rhim, J., Gaigneaux, A., Cheillan, D., Christov,
C., et al. (2019). Sphingolipid-mediated inflammatory signaling leading to
autophagy inhibition converts erythropoiesis to myelopoiesis in human
hematopoietic stem/progenitor cells. Cell Death Differ. 26, 1796–1812. doi:
10.1038/s41418-018-0245-x

Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X. H., Mizushima, N., et al. (2005).
Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 122,
927–939. doi: 10.1016/j.cell.2005.07.002

Pei, S., Minhajuddin, M., Adane, B., Khan, N., Stevens, B. M., Mack, S. C., et al.
(2018). AMPK/FIS1-mediated mitophagy is required for self-renewal of human
AML stem cells. Cell Stem Cell 23, 86–100.e6. doi: 10.1016/j.stem.2018.05.021

Reya, T., Morrison, S. J., Clarke, M. F., and Weissman, I. L. (2001). Stem cells,
cancer, and cancer stem cells. Nature 414, 105–111. doi: 10.1038/35102167

Rothe, K., Lin, H., Lin, K. B., Leung, A., Wang, H. M., Malekesmaeili, M., et al.
(2014). The core autophagy protein ATG4B is a potential biomarker and
therapeutic target in CML stem/progenitor cells. Blood 123, 3622–3634. doi:
10.1182/blood-2013-07-516807

Rožman, S., Yousefi, S., Oberson, K., Kaufmann, T., Benarafa, C., and Simon, H. U.
(2015). The generation of neutrophils in the bone marrow is controlled by
autophagy. Cell Death Differ. 22, 445–456. doi: 10.1038/cdd.2014.169

Rubinsztein, D. C., Mariño, G., and Kroemer, G. (2011). Autophagy and Aging. Cell
146, 682–695. doi: 10.1016/j.cell.2011.07.030

Sarkar, S., Perlstein, E. O., Imarisio, S., Pineau, S., Cordenier, A., Maglathlin,
R. L., et al. (2007). Small molecules enhance autophagy and reduce toxicity

in Huntington’s disease models. Nat. Chem. Biol. 3, 331–338. doi: 10.1038/
nchembio883

Simonsen, A., and Tooze, S. A. (2009). Coordination of membrane events during
autophagy by multiple class III PI3-kinase complexes. J. Cell Biol. 186, 773–782.
doi: 10.1083/jcb.200907014

Solanas, G., Peixoto, F. O., Perdiguero, E., Jardí, M., Ruiz-Bonilla, V., Datta, D.,
et al. (2017). Aged stem cells reprogram their daily rhythmic functions to adapt
to stress. Cell 170, 678–692.e20. doi: 10.1016/j.cell.2017.07.035

Spitali, P., Grumati, P., Hiller, M., Chrisam, M., Aartsma-Rus, A.,
and Bonaldo, P. (2013). Autophagy is impaired in the tibialis
anterior of dystrophin null mice. PLoS Curr. Musc. Dystrop.
5:ecurrents.md.e1226cefa851a2f079bbc406c0a21e80. doi: 10.1371/currents.
md.e1226cefa851a2f079bbc406c0a21e80

Sumitomo, Y., Koya, J., Nakazaki, K., Kataoka, K., Tsuruta-Kishino, T., Morita, K.,
et al. (2016). Cytoprotective autophagy maintains leukemia-initiating cells in
murine myeloid leukemia. Blood 128, 1614–1624. doi: 10.1182/blood-2015-12-
684696

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,
663–676. doi: 10.1016/j.cell.2006.07.024

Tang, A. H., and Rando, T. A. (2014). Induction of autophagy supports the
bioenergetic demands of quiescent muscle stem cell activation. EMBO J. 33,
2782–2797. doi: 10.15252/embj.201488278

Tsukada, M., and Ohsumi, Y. (1993). Isolation and characterization of autophagy-
defective mutants of Saccharomyces cerevisiae. FEBS Lett. 333, 169–174. doi:
10.1016/0014-5793(93)80398-e

Vazquez-Martin, A., Van den Haute, C., Cufi, S., Corominas-Faja, B., Cuyas, E.,
Lopez-Bonet, E., et al. (2016). Mitophagy-driven mitochondrial rejuvenation
regulates stem cell fate. Aging 8, 1330–1352. doi: 10.18632/aging.100976

Wang, C., Chen, S., Yeo, S., Karsli-Uzunbas, G., White, E., Mizushima, N.,
et al. (2016). Elevated p62/SQSTM1 determines the fate of autophagy-deficient
neural stem cells by increasing superoxide. J. Cell Biol. 212, 545–560. doi:
10.1083/jcb.201507023

Wang, C., Liang, C.-C., Bian, Z. C., Zhu, Y., and Guan, J.-L. (2013). FIP200 is
required for maintenance and differentiation of postnatal neural stem cells. Nat.
Neurosci. 16, 532–542. doi: 10.1038/nn.3365

Wang, S., Xia, P., Ye, B., Huang, G., Liu, J., and Fan, Z. (2013). Transient activation
of autophagy via Sox2-mediated suppression of mTOR is an important early
step in reprogramming to pluripotency. Cell Stem Cell 13, 617–625. doi: 10.
1016/j.stem.2013.10.005

Wang, C., Yeo, S., Haas, M. A., and Guan, J.-L. (2017). Autophagy gene
FIP200 in neural progenitors non–cell autonomously controls differentiation by
regulating microglia. J. Cell Biol. 216, 2581–2596. doi: 10.1083/jcb.201609093

Warr, M. R., Binnewies, M., Flach, J., Reynaud, D., Garg, T., Malhotra, R., et al.
(2013). FOXO3A directs a protective autophagy program in haematopoietic
stem cells. Nature 494, 323–327. doi: 10.1038/nature11895

White, E. (2012). Deconvoluting the context-dependent role for autophagy in
cancer. Nat. Rev. Cancer 12, 401–410. doi: 10.1038/nrc3262

Xi, Y., Dhaliwal, J. S., Ceizar, M., Vaculik, M., Kumar, K. L., and Lagace, D. C.
(2016). Knockout of Atg5 delays the maturation and reduces the survival of
adult-generated neurons in the hippocampus. Cell Death Dis. 7:e02127. doi:
10.1038/cddis.2015.406

Xiang, G., Yang, L., Long, Q., Chen, K., Tang, H., Wu, Y., et al. (2017). BNIP3L-
dependent mitophagy accounts for mitochondrial clearance during 3 factors-
induced somatic cell reprogramming. Autophagy 13, 1543–1555. doi: 10.1080/
15548627.2017.1338545

Xie, S. Z., Garcia-Prat, L., Voisin, V., Ferrari, R., Gan, O. I., Wagenblast, E.,
et al. (2019). Sphingolipid modulation activates proteostasis programs to govern
human hematopoietic stem cell self-renewal. Cell Stem Cell 25, 639–653.e7.
doi: 10.1016/j.stem.2019.09.008

Yang, Z., and Klionsky, D. J. (2010). Eaten alive: a history of macroautophagy. Nat.
Cell Biol. 12, 814–822. doi: 10.1038/ncb0910-814

Yazdankhah, M., Farioli-Vecchioli, S., Tonchev, A. B., Stoykova, A., and Cecconi,
F. (2014). The autophagy regulators Ambra1 and Beclin 1 are required for
adult neurogenesis in the brain subventricular zone. Cell Death Dis. 5:e1403.
doi: 10.1038/cddis.2014.358

Yu, W. M., Liu, X., Shen, J., Jovanovic, O., Pohl, E. E., Gerson, S. L., et al.
(2013). Metabolic regulation by the mitochondrial phosphatase PTPMT1 is
required for hematopoietic stem cell differentiation. Cell Stem Cell 12, 62–74.
doi: 10.1016/j.stem.2012.11.022

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 March 2020 | Volume 8 | Article 138

https://doi.org/10.1126/science.aag3048
https://doi.org/10.1126/science.aag3048
https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.1080/15548627.2016.1212786
https://doi.org/10.1080/15548627.2016.1212786
https://doi.org/10.1016/j.cmet.2007.11.001
https://doi.org/10.1158/1541-7786.MCR-14-0487
https://doi.org/10.1158/1541-7786.MCR-14-0487
https://doi.org/10.1038/nrn3961
https://doi.org/10.1016/j.stem.2007.02.001
https://doi.org/10.1101/gad.1599207
https://doi.org/10.1073/pnas.0913170107
https://doi.org/10.1084/jem.20101145
https://doi.org/10.1084/jem.20101145
https://doi.org/10.1242/jcs.196352
https://doi.org/10.3389/fcell.2019.00254
https://doi.org/10.1182/blood-2018-02-833475
https://doi.org/10.1182/blood-2018-02-833475
https://doi.org/10.1091/mbc.e11-09-0746
https://doi.org/10.1038/s41418-018-0245-x
https://doi.org/10.1038/s41418-018-0245-x
https://doi.org/10.1016/j.cell.2005.07.002
https://doi.org/10.1016/j.stem.2018.05.021
https://doi.org/10.1038/35102167
https://doi.org/10.1182/blood-2013-07-516807
https://doi.org/10.1182/blood-2013-07-516807
https://doi.org/10.1038/cdd.2014.169
https://doi.org/10.1016/j.cell.2011.07.030
https://doi.org/10.1038/nchembio883
https://doi.org/10.1038/nchembio883
https://doi.org/10.1083/jcb.200907014
https://doi.org/10.1016/j.cell.2017.07.035
https://doi.org/10.1371/currents.md.e1226cefa851a2f079bbc406c0a21e80
https://doi.org/10.1371/currents.md.e1226cefa851a2f079bbc406c0a21e80
https://doi.org/10.1182/blood-2015-12-684696
https://doi.org/10.1182/blood-2015-12-684696
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.15252/embj.201488278
https://doi.org/10.1016/0014-5793(93)80398-e
https://doi.org/10.1016/0014-5793(93)80398-e
https://doi.org/10.18632/aging.100976
https://doi.org/10.1083/jcb.201507023
https://doi.org/10.1083/jcb.201507023
https://doi.org/10.1038/nn.3365
https://doi.org/10.1016/j.stem.2013.10.005
https://doi.org/10.1016/j.stem.2013.10.005
https://doi.org/10.1083/jcb.201609093
https://doi.org/10.1038/nature11895
https://doi.org/10.1038/nrc3262
https://doi.org/10.1038/cddis.2015.406
https://doi.org/10.1038/cddis.2015.406
https://doi.org/10.1080/15548627.2017.1338545
https://doi.org/10.1080/15548627.2017.1338545
https://doi.org/10.1016/j.stem.2019.09.008
https://doi.org/10.1038/ncb0910-814
https://doi.org/10.1038/cddis.2014.358
https://doi.org/10.1016/j.stem.2012.11.022
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00138 March 2, 2020 Time: 20:46 # 11

Chang Autophagy and Stem Cells

Yue, Z., Jin, S., Yang, C., Levine, A. J., and Heintz, N. (2003). Beclin 1, an autophagy
gene essential for early embryonic development, is a haploinsufficient tumor
suppressor. Proc. Natl. Acad. Sci. U.S.A. 100:15077. doi: 10.1073/pnas.
2436255100

Zachari, M., and Ganley, I. G. (2017). The mammalian ULK1 complex and
autophagy initiation. Essays Biochem. 61, 585–596. doi: 10.1042/EBC201
70021

Zhang, H., Ryu, D., Wu, Y., Gariani, K., Wang, X., Luan, P., et al. (2016).
NAD+ repletion improves mitochondrial and stem cell function and
enhances life span in mice. Science 352, 1436–1443. doi: 10.1126/science.aaf
2693

Zhang, M., Lin, Y. H., Sun, Y. J., Zhu, S., Zheng, J., Liu, K., et al. (2016).
Pharmacological reprogramming of fibroblasts into neural stem cells by

signaling-directed transcriptional activation. Cell Stem Cell 18, 653–667. doi:
10.1016/j.stem.2016.03.020

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Chang. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 March 2020 | Volume 8 | Article 138

https://doi.org/10.1073/pnas.2436255100
https://doi.org/10.1073/pnas.2436255100
https://doi.org/10.1042/EBC20170021
https://doi.org/10.1042/EBC20170021
https://doi.org/10.1126/science.aaf2693
https://doi.org/10.1126/science.aaf2693
https://doi.org/10.1016/j.stem.2016.03.020
https://doi.org/10.1016/j.stem.2016.03.020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Autophagy and Stem Cells: Self-Eating for Self-Renewal
	Autophagy: a Fundamental Cell Survival Mechanism
	The Physiological Importance of Autophagy
	Hematopoietic Stem Cells
	Neural Stem Cells
	Muscle Stem Cells
	Induced Pluripotent Stem Cells
	Cancer Stem Cells
	Modulating Autophagy in Stem Cells
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


