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Autophagy is a highly conserved cellular process by which 
cytoplasmic components are sequestered in autophagosomes 
and delivered to lysosomes for degradation. As a major 
intracellular degradation and recycling pathway, autophagy 
is crucial for maintaining cellular homeostasis as well as 
remodeling during normal development, and dysfunctions 
in autophagy have been associated with a variety of 
pathologies including cancer, inflammatory bowel disease 
and neurodegenerative disease. Stem cells are unique in their 
ability to self-renew and differentiate into various cells in the 
body, which are important in development, tissue renewal 
and a range of disease processes. Therefore, it is predicted that 
autophagy would be crucial for the quality control mechanisms 
and maintenance of cellular homeostasis in various stem cells 
given their relatively long life in the organisms. in contrast 
to the extensive body of knowledge available for somatic 
cells, the role of autophagy in the maintenance and function 
of stem cells is only beginning to be revealed as a result of 
recent studies. Here we provide a comprehensive review of 
the current understanding of the mechanisms and regulation 
of autophagy in embryonic stem cells, several tissue stem cells 
(particularly hematopoietic stem cells), as well as a number of 
cancer stem cells. we discuss how recent studies of different 
knockout mice models have defined the roles of various 
autophagy genes and related pathways in the regulation of 
the maintenance, expansion and differentiation of various 
stem cells. we also highlight the many unanswered questions 
that will help to drive further research at the intersection of 
autophagy and stem cell biology in the near future.
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Introduction

Macroautophagy (herein referred to as autophagy) is an evolu-
tionarily conserved cellular process by which cells sequester a por-
tion of their cytoplasm and organelles into double-membraned 
vesicles called autophagosomes that subsequently fuse with lyso-
somes for degradation of the enclosed materials.1 Autophagosome 
formation is controlled by a series of protein complexes acting 
sequentially, including the ULK1-ATG13-RB1CC1/FIP200-
C12orf44/ATG101 complex for autophagy induction, the class 
III phosphatidylinositol (PtdIns) 3-kinase complex (including 
BECN1, ATG14/ATG14L/Barkor, PIK3R4/VPS15, PIK3C3/
VPS34 and AMBRA1) for initiation of autophagosomes, and 
the ATG12–ATG5-ATG16L1 complex and the MAP1LC3A/
LC3 (ATG8 homolog)–phosphatidylethanolamine (PE) com-
plex (both ubiquitin-like conjugation systems) for the extension 
and closure of the autophagosome double membranes (Fig. 1). 
Besides these core components, a number of other autophagy-
related (ATG) genes characterized in yeast, and their mammalian 
orthologs, are also required for autophagy.2 In addition, recent 
studies using proteomics approaches identified many other pro-
teins in extensive networks that connect various cellular processes 
and signaling pathways to the autophagy machinery.3

Upon autophagosome maturation and the fusion of its outer 
membrane with the lysosome membrane, the contents as well as 
the inner membrane of autophagosomes are degraded to generate 
amino acids and other cellular building blocks for recycling by 
the cell. Besides this recycling function in response to nutrient 
or energy starvation, autophagy is increasingly recognized as a 
quality control mechanism for both proteins and organelles.2,4,5 
Autophagy is induced as a result of various intrinsic and extrin-
sic cellular stress conditions, such as endoplasmic reticulum 
stress, reactive oxygen species (ROS) accumulation, hypoxia and 
bacterial infections. Activation of autophagy serves to clear the 
damaged protein aggregates, and impaired organelles as well 
as intracellular pathogens. Therefore, autophagy is crucial for 
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and function of stem cells is poorly understood. Both embryonic 
and various tissue stem cells play essential roles in development, 
tissue renewal and certain disease processes. Many stem cells are 
also long lived and persist throughout the adult life of an organ-
ism, thus the quality control mechanisms and maintenance of 
cellular homeostasis would be crucial for the maintenance of 
these cells. Thus, autophagy is expected to play an important 
role in the normal function of stem cells and associated dis-
eases. Indeed, consideration of the available data suggests that 
the unique properties of stem cells (self-renewal, pluripotency, 
differentiation and quiescence) are dependent on the activation 
of the autophagic process.12,13 First, the processes of self-renewal 
and differentiation both require a strict control of cellular remod-
eling that involves protein turnover and lysosomal degradation 
of organelles.14 Second, the elimination and turnover of dam-
aged macromolecules and organelles are essential to preserve the 

maintaining cellular homeostasis as well as remodeling during 
normal development, and dysfunctions in autophagy have been 
associated with a variety of diseases such as cancer, inflammatory 
bowel diseases and neurodegenerative diseases.4,5 A hallmark of 
cellular defects in neurodegenerative diseases is the accumulation 
of ubiquitinated protein aggregates (or inclusion bodies), which is 
normally cleared by the ubiquitin-proteasome degradation system 
as well as autophagy for larger aggregates.6-8 The accumulation 
of large protein aggregates has been linked to increased neuronal 
apoptosis and axonal degeneration, accounting for the phenotypes 
in neurodegenerative diseases. In cancer, defective autophagy has 
been linked to increased DNA damage and gene mutations, lead-
ing to increased tumorigenesis,9 as well as to the reduced prolifer-
ation of tumor cells during cancer progression and metastasis.10,11

In contrast to the body of data derived from studies of somatic 
cells and disease models, the role of autophagy in the maintenance 

Figure 1. The process and regulation of autophagosome formation in mammalian cells. Mammalian autophagosome formation is induced by the 
activation of the ULK1 complex (comprising ULK1, ATG13, rB1CC1/FiP200 and C12orf44/ATG101), which is promoted by suppression of MTOr com-
plex 1 (MTOrC1) under starvation conditions or AMPK (both directly as well as by repressing MTOrC1) in low-energy states. Once the activated ULK1 
complex translocates to part of the endoplasmic reticulum (or possibly other intracellular membranes), it coordinates with the class iii phosphati-
dylinositol-3-phosphate (Ptdins3P) kinase complex (including PiK3C3, BeCN1, PiK3r4/p150, AMBrA1, UvrAG, ATG14 and SH3GLB1) for the initiation 
of autophagosomes upon formation of Ptdins3P and recruitment of double ZFYve 1. Two ubiquitin-like systems including the ATG12–ATG5-ATG16L1 
complex (containing ATG5, ATG7, ATG10, ATG12 and ATG16L1) and the LC3–phosphatidylethanolamine (Pe) conjugation system (including ATG3, ATG4, 
ATG7 and MAP1LC3) will then promote the elongation of phagophore membranes for the formation of autophagosomes.
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expression of the homolog of VPS30/ATG6, show no evidence of 
a growth defect under nonstarvation conditions,21 although in 
a later study it was reported that these cells are unable to form 
embryoid bodies (see below).22 Mice lacking expression of other 
individual autophagy-related genes including Atg7,23 Atg9,24 
Atg3,25 Atg16l1,26 Becn121 and Ambra127 have been generated, but 
investigations of ESCs isolated from these mice have not been 
reported in any detail.

Autophagy is essential for early but not late differentiation 
and development of embryos. Development and differentiation 
processes are often accompanied by considerable remodeling of 
cells and tissues, and it has been suggested that autophagy plays 
a key role in this process providing both recycled material for 
building new structures while removing the old material.28 Since 
ESCs give rise to each of the three germ layers, it might be rea-
sonable to expect that autophagic activity would be indispens-
able for normal differentiation and development of the embryo. 
However, it is not clear from the available evidence that this is 
the case.

It has been established that autophagy is essential for the very 
early stages of embryogenesis. Fertilized mouse oocytes lack-
ing ATG5 (by oocyte-specific conditional knockout of the Atg5 
gene, thus also removing maternal ATG5 protein) do not proceed 
beyond the 4- to 8-cell stage if they were fertilized by Atg5-null 
sperm, and therefore fail to form the blastocysts and the inner 
cell mass.29 Using GFP-LC3 as a marker, autophagy was found 
to be significantly upregulated in wild-type fertilized rat oocytes 
immediately (4 h) after fertilization of the oocyte by the sperma-
toazoa.29 Autophagic levels were subsequently suppressed between 
the 1- and 2-cell stage but elevated at the 4-cell stage. The levels 
of autophagy in cells in the later stages of development including 
the blastocyst stage containing the inner-cell mass from which 
the ESCs were derived were not reported.29 It is not clear why the 
very early stages are dependent on autophagic activity for sur-
vival. Presumably autophagy is required for controlling levels of 
key regulatory protein complexes or perhaps to provide substrates 
for cellular energy homeostasis prior to pre-implantation, after 
which cells have access to trans-placental nutrients.

The role of autophagy in ESC function in later stages of 
embryo development is less clear according to experimental 
observations of mice lacking expression of a number of differ-
ent ATGs. atg3−/−,25 atg5−/−,30 atg7−/−,23 atg9−/−24 or atg16l1−/−26 mice 
give birth to phenotypically normal litters at Mendelian frequen-
cies without any apparent anatomical abnormalities, suggesting 
that autophagy does not appear to play a pivotal role in the tim-
ing and coordination of differentiation in the developing embryo. 
These autophagy-deficient embryos are able to develop beyond 
the 8-cell stage (and indeed give rise to birth of live pups) due to 
the presence of maternally inherited ATG proteins in the oocyte 
cytoplasm. However, compared with pups of wild-type litters, 
autophagy-deficient pups have reduced birth weight and typically 
die within 1–2 d of birth possibly due to suckling defects caused 
by deficient neurological development.

Although the results of investigations using autophagy-defi-
cient mice suggest that autophagy is dispensable for embryo-
genesis, it is possible that cellular and tissue defects arising from 

pluripotency of long-lived stem cells during their lengthy periods 
of quiescence.15,16 Third, basal autophagy is a homeostatic process 
that mediates quality control, clearance of altered and damaged 
intracellular proteins and organelles, and cellular remodeling 
through degradation of structural components. Not surprisingly, 
there is now accumulating evidence for the active role of auto-
phagy in the regulation of embryonic stem cells (ESCs), several 
tissue stem cells, in particular hematopoietic stem cells (HSCs), 
as well as a number of cancer stem cells (CSCs). In addition to 
serving as an important mechanism for stem cell maintenance 
and self-renewal, autophagy has been implicated in the regula-
tion of differentiation of various stem cells and their progenies, 
such as clearance of mitochondria and other organelles during 
erythrocyte maturation reported decades ago17,18 and recently 
validated by gene knockout studies.19

In this review, we describe a growing body of knowledge 
encompassing a range of stem cell systems that have significantly 
advanced our understanding of autophagy in stem cell biology. 
We discuss how recent studies of multiple knockout mice models 
have defined the functions of the autophagy pathway and specific 
autophagy proteins in ESCs, HSCs and other stem cells. In each 
system, autophagy has been suggested to regulate the mainte-
nance, expansion and differentiation of stem cells, although dif-
ferent cellular mechanisms may be involved. Given the special 
capacity of stem cells in perpetuating themselves through self-
renewal and generating mature cells through differentiation, the 
recent advances suggest the emerging concepts that autophagy 
may function to balance the quiescence, self-renewal and differ-
entiation of stem cells in normal physiological and various stress 
conditions.

Autophagy in Embryonic Stem Cells

ESCs are pluripotent stem cells present in the early embryo with 
the capacity to undergo long-term renewal and differentiate into 
the primary germ layers: ectoderm, endoderm and mesoderm. 
Investigations using this cell type will allow us to acquire an 
understanding of the role that autophagy plays in early stages 
of mammalian development. Much of our knowledge concern-
ing the molecular aspects of autophagy is founded on studies in 
the yeast Saccharomyces cerevisiae that led to the identification 
of the autophagy-related (ATG) genes (see ref. 1 for review). 
These genes provided the essential tools for investigating the 
mechanism, regulation and role of autophagy. The prediction 
that a number of these ATG genes existed as homologs in higher 
eukaryotes prompted molecular studies in mammalian cells. The 
first detailed molecular study into autophagy in a mammalian 
cell setting was performed using mouse embryonic stem cells.20 
This study showed that bulk turnover of proteins labeled with 
[14C] amino acids can be induced by subjecting wild-type mouse 
ESCs to amino acid starvation. This bulk protein turnover is sig-
nificantly reduced (> 50%) in mouse ESC (mESC) atg5−/− cells 
indicating the importance of autophagy in protein turnover. 
However, the absence of the ATG5 protein in these cells does not 
appear to affect their growth rate or colony morphology under 
replete culture conditions. Similarly, mES becn1−/− cells, lacking 
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form undifferentiated cell aggregates that develop into simple 
embryoid bodies (EBs) that contain an outer layer of primi-
tive endoderm cells and an inner solid core of ectodermal cells. 
Cystic EBs are formed when the inner ectodermal cells undergo 
programmed cell death. These events mimic cavitation in early 
embryo development (PCD).

In this model of early embryo development, autophagy in 
wild-type ESCs is detectable throughout development, but is 
greatest at times when programmed cell death is maximal during 
cavitation. Compared with wild-type ESCs, atg5−/− and becn1−/− 
ES cells cultures in vitro fail to undergo cavitation. The results 
of further experiments indicated that dying cells do not express 
the engulfment signals for phagocytosis including phosphatidyl 
or lysophosphatdylcholine. EBs derived from these atg5−/− and 
becn1−/− cells have a defect in ATP production which, when 
reversed using methylpyruvate, restores cavitation and removal 
of apoptotic corpses. Methylpyruvate is a cell-permeable form of 
pyruvate that can feed in to the mitochondrial tricarboxylic acid 
cycle. These results suggest that the cells in EBs rely on auto-
phagy for energy homeostasis presumably through the produc-
tion of amino acids.

The role of autophagy for energy homeostasis in normal 
mammalian post-implantation embryo development may be lim-
ited, given the reliable supply of trans-placental nutrients. This 
notion is supported by the results of experiments investigating 
development in other organisms including insects such as the 
fruit fly Drosophila melanogaster, which do not have a maternal 
nutrient supply. In these species autophagy-deficient embryos 
suffer severe developmental defects.35 Nevertheless, the lowered 
birth weight of autophagy-deficient mice suggests a disturbance 
in their metabolism.

The majority of studies investigating autophagy in ESCs have 
been performed using mice. However, hESC lines that consti-
tutively express GFP-LC3 (HES3-GFP-LC3) have been devel-
oped and validated for monitoring autophagic events.36 Since 
GFP-LC3 expression is maintained after teratoma formation, 
these cell lines represent a useful tool for investigating autophagy 
during early human embryogenesis. The results of studies using 
these cells suggest links between autophagy and differentiation. 
HES3-GFP-LC3 cells deprived of mouse embryonic fibroblast 
(MEF)-secreted maintenance factors by culturing in uncondi-
tioned medium for 3 d undergo spontaneous differentiation, and 
exhibit a significant increase in the number of fluorescent puncta 
compared with cells maintained in conditioned medium.36 Acute 
induction of differentiation using the TGFβ/TGFβ receptor II 
inhibitor SB431542 leads to a rapid increase in fluorescent puncta 
as early as 2 h after addition of the inhibitor. The inhibitor does 
not induce autophagy in differentiated cell types. Although 
unclear as to whether autophagy acts upstream or concomitant 
with differentiation, acute induction by SB431542 suggests a reg-
ulatory upstream role for degradation of pluripotency-regulating 
protein complexes.

The available evidence suggests that MTOR plays an impor-
tant role in the regulation of pluripotency and self-renewal 
in hESCs. MTOR is also a central player in the regulation of 
autophagy. Inhibition of MTOR with rapamycin or depletion 

autophagic deficiency are more subtle, and have yet to be identi-
fied in the embryo. For example, atg5−/− mice develop neuronal 
inclusions and have decreased adipose mass. Autophagy plays an 
important role in quality control of cell components. It is possible 
that the lack of autophagy in ESCs contributes to the accumula-
tion of damaged cellular components during embryogenesis, the 
implications of which are manifested later in life, and in termi-
nally differentiated cells. Tissue-specific knockouts of different 
ATG genes give rise to a range of phenotypes, many of which 
relate to the unwanted accumulation of aggregates and damaged 
organelles such as mitochondria (reviewed in ref. 2).

It is possible that other quality control pathways such as the 
ubiquitin-proteasome system (UPS) are to some extent able 
to compensate for the absence of autophagic activity in ESCs. 
Human ESCs (hESCs) exhibit high proteasome activity that 
is downregulated upon differentiation, suggesting that high 
proteasome activity is an intrinsic characteristic of hESC iden-
tity.31 Furthermore, hESCs lose their high proteasome activity 
in a continuous and progressive manner during the differentia-
tion process, and differentiated cells showed increased levels of 
polyubiquitinated proteins. However, in another study it was 
reported that proteins damaged by carbonylation or formation 
of advanced glycation end products accumulate in murine ESCs 
but are cleared upon differentiation, an event that correlates 
with increased proteasome activity.32 It is possible that increased 
autophagic activity observed upon differentiation contributes 
to the removal of such damaged proteins. Further studies are 
required to investigate the relationship between the UPS and 
autophagy in ESCs.

In contrast to other ATG genes, Becn1−/− mice exhibit a pro-
found developmental delay at E6.5 with the amniotic fold failing 
to develop33 and consequently die at an early embryonic stage. 
Widespread cell death is present in null embryos at E7.5. It has 
been suggested that BECN1 through its binding partners and 
control of the PIK3C3 lipid kinase is involved in membrane traf-
ficking events other than autophagy, thereby explaining the more 
severe phenotype of becn1−/− mice34 compared with other ATG 
knockout mice. Becn1+/- mice survive, but develop tumors indi-
cating that Becn1 can also function as a haploinsufficient tumor 
suppressor gene. AMBRA1 is a positive regulator of BECN1-
dependent autophagy. However, a functional deficiency of 
AMBRA1 in mouse embryos does not phenocopy BECN1 defi-
ciency, but rather leads to severe neural tube defects, accumula-
tion of ubiquitinated proteins, unbalanced cell proliferation and 
excessive apoptotic cell death, suggesting that AMBRA1 may 
regulate target genes other than Becn1 or that BECN1 may have 
additional roles at later developmental stages.

Autophagy is required for embryoid body formation. mESCs 
deficient in ATG5 progress normally through embryonic devel-
opment. However, there is some evidence from studies using an 
in vitro model of development that suggests autophagy may be 
important under particular circumstances. In one study it was 
reported that when compared with wild-type mESCs, autoph-
agy-deficient mESCs cultured outside of the blastocyst exhibit 
altered behavior.22 Wild-type mESCs cultured in the absence 
of feeder cells and leukemia inhibitory factor (LIF) are able to 
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in quality control in stem cells. In this study it was found that 
downregulation of the growth factor, augmentation of liver 
regeneration (GFER) protein, a portion of which is located in 
the inter-membrane space of the mitochondrion, results in loss 
of mitochondrial membrane potential, excessive fragmentation 
and elimination of damaged mitochondria by mitophagy.41,42 
These ESCs also have significantly reduced levels of pluripotency 
marker gene expression. It is suggested that GFER modulates the 
mitochondrial fission GTPase DNMIL/DRP1, a protein respon-
sible for promoting mitochondrial fragmentation. Depletion of 
GFER in differentiated cells does not affect mitochondrial func-
tion42 suggesting that the role of GFER is restricted to ESCs. The 
organization and function of mitochondria in ESCs are distinct 
from their differentiated counterparts, and maintaining the “sta-
tus quo” appears to be vital for their survival. Mitophagy could 
also be induced in ESCs by inhibition of complex I of the respi-
ratory chain using rotenone, and mild inhibition of complex III 
enhances pluripotency of ESC, suggesting that maintenance of 
mitochondrial integrity is important in ESCs.53

The trigger for loss of pluripotency markers in cells deficient 
in GFER is not clear, but it is possibly related to changes in mito-
chondrial dynamics. Mitochondria in normal ESCs undergo dra-
matic changes in appearance and function during differentiation, 
and mitophagy may serve in a surveillance role ensuring altera-
tions in mitochondrial behavior is suppressed in the absence of 
developmental signals.

It has been suggested that the low numbers of mitochondria 
and the immature morphology of mitochondria in ESCs may be 
required to maintain the “stemness” of ESCs.41,42 Mitochondrial 
mass, mitochondrial DNA and ATP content of cells increase 
significantly when hESCs undergo differentiation.54 Increased 
mitochondrial activity is accompanied by increased production of 
ROS as a by-product of oxidative phosphorylation. Antioxidant 
enzyme production including mitochondrial and cytosolic dis-
mutases, catalase and peroxiredoxins are also increased in differ-
entiating cells.54 Nevertheless, ROS is elevated suggesting these 
cells are at risk from damage by ROS. Since autophagy is a mech-
anism for removing cellular constituents that have sustained 
damage, it is likely that autophagy would be upregulated in ESCs 
in response to increased mitochondrial activity and ROS produc-
tion. It is also possible that increased ROS is required for signal-
ing and control of events during differentiation.55 Accordingly, in 
addition to a role for energy homeostasis, autophagy (mitophagy) 
is likely to be responsible for quality control of mitochondria in 
ESCs. Given the pluripotent nature of ESCs, such quality control 
would be essential, which needs to be further investigated during 
ESC renewal and differentiation if these cells are to be used for 
therapeutics.

Midbophagy. The existence of multiple forms of autophagy 
(including nonspecific autophagy) implies that each is separately 
regulated in a temporal and spatial manner. Accordingly, mitoph-
agy is activated to maintain the quality of the mitochondrial pop-
ulation, and other forms of autophagy may be activated under 
different conditions. The removal of midbodies by midbophagy 
occurs as ESCs undergo differentiation.43 Midbodies are organ-
elles that form between daughter cells during cytokinesis and are 

of MTOR transcript in hESCs leads to a significant reduction 
in levels of the pluripotency regulation transcription factors 
(POU5F1/Oct4 and SOX2), promotion of mesoderm and endo-
derm activities and decreased proliferation.37 Disrupting the 
kinase activity of MTOR in mESCs results in reduced cell size 
and a proliferation arrest.38 The regulation of MTOR appears to 
differ according to the differentiation pathway. A transcriptome 
analysis of hESCs differentiating into neural cells indicated that 
transcripts associated with MTOR are upregulated.39 Although 
not reported in these studies, autophagic activity would be 
expected to be significantly upregulated upon MTOR inhibi-
tion. It is possible that autophagy plays a role, albeit indispens-
able, in the loss of pluripotency and self-renewal properties of 
ESCs. The targets for degradation by autophagy remain to be 
identified.

Mitochondria and mitophagy in ESCs. Macroautophagy was 
originally thought to be restricted to the bulk turnover of cel-
lular components. However, it is now apparent that a number of 
different cellular components can be targeted by the autopha-
gic machinery in a selective manner using different receptor 
complexes.40 Studies in ESCs on the different selective forms of 
autophagy are limited to a few reports, and include the elimina-
tion of mitochondria (mitophagy)41,42 and midbodies (midboph-
agy).43 It is likely that other selective forms of autophagy occur in 
ESCs but have yet to be reported.

In mammalian cells the mitochondrion is responsible for 
satisfying the majority of ATP requirements. Our knowl-
edge of mitochondria in stem cells is limited.44 Observations 
of mitochondria in a number of human and mouse ESC lines 
using electron microscopy show the presence of few mitochon-
dria that also have poorly developed cristae, the site of oxidative 
phosphorylation and ATP production. Fluorescence microscopy 
shows mitochondria to be located in small perinuclear groups. 
The energy demands of stem cells are thought to be largely met 
by the action of glycolysis.45 The proliferative capacity of mouse 
ESCs indeed closely correlates with high activity of different gly-
colytic enzymes, elevated glycolytic flux and low mitochondrial 
oxygen consumption. However, Zhou et al. showed that hESCs 
rather exhibit aerobic glycolysis,46 a phenomenon often seen in 
highly proliferative cells such as cancer cells and during embryo-
genesis,47,48 and that the uncoupling of glycolysis and oxidative 
phosphorylation in hESCs is caused by the expression of UCP2, 
presumably inhibiting the entry of pyruvate into the TCA cycle 
via pyruvate dehydrogenase. These data challenge the com-
monly held belief that mitochondria in hESCs are not metaboli-
cally active because they exhibit only few and underdeveloped 
cristae.49-51

Maintaining integrity, function and regulation of mitochon-
drial dynamics is important for all cells, and mitophagy contrib-
utes to their quality control. Mitophagy is tightly controlled in 
ESCs. BNIP3L/NIX, a BCL2 family member, is required for 
the elimination of mitochondria by mitophagy during erythroid 
maturation. Although mESC bnip3l−/− cells appear normal, mice 
derived from the cell are anemic.52 The results of a recent study 
provide evidence that mitophagy can be induced under particu-
lar circumstances in mESCs, and may play an important role 
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system is composed largely of cells with short life spans and there-
fore requires continuous replenishment. In contrast, the cellular 
source of these blood cell lineages, the adult hematopoietic stem 
cells (HSCs) are long-lived and not depleted during the lifetime 
of the organism.

Over the last decade, much progress has been made toward 
murine and human HSC isolation and identification, based 
mainly on their characteristic cell surface proteins that are either 
present (ATXN1/Sca-1 and KIT/c-Kit) or absent (lineage mark-
ers such as ITGAM/MAC-1 for mature myeloid cells, CD8 for 
T cells, PTPRC/B220 for B cells) on immature cells. True long-
term murine HSCs are lin-, KIT+, ATXN1+, and further identi-
fied by SLAM family markers (CD48- and SLAMF1/CD150+), 
while lin- CD34+ CD38- enriches them in humans. HSCs reside 
in a specific hypoxic microenvironment or niche within the bone 
marrow, the majority in a quiescent state (reviewed in ref. 56). 
In response to intrinsic or extrinsic cues regarding the need for 
mature blood cells, HSCs can be stimulated to regenerate another 
HSC (self-renewal) or in asymmetric cell division generate a 

required for their final separation. They selectively accumulate in 
stem cells and induced pluripotent stem cells (iPSCs) in vitro and 
in vivo. It is suggested that their accumulation may function to 
maintain or enhance the pluripotency of stem cells. Correct con-
trol of midbophagy would be essential to maintain the pluripo-
tent state of ESCs. It is possible that induction of bulk autophagy 
by starvation or treatment with rapamycin stimulates differentia-
tion through removal of midbodies.

Role of Autophagy in Hematopoietic Stem Cells

Hematopoietic stem cells are perhaps the best studied stem cells 
in the body due to relatively easy access to populations in the 
bone marrow and blood, combined with well-established assays 
in vitro and vivo. The hematopoietic system develops in a hier-
archical fashion; a small number of long-term stem cells that are 
relatively quiescent divide to become progenitors that proliferate 
and differentiate into mature blood cell lineages that are produced 
in large numbers every day (Fig. 2). The lympho-hematopoietic 

Figure 2. Autophagy in stemness of hematopoietic stem cells. During hematopoiesis, differentiated blood cells are generated from hematopoietic 
stem cells (HSCs). Long-term HSCs develop into short-term HSCs, multi- and then oligopotent progenitors and lineage-restricted progenitors, which 
give rise to the differentiated blood cells. These include erythrocytes, platelets, granulocytes, macrophages, dendritic cells and the lymphocytes T,  
B and NK cells. Autophagy is thought to play a role in self-renewal and quiescence in HSCs, the two hallmarks of stemness. Moreover, during differenti-
ation autophagy is hypothesized to help multipotency and remodeling. Last, evidence is increasing that autophagy is required to maintain the healthy 
differentiated lineages.
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that quiescent HSCs primarily use glycolysis rather than oxida-
tive phosphorylation to meet energy requirements.66,69

Third, we know from other cell types that mitophagy controls 
ROS levels. Increased ROS promote HSCs’ exit out of the qui-
escent state69 and mice with loss of autophagy in HSCs develop 
myeloproliferation,67 a sign of loss of quiescence. Interestingly, 
ATG7 has recently been shown to bind and modulate TP53/p53, 
thereby controlling exit out of the cell cycle in response to meta-
bolic stress. Indeed, starved murine fibroblasts lacking ATG7 fail 
to undergo cell cycle arrest.70

Induction of quiescence and slow cell cycle turnover help 
ensure maintenance and preservation of long-lived stem cells. 
This also ensures that HSCs age more slowly, undergoing fewer 
cycles of replication leading to a minimum of telomere shorten-
ing.71 However, cell damage and telomere erosion is not com-
pletely prevented in HSCs, despite the slow turnover and the 
fact that stem cells are one of the few cell types in the body to 
express telomerase.72 Similar to other cells, entering senescence 
is important for stem cells to avoid accumulation of damaged 
proteins, lipids and nucleic acids, and may prevent transforma-
tion. Clearly, maintaining cell health and preventing stem cell 
aging is vital for hematopoietic health, and autophagy’s role in 
degrading damaged molecules and organelles may be essential to 
keep cells young. Importantly, autophagy has been inextricably 
linked to aging: (1) autophagy levels generally decrease with age 
in multiple cell types including hematopoietic cells,73 (2) loss of 
function mutations in ATG genes decreases life span in yeast, (3) 
calorie restriction and rapamycin increases life span in C. elegans 
and rats, and (4) tissue-specific loss of autophagy genes in mice 
leads to age-related diseases such as neurodegeneration, diabetes 
and cancer.5 HSCs from aged mice show a reduced repopulat-
ing activity per cell, attenuated self-renewal and homing abili-
ties, myeloid skewing of differentiation, and an increased level 
of stress-induced apoptosis.74 This phenotype is largely reminis-
cent of the one found in HSCs from mice deficient for ATG7 
or RB1CC1/FIP200.67,75,76 Furthermore, Chen et al. showed that 
HSCs can be rejuvenated through inhibition of MTOR signal-
ing, restoring self-renewal and hematopoiesis in aged mice and 
enabling effective vaccination against flu.77

Although it has not been shown directly that autophagy plays 
a role in HSC senescence, links exist and it is clear that preven-
tion of senescence holds the key to prolonged HSC self-renewal 
capacity and maintaining hematopoietic homeostasis during the 
lifetime of an animal or human.

Autophagy in self-renewal of HSCs. Life-long maintenance 
of HSCs is achieved by ensuring a balance between differentia-
tion and self-renewal. Not much is known about the molecular 
mechanisms of self-renewal except that control is exerted by the 
WNT pathway and BMI1, a member of the polycomb protein 
group. In bmi1−/− mice, HSC numbers are markedly reduced, 
and stem cell-associated survival gene and proliferation-mod-
ulating gene Cdkn2a (encoding P16INK4A and P19ARF in 
overlapping reading frames) is controlled by BMI1.78 Moreover, 
recent evidence suggests that accumulation of DNA damage 
restricts the self-renewal capacity of human HSCs79 with some 
molecular aspects of the pathway just being elucidated in mice.80 

progenitor cell that can then produce the mature hematopoietic 
cell lineages (differentiation/multipotency). In summary, and 
like other stem cells, true HSCs strike a fine balance between 
quiescence, self-renewal and differentiation. When this balance 
is not executed properly, the consequences are severe, including 
either biased differentiation and thereby depletion or overrepre-
sentation of some lineages (e.g., anemia, lymphopenia, myelopro-
liferation,) and/or hematopoietic malignancies (e.g., leukemias); 
it is well accepted that transformation events may occur as early 
as the stem or progenitor cell stage.

There are very few studies that have investigated autophagy in 
HSCs, but at least one of them has indicated that autophagy is 
highly active in HSCs in humans.57 Furthermore, murine HSCs, 
in contrast to their short-lived myeloid progeny, robustly induce 
autophagy after ex vivo cytokine withdrawal and in vivo calorie 
restriction, driven by the transcription regulator FOXO3.58 For 
this review, our prevailing hypothesis is that autophagy is essen-
tial to strike the balance between quiescence, self-renewal and 
differentiation in HSCs.

Autophagy in quiescence of HSCs. The majority of HSCs 
reside in the G

0
/G

1
 phase of the cell cycle59 and are in a state 

of reversible cell cycle arrest known as quiescence. Quiescent 
cells are particularly hardy and able to survive long periods of 
nutrient starvation; entry into quiescence is often associated with 
metabolic changes (reviewed in ref. 60). While proliferating cells 
devote much of their metabolic capacity to biosynthesis in order 
to create the material necessary to form a new cell, quiescent 
cells are relieved of this expensive metabolic requirement. HSCs 
downregulate protein synthesis and activate pathways that sus-
tain them during periods of nondivision. In addition to cyclin-
dependent kinase inhibitors, regulation of quiescence is achieved 
through the PtdIns3K-MTOR pathway.61-64 Indeed, increased 
MTOR activity has deleterious effects on HSCs, including 
excessive HSC proliferation leading to leukemias, followed by 
stem cell depletion and failure to repopulate the hematopoietic 
lineages.

The following indirect evidence points toward the idea that 
autophagy is required for the maintenance of quiescence in 
HSCs:

First, the slow metabolic turnover of quiescent HSCs means 
that damaged mitochondria and proteins cannot be easily passed 
on to daughter cells and thereby diluted, so autophagy may be 
essential for the required increase in catabolic rate. Interestingly, 
the UPS, the other major degradation system in the cell, has 
also been implicated in leukemogenesis. CBL/C-CBL, FBXW7/
FBW-7, VHL and MDM2 are molecules from the UPS pathway 
that are often modified in hematopoietic malignancies. The dele-
tion of genes encoding these protens in mice leads to deleterious 
HSC phenotypes (reviewed in ref. 65).

Second, quiescence is accompanied by changes in metabo-
lism, in which autophagy could play a role due to its role in the 
clearance of mitochondria (mitophagy). Only a few studies have 
addressed how HSCs generate ATP.66 However, high levels of 
autophagy,57,67 low mitochondrial content in HSCs68 and the fact 
that hypoxia, common in the oxygen-limited niche environment, 
switches cells to a glycolytic metabolism all point toward the idea 
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The bone marrow niche where HSCs reside is usually low in 
oxygen, and HSCs appear to avoid using oxidative phosphory-
lation for their energy supply, keeping the niche low in ROS.85 
Accordingly, normal HSCs have few mitochondria, and increased 
mitochondrial biogenesis results in defective HSC maintenance. 
The transition from quiescence to proliferation/differentiation is 
accompanied by increased MTOR activity, resulting in increased 
metabolic rate and ROS.85,86 Antioxidants or rapamycin restore 
the self-renewal ability of ROShigh HSCs.77,86 Interestingly, HSCs 
can be identified by their low mitochondrial metabolism using 
Rhodamine123, a vital dye based on mitochondrial membrane 
potential.87 The migration of HSCs from the hypoxic niche to 
a microenvironment that is rich in oxygen and increased ROS is 
thought to promote their differentiation toward the myeloid lin-
eage.88 Interestingly, increased differentiation toward the myeloid 
lineage is a hallmark of both the aged and autophagy-deficient 
hematopoietic system.

Indeed, ROS accumulate in ATG7-deficient hematopoi-
etic stem cells, possibly due to the generation of mitochondrial 
superoxides produced by spent mitochondria that are not being 
cleared away. Mice develop myelodysplastic syndrome with accu-
mulation of myeloid cells; this may be a consequence of increased 
ROS levels biasing differentiation toward the myeloid lineage.67 
Similarly, a defect in RB1CC1/FIP200, a component of the 
ULK1-ATG13-RB1CC1/FIP200-C12orf44/ATG101 complex, 
leads to increased myeloid lineage cells.75 In both of these models 
autophagy was deleted in the hematopoietic lineage alone (using 
the promoter Vav or Tie-2, respectively). Whether osteoclasts 
or macrophages or the HSC themselves (all present in the bone 
marrow niche) are responsible for providing a ROS rich environ-
ment remains to be shown. It may turn out to be similar, how-
ever, to the metabolic interactions between breast tumor cells and 
stroma demonstrated by Lisanti et al., where levels of autophagy 
and ROS in the tumor stroma have an impact on tumor progres-
sion (reverse Warburg effect).89

Last, many publications point toward the idea that mouse 
models with modified signaling upstream of the MTOR pathway 
(constitutively active AKT1 or PTEN deficient) and in theory 
with decreased autophagy develop myeloid proliferation with 
increased LY6G+/Gr1+ ITGAM+/MAC-1+ myeloid cells,63,90 simi-
lar to the hematopoietic Atg7 knockout model. Conversely, the 
deletion of the MTORC1 component RAPTOR, therefore theo-
retically causing an increase in autophagy, results in a decrease 
of this myeloid population.91 However, it remains to be shown 
definitively that loss or gain of autophagy contributes to this phe-
notype, as MTOR inhibition signals for many other important 
cellular functions such as inhibition of protein translation, mito-
chondrial biogenesis, cell growth, motility and proliferation.

In summary, there is strong evidence that autophagy plays a 
role in remodeling during hematopoietic cell differentiation and 
in the multipotency of HSCs.

Autophagy in Neural Stem Cells

Although it was initially described as a cellular response to starva-
tion conditions in many organisms, autophagy at basal levels (i.e., 

Interestingly, according to this recent study, by committing to 
differentiate, the lymphoid-biased HSCs forgo self-renewal.80

To date, serial transplantation is the best way to test the ability 
of HSCs to undergo self-renewal. According to this assay, HSCs 
from the original donor have self-renewal ability if the recipient 
of a bone-marrow transplant, Recipient 1 (whose own HSCs were 
completely ablated before the transplant), serves as a successful 
donor for subsequent (serial) transplants (Recipient 2, etc.). The 
number of serial transplants that the original donor’s bone mar-
row can perform successfully is a measure of the self-renewal 
capacity of the donor’s HSCs.81 To ascertain a role for autophagy 
in self-renewal, this assay should ideally be performed on autoph-
agy-depleted HSCs. The fact that HSCs without essential auto-
phagy genes fail to survive the first transplantation suggests that 
self-renewal requires autophagy.67,75 In a surrogate in vitro assay, 
the serial colony-forming assay, atg7−/− HSCs show a serious loss 
of colony formation on replating.67 Similarly, human adult HSCs 
fail to form colonies in colony-forming assays when autophagy 
is inhibited by 3-methyladenine (3-MA) or ATG5 siRNA.57 The 
authors of this study conclude diminished self-renewal capacity 
of HSCs in the absence of autophagy; however, without replat-
ing, it is not clear whether colonies formed from self-renewed 
stem cells, so strictly speaking replating would have been neces-
sary to draw this conclusion.

In summary, as a self-renewing population that may have pro-
longed periods of quiescence, HSCs must possess robust defense 
and repair mechanisms in order to avoid damage. By contrast, 
differentiation of hematopoietic cells leads within days or weeks 
to cell death (i.e., in RBCs, neutrophils, platelets and some types 
of myeloid cells), thereby eliminating long-term damage effects. 
In long-term self-renewing HSCs, such mechanisms have been 
shown to include senescence, apoptosis and premature differen-
tiation.69 Increasing evidence suggests that autophagy should be 
added to this list.

Autophagy in differentiation and multipotency of HSCs. As 
opposed to the UPS, autophagy can degrade cytoplasm in bulk, 
including damaged organelles such as mitochondria, ER and 
ribosomes. One of the best-studied examples for autophagy’s role 
in differentiation is the clearance of mitochondria in the develop-
ing red blood cell (RBC). As RBCs mature they degrade organ-
elles and proteins, leaving only hemoglobin behind, allowing cells 
to shrink and squeeze through the smallest capillaries. While the 
nucleus is expelled from differentiating RBCs, clearance of mito-
chondria is mediated by autophagy. Mitophagy impairment via 
loss of either the autophagosome-targeting molecule BNIP3L,52 
ULK1 (a homolog of yeast Atg1, part of the initial signaling 
complex for autophagy19) or ATG7, an essential molecule for 
the elongation of the autophagosome, results in serious RBC 
developmental and functional defects, including mitochondrial 
retention.82,83 This is the first convincing example in which auto-
phagy aids execution of cellular differentiation requiring mas-
sive remodeling to accommodate specialized cellular functions. 
Interestingly, GATA1, the master regulator of hematopoiesis and 
erythropoiesis, was found to control the expression of several 
autophagy genes (MAP1LC3B and its homologs) as well as genes 
that control lysosomal biogenesis.84
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increased ROS has been shown to deplete HSCs through pro-
moting exit of the quiescent state, a recent study suggested that a 
high level of ROS is required for self-renewal of NSCs based on 
the observation of higher endogenous ROS levels in NSCs within 
the SVZ.108 Nevertheless, there is considerable heterogeneity of 
the level of ROS in the SVZ, raising the interesting possibility 
that NSCs with the relatively higher level of ROS are in the pro-
liferative or “activated” state whereas those with lower levels are 
the quiescent NSCs. It will be important to examine directly the 
potential role of autophagy in the self-renewal of NSCs by dele-
tion of essential autophagy genes in these cells, and assuming 
that elevated ROS will be observed as in the case of HSCs, also 
to resolve the potentially complex regulation of NSCs and their 
progenies by ROS in both positive and negative manners.

In contrast to the lack of direct studies on self-renewal of 
NSCs, a recent study showed increased expression of Atg7, Becn1, 
Map1lc3a and Ambra1, all involved in autophagy, during neu-
rogenesis in mouse olfactory bulbs, implicating a role for auto-
phagy in NSC differentiation.109 Indeed, neuronal differentiation 
was found to be impaired in Ambra1 knockout mice as shown by 
decreased expression of several neural markers as well as the previ-
ous observation of severe neural tube defects during embryogene-
sis.27 Consistent with these findings in vivo, increased autophagy 
was also observed in neuronal differentiation in cultured NSC/
progenitors in vitro, which could be markedly inhibited by 3-MA 
or wortmannin. Moreover, both Ambra1 haploinsufficient and 
Atg5-null olfactory bulb cells exhibit decreased neuronal differ-
entiation in vitro. Another recent report showed that treatment 
of chick embryos with 3-MA significantly changes the spatiotem-
poral expression pattern of several neural markers and decreases 
the size of the acoustic-vestibular ganglion, suggesting a potential 
role of autophagy in chicken otic neurogenesis. In both of these 
studies, restoration of ATP levels by addition of methylpyruvate, 
a permeable analog for the citric acid cycle, partially rescued 
the differentiation defects, suggesting a role for autophagy in 
energy supply to promote neuronal differentiation. It was also 
reported that induction of autophagy by MTORC1 inhibition 
with rapamycin potentiates dbcAMP-induced differentiation 
of NG108–15 neuroblastoma cells, which could be abrogated 
by inhibition of the autophagy pathway by 3-MA or silencing 
Becn1, providing further support that autophagy may promote 
neuronal differentiation.110 Therefore, similar to observations 
showing altered differentiation in HSCs with loss of RB1CC1/
FIP200 or Atg767,75 or preadipocytes lacking Atg5 or Atg7111,112 as 
well as reduced terminal differentiation of autophagy-deficient 
reticulocytes,19,52,113 autophagy plays a critical role in the promo-
tion of neuronal differentiation of NSCs.

Autophagy in Cardiac Stem Cells

A role for autophagy in cardiac stem cell differentiation was 
initially recognized by Fen Wang and his colleagues.114 Tissue-
specific ablation of FGF receptors and FGF receptor substrate 
2α (FRS2) in heart progenitor cells leads to cardiac premature 
differentiation in mice. The differentiation defect is associated 
with abnormal autophagy activity, indicating that autophagy 

independent of nutrient stress) has been increasingly recognized 
as an important mechanism to maintain the cellular homeosta-
sis, particularly in postmitotic cells such as neurons. Indeed, the 
first observation of the autophagy process, that is, self-eating of 
the cytoplasm by lysosomes, was made by electron microscopy in 
neurons almost half a century ago.92,93 Along with ubiquitin-pro-
teasome degradation machinery, autophagy has been proposed 
to play a protective role against the development of a number of 
neurodegenerative diseases.6-8 Indeed, neural-specific conditional 
knockout of essential autophagy genes such as Atg5, Atg7 or 
Rb1cc1/Fip200 result in abnormal accumulation of ubiquitinated 
protein aggregates, SQSTM1/p62 and damaged mitochondria, 
increased apoptosis and neurodegeneration,94-96 providing direct 
support for a role of basal autophagy in protecting against neuro-
degenerative diseases.

Despite extensive studies of autophagy in neurodegenerative 
diseases, surprisingly little is known about the potential role 
of autophagy in the regulation of neuronal stem cells (NSCs), 
which, unlike terminally differentiated and quiescent neurons, 
are capable of expansion through self-renewal and proliferation 
during neurogenesis as well as differentiation into other neural 
lineages. Like HSCs, NSCs have been extensively character-
ized by the use of a combination of markers as well as other 
approaches such as long-term label retention by the relatively 
quiescent NSCs residing within the subventricular zone (SVZ) 
of the lateral ventricles and the subgranular zone of the hip-
pocampal dentate gyrus in adult brain.97,98 Similar to HSCs, 
niches for NSCs are also hypoxic (e.g., the subgranular zone of 
the dentate gyrus99) perhaps in order to maintain the relatively 
slow cycling property of these cells. Therefore, one hint of pos-
sible roles of autophagy in NSCs could be through regulation 
of ROS level and oxidative damage, which might otherwise 
be elevated in the hypoxic environment. Consistent with such 
an idea, deletion of the gene encoding the transcription factor 
PRDM16 results in an increased ROS production and abro-
gated NSC self-renewal, which can be rescued upon treatment 
with the antioxidant N-acetyl cysteine.100 Moreover, although 
in other cells, recent studies suggested that hypoxia inducible 
factor 1, α subunit (basic helix-loop-helix transcription factor; 
HIF1A)-dependent expression of BNIP3 promotes mitophagy 
to control excess ROS production and ROS-induced cell death 
under conditions of prolonged hypoxia.101,102 In addition, inac-
tivation of transcription factors FOXO1, FOXO3 and FOXO4 
(either in combination103 or FOXO3 only104) leads to defective 
self-renewal and differentiation of NSCs, accompanied with 
increased ROS, and such phenotypes are rescued by N-acetyl 
cysteine.103 As recent studies suggested that FOXO1 can con-
trol autophagy in cancer cells105 and that FOXO3 regulates 
autophagy in muscles,106,107 these findings raised the interesting 
possibility that possible autophagy defects in these mice might 
contribute to the ROS elevation and NSC phenotypes caused by 
FOXO-deficiency.

Although autophagy may regulate NSCs in a similar man-
ner as HSCs by controlling ROS levels, it is not clear whether 
the elevated ROS upon autophagy inhibition affect self-renewal 
of NSCs and HSCs through similar mechanisms. Whereas the 
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Autophagy and Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are a diverse group of multi-
potent precursors capable of differentiating to mesenchymal lin-
eages, including adipose, bone, cartilage and muscle.120 Although 
originally isolated from human bone marrow, MSCs have also 
been identified in many other adult tissues including muscles, 
adipose tissues, kidney, pancreas, brain and liver.120 It is impor-
tant to note that little is known about the MSCs in vivo regard-
ing their identity and function. In addition, MSCs cultured by 
current methods are a heterogeneous population.121 Therefore, it 
is disputable whether it is correct to use the term “mesenchymal 
stem cells.” Instead, MSCs are often called multipotent mesen-
chymal stromal cells.120,122 Currently, the role of autophagy in 
MSCs is largely unknown. The very limited knowledge about 
autophagy and MSCs is entirely derived from a very few studies 
using bone marrow MSCs. Recently it was shown that primary 
human bone marrow MSCs exhibit a high level of constitutive 
autophagy, whereas this basal autophagy decreases after these 
cells have differentiated into osteoblasts.123 In agreement with this 
observation, we found that primary mouse bone marrow plastic-
adherent stromal cells isolated from GFP-LC3 transgenic mice124 
have high levels of GFP-LC3 puncta. However, these GFP-LC3 
puncta disappeared after these cells differentiated into osteoblast-
like cells (Liu et al., unpublished). To date, the role of consti-
tutive autophagy in bone marrow MSCs is unknown. Another 
recent report demonstrated that autophagy protects primary rat 
bone marrow MSCs from apoptosis under hypoxia/serum depri-
vation.125 It was shown that compared with the hypoxia/serum 
deprivation control group, 3-MA-treated rat bone marrow MSCs 
had higher rate of apoptosis.125 In agreement with this, another 
study showed that autophagy is essential for human bone mar-
row MSCs (cell line) survival during serum starvation, and these 
MSCs can release anti-apoptotic or pro-survival factors during 
serum deprivation to facilitate solid tumor survival and growth.126

Besides this sporadic knowledge in MSCs, there is emerging 
evidence for the important role of autophagy in MSCs-derived 
cells including adipocytes, chondrocytes and osteoblasts/osteo-
cytes. It has been shown that adipose-specific deletion of Atg7 
leads to decreased adipose mass and enhanced insulin sensitivity, 
and autophagy is important in normal adipogenesis.82,111 Massive 
autophagy is activated when wild-type primary MEFs are 
induced for adipocyte differentiation. Importantly, the autoph-
agy-deficient primary atg5−/− MEFs exhibit dramatically reduced 
efficiency in adipogenesis.112 On the one hand, silencing of Becn1 
results in enhanced chondrocyte death.127 On the other hand, 
treatment with 3-MA renders the chondrocytes refractory to 
killing, suggesting that sustained autophagy promotes cell death. 
Thus, autophagy may play both a cytoprotective and a death-pro-
moting role in chondrocytes.127 Some autophagy proteins includ-
ing ULK1, BECN1 and MAP1LC3A are constitutively expressed 
in normal human articular cartilage, whereas the expression is 
reduced in osteoarthritis chondrocytes and cartilage, suggesting 
a possible role of autophagy in the development of osteoarthri-
tis.128 It has been shown that osteocytes also utilize autophagy 
for their homeostasis. Glucocorticoid treatment can induce the 

is required for FGF to regulate cardiac differentiation. Whole 
embryo and embryoid body culture were performed to investigate 
the underlying mechanisms. The group discovered that inhibit-
ing autophagy either by small molecules or siRNA suppressed 
cardiac differentiation of embryoid body and embryo explants. 
In addition, suppressing autophagy activity blocked the enhance-
ment of differentiation by FGFR inhibitors, while increasing 
autophagy activity abolished the suppression activity of FGF2 
treatment. Thus, it is concluded that FGF signaling inhibits car-
diac stem cell differentiation via suppressing autophagy activity. 
More detailed analysis indicates that FGF signaling suppresses 
autophagy activity through promoting AKT and MAPK path-
ways. Further study from whole-heart culture shows autophagy 
also inhibits cardiomyocyte maturation. These findings raise a 
number of interesting questions:

First, how does autophagy promote cardiac stem cell dif-
ferentiation? Autophagy has been demonstrated to mediate the 
elimination of organelles during cell differentiation, such as 
erythrocyte and T cell maturation. Whether cardiac stem cells 
use the same mechanism remains to be answered.

Second, are there any other signal pathways involved in auto-
phagy regulation during cardiac stem cell differentiation? WNT 
signaling has been proposed to be the upstream regulator of FGF 
signaling during cardiac development and it also inhibits cardiac 
differentiation.115,116 GSK3 is a part of the canonical CTNNB1/
β-catenin-WNT pathway. One recent study demonstrated that 
a GSK3-KAT5/TIP60-ULK1 signal directly regulates auto-
phagy.117 Thus, it is possible that autophagy mediates WNT sig-
naling during cardiac development.

This question can be posed in more general terms: What are 
the mechanisms underlying the transcriptional and epigenetic 
regulation of autophagy and whether the regulation is organ- 
or cell-type specific? Indeed, accumulating data implicate an 
important role of epigenetic factors in regulating autophagy in 
various pathological conditions.1 Chemical or genetic inhibition 
of histone deacetylases (HDACs) leads to autophagy induction. 
HDAC regulates the specification of P19 embryonic carcinoma 
cells into cardiac lineage.118 In the future, more detailed studies 
on the regulation of autophagy would be essential to understand 
the specification and differentiation of cardiac stem cells.

Third, does autophagy play a role in cardiac stem cell pro-
liferation? The process of self-renewal requires the coordination 
of cell-cycle progression and cell-fate determination. Indeed, 
increased cardiac differentiation is associated with decreased pro-
liferation.114 It would be of great interest to investigate whether 
autophagy directly regulates cardiac stem cell proliferation.

It should be noted that the recent work discussed above ana-
lyzed the function of autophagy in embryonic cardiac stem cells. 
Since FGF signaling also regulates the differentiation of adult 
cardiac stem cells, although in an opposite way,119 it would be 
interesting to investigate whether autophagy performs the same 
function in adult cardiac stem cells. Likewise, as cardiac stem 
cells are also capable of differentiating into smooth muscle cells 
and endothelial cells besides cardiomyocytes, it would also be 
interesting to examine whether autophagy is required for the dif-
ferentiation of cardiac stem cells into the other two cell types.
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Unfortunately, few studies have illustrated how autophagy 
could causally allow a co-promotion of enhanced tolerance of 
CSCs to biophysical stressful microenvironmental conditions, 
maintenance of CSC functionality, and the expansion of CSC 
populations.

Beyond evading biophysical constraints, starving CSCs must 
use alternative sources of energy via activation of catabolic pro-
cesses that permit them to recycle intracellular components to 
maintain metabolic homeostasis, quiescence and cell viability 
during periods of metabolic stress. Furthermore, CSC function-
ing and viability depend on their ability to ensure complementary 
bioenergetic sources at times other than during the development 
and growth of premalignant, pre-invasive lesions. Migrating 
CSCs experience hypoxia immediately after extravasation at 
secondary organs, and metastatic CSCs eventually become oxy-
gen- and nutrient-starved, once the secondary tumors outstrip 
the blood supply.142-144 These considerations support the notion 
of protein catabolism functions of autophagy in protecting CSCs 
under starvation conditions. A causal relationship between acti-
vation of autophagy and enhanced cell survival of CSCs was 
initially suggested by the specific spatio-temporal upregulation 
pattern observed for BECN1 in certain pre-malignant lesions of 
the breast. In human comedo-ductal carcinoma in situ (DCIS), 
BECN1 is notably upregulated at the viable rim of intraductal 
cells within the hypoxic ductal niche.143,144 The expression lev-
els of the autophagic effector MAP1LC3A are also increased in 
DCIS lesions vs. normal breast tissues.145 Remarkably, a BECN1-
related enhancement of the autophagic flux appears to occur in 
DCIS tumor-founding progenitor cells because pre-malignant, 
cytogenetically abnormal DCIS spheroids-forming cells directly 
isolated from DCIS lesions exhibit an increased expression of 
autophagy-associated proteins that persists in culture as well as 
in tumors generated by malignant precursor cells in immunosup-
pressed mice. Treatment with chloroquine is sufficient to com-
pletely suppress the generation of DCIS spheroids/3D structures 
and ex vivo invasion of autologous breast stroma, induce apop-
tosis and eliminate cytogenetically abnormal spheroid-forming 
cells in the organ culture, and abrogate xenograft tumor forma-
tion via reduced expression of autophagy-associated proteins,144 
confirming that autophagy is necessary for the survival of CSC-
like precursor cells pre-existing in pre-malignant lesions.

Starvation-independent activation of autophagy: From 
adaptive to intrinsic metabolic feature in cancer stem cells. 
Homeostatic autophagy could operate in a starvation-indepen-
dent manner to constitute an intrinsic metabolic feature of CSC 
cellular states. Comparing mammospheres from patients and 
well-characterized human breast cancer cell lines, autophagic flux 
is significantly higher in the mammospheres than the adherent 
cells, both at basal levels and under starvation conditions.146,147 
Breast cancer cells bearing CSC-like phenotypes appear to con-
stitutively display higher autophagic fluxes than non-CSC cells 
because both basal and starvation-induced autophagy are higher 
in aldehyde dehydrogenase 1 (ALDH1)-positive subpopulations 
derived from mammospheres than in the bulk tumor cell popu-
lation.146,147 The specific depletion of BECN1 notably reduces 
both the size and formation efficiency of mammospheres, thus 

development of autophagy, preserving osteocyte viability depend-
ing on glucocorticoid dose.129,130 Osteoblasts are the precursor of 
osteocytes and are responsible for bone formation. As osteoblasts 
actively produce mineralized matrix during bone formation, it is 
conceivable that autophagy is activated to meet the high-energy 
demands of active osteoblasts. Indeed, we can now demonstrate 
that suppression of autophagy by deleting RB1CC1/FIP200 in 
osteoblasts leads to severely compromised bone development in 
mice. In vitro studies show that the consequence of RB1CC1/
FIP200 deletion is compromised osteoblast terminal differentia-
tion by limiting osteoblast condensational growth. Furthermore, 
autophagy inhibitors 3-MA and chloroquine mimic the effects of 
Rb1cc1/Fip200 deletion on osteoblast condensation and terminal 
differentiation (Liu et al., unpublished).

Taken together, current data demonstrate the activation 
of autophagy in cultured bone marrow MSCs. However, the 
detailed functions of autophagy in MSC biology such as stem-
ness maintenance, self-renewal and differentiation are largely 
unknown. Recent studies reveal the role of autophagy in the 
terminal differentiation of MSC-derived cell lineages including 
osteoblast, osteocyte, chondrocyte and adipocyte. The detailed 
cellular and molecular mechanisms for the regulation of these 
cells during differentiation demand future investigation.

Autophagy in Cancer Stem Cells

CSCs (also termed tumor-initiating cells or tumor-propagating 
cells) are a subpopulation of cancer cells that have some char-
acteristics of stem cells, being capable of self-renewal and dif-
ferentiation that is responsible for the heterogeneity in bulk 
tumors.131-134 Recent studies suggest that autophagy also plays a 
crucial role in the origin, maintenance and systemic distribution 
of CSCs besides its many functions in normal embryonic and 
tissue stem cells.

Hypoxia- and starvation-related autophagy: A cytoprotec-
tive adaptive mechanism of cancer stem cells against microen-
vironmental stresses. The physiology of the microenvironment 
in solid epithelial tumors is characterized by lower oxygen levels 
(hypoxia), higher lactate levels, extracellular acidosis and deple-
tion of nutrients (e.g., glucose and glutamine) compared with 
normal tissues.135-137 These changes are usually called tumor 
microenvironment stresses, and some of these stresses, par-
ticularly hypoxia, play critical roles during the evolution of the 
tumor stromal microenvironment and formation of the puta-
tive CSC niches.138,139 The ability of an undifferentiated hypoxic 
microenvironment to provide essential cellular interactions and 
environmental signals for the preferential maintenance of CSCs 
may therefore result in the specific expansion of CSC pools vs. 
non-CSC tumor cells. Recent studies have explored the hypoth-
esis that hypoxia could induce tumor cell autophagy through 
hypoxia-inducible factors as a cytoprotective adaptive response. 
Because hypoxia-mediated autophagy promotes tumor cell sur-
vival in response to antiangiogenic therapies, and antiangiogenic 
agents have been recently shown to increase the population of 
CSCs via HIF1A,140,141 it might be tempting to suggest that 
autophagy is instrumental in hypoxia-driven CSC stimulation. 
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microenvironmental conditions), the ability of autophagy to gen-
erate an internal nutrient pool that is recycled back and reused to 
synthesize essential cellular components can be expected to pleio-
tropically synergize with the anabolic side of the Warburg effect. 
Importantly, glycolysis can produce ATP at a higher rate without 
the undesirable presence of endogenous ROS and, by promoting 
flux through the pentose phosphate pathway, glycolysis can also 
support antioxidant defenses by inducing NADPH production, 
which is required for generating the key antioxidant enzyme, 
reduced glutathione.154,155 It should be noted that systemic dis-
semination of CSCs occurs at earlier stages of tumor development 
than previously thought, and fewer chromosomal aberrations are 
found in these disseminated CSCs compared with the matched 
primary tumors.156 Because failure to maintain autophagy-driven 
generation of metabolites of low molecular weight for continued 
use in the energetic and biosynthetic metabolism of the cells asso-
ciates with increased DNA damage, gene amplification and aneu-
ploidy, the ability of autophagy to alleviate cellular energy and 
anabolic deficits may significantly limit genomic instability dur-
ing early tumorigenesis,157,158 thus functioning as a driving force 
of more stable CSC-like cellular states.

Enemies: Autophagy as an antagonist of the Warburg effect. 
Phenotypically diverse cancer cells can be efficiently reversed 
back to a less-tumorigenic iPSC-like stage of common ancestry 
that appears to be fully capable of originating nontumorigenic 
ontogenies.159-162 If mitochondrial restructuring and bioener-
getics intimately reflect the molecular dynamics fundamental 
for the resetting and redirection of cell fate (i.e., the glycolytic 
metabotype supports the anabolic and catabolic requirements 
of pluripotent cell homeostasis, whereas redirection of pluripo-
tency into defined lineages requires mitochondrial biogenesis and 
maturation of efficient oxidative energy generation and distribu-
tion networks), the generation of terminally differentiated phe-
notypes following (re)-expression of pluripotency-specific genes 
might imply that activation of a glycolytic Warburg effect in 
malignant cells apparently impedes the activation of CSC-like 
properties, including tumorigenesis. In this alternate scenario, 
does autophagy promote mitochondria-driven oxidative phos-
phorylation (OXPHOS)? Autophagy is constitutively activated 
in most Kras-mutated pancreatic intraepithelial neoplasms and 
high-grade pancreatic ductal carcinomas, but not in normal pan-
creatic ductal epithelium or low-grade pancreatic intraepithelial 
neoplasms.163 Genetic and pharmacological inhibition of auto-
phagy attenuates growth and tumorigenicity of pancreatic can-
cer cells through a mechanism involving a significant decrease 
in OXPHOS and tricarboxylic acid intermediates. In agreement 
with a putative pro-mitochondrial OXPHOS activity of auto-
phagy, oncogenic upregulation of autophagy can support cell 
survival and transformation primarily through the maintenance 
of mitochondrial metabolic function and energy levels.164

Regardless of the pro- or anti-glycolytic activity of oncogene-
driven autophagy, both the activation of some oncogenes and/or 
the loss of some tumor suppressor genes might impose a metabolic 
insult on CSCs that depletes energy sources, thereby making 
them indirectly dependent on autophagy either to empower the 
Warburg-like glycolytic metabotype or preserve mitochondrial 

confirming and expanding the suggestion that the expression sta-
tus of BECN1 may be pivotal for the tumorigenicity of breast 
CSCs.146,147 Given that depletion of BECN1 in CSCs also reduces 
tumor development in nude mice and that decreased survival in 
autophagy-deficient cells during anoikis does not contribute to 
any deficiency in mammosphere formation, it might be reason-
able to conclude that autophagy is necessarily required for the 
maintenance and expansion of breast CSC populations.

Autophagy and the glycolytic metabotype in CSCs: Friends 
or enemies? An interesting question that remains to be answered 
relates to the possible active contribution of autophagy to the met-
abolic shift of cancer cells to enhanced glycolysis (the Warburg 
effect)148-150 during malignant transformation and acquisition of 
stemness by CSC-like cell populations. If enhanced glycolysis 
indeed plays a causal role in the gain of stem-like properties by 
protecting tumor-initiating cells from the pro-senescent effects 
of mitochondrial respiration-induced oxidative stress, the ability 
of autophagy to functionally engage the glycolytic metabotype 
may generate a cellular state that is metabolically endowed to 
immortalization.

Friends: Autophagy as a facilitator of the Warburg effect. A 
Warburg-like glycolytic metabolism, and its facilitation by auto-
phagy may accompany the acquisition of stemness and perhaps, 
both the occurrence and maintenance of CSC cellular states. 
Some malignant cells, particularly those driven by the Kras 
oncogene, appear to depend on elevated levels of autophagy 
for survival, even in the absence of external stressors.151 Kras 
[Kras(V12)]-induced malignant transformation is accompanied 
by upregulation of Atg5 and Atg7, and autophagic vacuole for-
mation;152 pharmacological inhibition of autophagic activity and 
genetic ablation of Atg5 or Atg7 completely block Kras-induced 
anchorage-independent cell growth in soft agar and tumor 
formation in nude mice, partially establishing a causal role of 
autophagy induction in malignant transformation.152 In autoph-
agy-deficient MEFs expressing oncogenic Kras, there is a decrease 
in both glucose uptake and in the glycolytic flux, thus suggesting 
dependency on autophagy for the glycolytic capacity of onco-
genically transformed cells.153 Remarkably, it has been recently 
confirmed that a significant impairment of glucose uptake and 
intracellular lactate production and decreased sensitivity to 
reduced glucose availability occur in Rb1cc1/fip200-null primary 
MEFs transformed by Kras.10 Loss of autophagy, therefore, leads 
to deficient glycolysis and appears to intrinsically contribute to 
the decreased proliferation of mammary tumor cells. Further 
studies are required to clarify whether the inhibition of mam-
mary tumor initiation, progression, and metastasis imposed by 
an increased accumulation of both total and healthy mitochon-
dria mass in autophagy-null tumors can be exclusively explained 
in terms of the necessary and/or sufficient “autophagy/glycolysis 
addiction” of CSCs.

Another body of evidence is related to the ability of autophagy 
to actively refuel the high-consuming, glycolysis-driven, anabolic 
phenotype. If the Warburg-like glycolytic metabotype can be 
correctly redefined in terms of the obligatory dependence of can-
cer cells to rapidly produce other metabolic end products in an 
unrestricted manner (i.e., independently of the generally starved 
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of CAV1 from the fibroblasts.174 Second, a loss of stromal CAV1 
causes the induction of mitophagy, which actively reduces the 
number of mitochondria in the stromal fibroblasts, thus reducing 
mitochondrial function and switching the tumor stroma metabo-
lism to glycolysis. As a consequence, the autophagic/mitophagic 
tumor stroma generates recycled nutrients that can be used as 
chemical building blocks by anabolic epithelial cancer cells.175 
Indeed, the increased glycolysis due to enhanced mitochondrial 
turnover generates excessive stromal cell lactate and ketones, 
which are secreted into the intracellular space.176 The cancer cells 
then take up the high-energy metabolites (lactate and ketones) 
and use them to feed cancer cell mitochondrial energy produc-
tion and generate mitochondrial precursors for the biogenesis of 
new cancer cells. Lactate and ketones from the autophagic tumor 
stroma increase the transcriptional expression of gene profiles 
normally associated with stemness, including genes commonly 
upregulated in embryonic stem cells, and may therefore promote 
the dynamic appearance of CSC cellular states, resulting in sig-
nificant decreases in patient survival.177 This host-parasite auto-
phagic/mitophagic relationship from the tumor stroma to the 
epithelial cancer cells, which has been designated “the autophagic 
tumor stromal model of cancer cell metabolism,” “battery-oper-
ated tumor growth,” “stromal-epithelial metabolic coupling” 
and the “reverse Warburg effect”177-181 (Fig. 3B), functionally 
resolves the “autophagy paradox” because the systemic induction 
of autophagy prevents epithelial cancer cells from using recycled 
nutrients, whereas the systemic inhibition of autophagy prevents 
stromal cells from producing recycled nutrients, both effectively 
“starving” cancer cells.

The autophagy-regulated migratory/invasive phenotype in 
cancer stem cells. CSCs can be generated by the microenviron-
ment through induction of CSC molecular features in more dif-
ferentiated tumor cells. In addition to a role in CSC maintenance, 
the microenvironment is hypothesized to be involved in metasta-
sis by the induction of the epithelial-to-mesenchymal transition 
(EMT) phenomenon, leading to the dissemination and invasion 
of tumor cells. Not surprisingly, EMT and CSC-like features 
have been linked to one another.182-186 In breast cancer, the undif-
ferentiated CD44+CD24-/low antigenic state commonly attributed 
to breast cancer subpopulations with CSC properties is highly 
enriched with EMT transcriptional factors and mesenchymal 
markers.187,188 Our group recently explored whether autophagy 
might be important not only for survival but also for the mainte-
nance of a migratory, invasive, treatment-resistant CD44+CD24-/

low mesenchymal cellular state.189,190 Impairment of the autophagic 
flux drastically decreases the number of breast cancer cells bearing 
CD44+CD24-/low cell surface antigens and appears to impede the 
ontogeny of generating the invasive CD44+CD24-/low mesenchy-
mal phenotype by preventing the full acquisition of a post-EMT 
status. The essential autophagy gene Atg12 might be pivotal for 
the autophagy-regulated migratory phenotype because its genetic 
ablation activates the transcription of the epithelial marker CD24 
while concomitantly repressing the gene coding for the mesen-
chymal filament vimentin.189 The deficiency of ATG12 in glioma 
cancer cells, while failing to significantly have an impact on many 
tumor cell functions in 2D cultures (e.g., proliferation or cell 

function and to directly provide catabolically-derived metabolic 
substrates.

Mitophagy: A direct way to connect autophagy with the 
metabolic reprogramming of CSCs. The cellular energy defi-
cit triggered by cellular states of glucose deficiency imposed by 
oncogenic transformation (e.g., Kras) can induce a decline in 
mitochondrial respiration that is not related to changes in mito-
chondrial biogenesis; instead, it is inversely associated with the 
increased formation of acidic vesicles enclosing mitochondria, 
a process accompanied by the induction of autophagy-related 
proteins, such as BECN1, ATG5, LC3-II and vacuolar ATPases 
(i.e., mitophagy).164 Conversely, genetic ablation and pharma-
cological inhibition of autophagy promote the efficient recov-
ery of respiratory protein expression and respiratory activity. 
Mitophagy might also have an impact on mitochondrial dynam-
ics to segregate the mitochondria destined for clearance through 
autophagy, which may result in the loss of mitochondrial func-
tion and the accelerated onset of the glycolytic metabolism.165 
Our group has explored if somatic cells reprogrammed to iPSCs 
bio-energetically utilize mitophagy. Interestingly, pharmaco-
logical promotion of mitochondrial fusion using mdivi-1 (for 
mitochondrial division inhibitor) at concentrations that rapidly 
induce the formation of mitophagy-refractory mitochondrial 
net-like or collapsed perinuclear mitochondrial structures largely 
impede somatic cell reprogramming to pluripotency.166 Although 
these findings strongly suggest that mitophagy is functionally 
integrated into the transcriptional network that specified the 
unique pluripotency of stem cells, future studies should elucidate 
whether the ability to directly shift the oxidative:glycolytic pro-
duction ratios closer to those of pluripotent cells can molecularly 
explain the impact of autophagy-regulated mitochondria fusion-
fission dynamics on the acquisition and maintenance of CSC cel-
lular states (Fig. 3A).

Mitophagy and the “reverse Warburg effect”: Connecting 
autophagic stroma with cancer stem cells. Both autophagy 
inhibition and promotion appear to similarly impair the occur-
rence of cancer cells with tumor-initiating capacities. In normal 
tissues, autophagy-mediated damage mitigation may efficiently 
suppress tumorigenesis; conversely, macromolecular recycling 
may support CSC survival by buffering bioenergetic demands 
under stressful metabolic and microenvironmental condi-
tions.167-169 Therefore, activation of autophagy in normal tissues 
operates as a bona fide tumor suppressive mechanism, whereas 
autophagy inhibition may be extremely beneficial for anti-CSC 
therapy in established tumors. However, both autophagy inhibi-
tors (e.g., chloroquine) and autophagy promoters (e.g., MTOR 
inhibitors) block tumorigenesis and cancer progression by elimi-
nating CSCs.143,144,170,171 Although the simplest solution to this 
“autophagy paradox” could be just to claim that different types 
of tumors undergo different bioenergetic adjustments, the answer 
may also lie with the interaction between tumor cells and adja-
cent, autophagic, stromal cells. First, it has been observed that 
the stromal fibroblasts associated with breast cancer epithelial 
cells are glycolytic.172,173 The conversion of cancer-associated 
fibroblasts to glycolytic metabolism is induced by hydrogen per-
oxide secreted from the adjacent cancer cells, which results in loss 
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cancer metastasis, while supporting the survival of disseminated 
cells with CSC-like properties.

Targeting autophagy in cancer stem cells: A therapeutic cor-
ollary. Much work remains before developing an approach for 
pharmacologically altering CSC-related autophagy in a clinical 
setting.194-196 First, our current ability to accurately measure basal 
autophagic flux or determine whether autophagy is activated or 
inhibited in patient samples is very limited and of unproven util-
ity in human patients. Similarly, we are awaiting more tests to 
identify and isolate CSCs in epithelial tumors; circulating CSCs 
directly obtained from the portal vein and peripheral blood of 
cancer patients could represent a powerful biomarker for patient 

viability), notably reduces their capacity to invade an organotypic 
matrix consisting of human fibroblasts embedded in polymer-
ized collagen.191,192 Further supporting a previously unrecognized 
role of autophagy in the metastatic potential of migratory CSCs, 
the autophagy-associated genes DRAM1 and SQSTM1 regulate 
the motility and invasion of glioblastoma stem cells.193 The fact 
that a number of autophagy regulators are highly expressed in 
tumor cells carrying a mesenchymal signature, which intrinsi-
cally defines aggressiveness and metastatic invasion, might sug-
gest that autophagy positively acts in concert with EMT-related 
processes to reduce proliferation in favor of enhanced cell motil-
ity, thereby providing a selective advantage during early stages of 

Figure 3. Autophagy/mitophagy and the 
CSC cellular state: Two models. Mitochon-
dria can be eliminated through nonspecific 
autophagic processes or selectively re-
moved by mitophagy. The former is gener-
ally related to metabolic responses that are 
imposed by a lack of nutrients. Mitophagy, 
however, permits a tight adjustment in 
the number of cellular mitochondria by 
regulating the selective degradation of 
damaged, dysfunctional and superflu-
ous mitochondria and adjust to changing 
physiological demands. Mitophagy, there-
fore, can play a crucial role in adapting the 
number and quality of mitochondria to 
new microenvironmental conditions. (A) 
Cell-autonomous model. Upregulation of 
mitophagy leading to significant reduc-
tions in both the number and the size of 
mitochondria (i.e., the “mitochondrial 
phenotype” that is commonly associated 
with stem cells) concurrently enhances a 
bioenergetic shift from somatic oxida-
tive mitochondria toward an alternative 
glycolytic phenotype (“direct warburg 
effect”), an energetic infrastructure as-
sociated with the transcriptional networks 
responsible for stemness and pluripotency. 
(B) Non-cell-autonomous model (“au-
tophagic tumor stroma model of cancer 
metabolism”). Cancer cells’ mitochondrial 
oxidative phosphorylation (OXPHOS) 
can induce oxidative stress in adjacent 
fibroblasts (cancer-associated fibroblasts 
[CAFs]) via H2O2 and reactive oxygen spe-
cies (rOS), resulting in the onset of a myofi-
broblastic autophagic phenotype in CAFs. 
The CAFs autophagic phenotype leads 
to a loss of mitochondria via mitophagy, 
forcing CAFs to undergo aerobic glycolysis 
(“reverse warburg effect”). The products 
of aerobic glycolysis (such as L-lactate and 
ketones) are then reused by cancer cells for 
OXPHOS, resulting in increased mitochon-
drial mass in cancer cells. The utilization 
of the high-energy metabolites L-lactate 
and ketones in cancer cells can promote 
the transcriptional activation of CSC-like 
phenotypes.
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inability to cavitate). It is not clear what the individual stressors 
are under these circumstances, but they may relate to the absence 
of particular growth factors and/or correct growth conditions. 
Autophagy may play an important role in protecting ESCs 
against unwanted outcomes either during renewal or differentia-
tion in vitro either through the provision of an energy source or 
the elimination of cellular damage including DNA and defective 
mitochondria. It remains to be determined as to whether inter-
ference with autophagy during the early stages of ES cell expan-
sion or differentiation has long-term consequences for the mature 
organism. If the hypothesis is correct that mitophagy plays a 
role in eliminating substandard mitochondria from ES and early 
progenitor cells, one would predict that tissues originating from 
the autophagy-deficient ES cells would have increased loads of 
mtDNA mutations and/or display premature aging phenotypes. 
With the advent of iPSC technology in which pluripotent stem 
cells destined for regenerative medicine applications are gener-
ated from individuals of advanced age (autophagic/mitophagic) 
quality control processes would need to be carefully examined 
and controlled to ensure long-term safety of any cellular grafts. 
Similarly, further studies of autophagy in tissue stem cells such 
as HSCs may shed light on the pathogenesis of hematopoietic 
disorders, serve as a basis for the development of new therapeutic 
strategies for such disorders, prove useful for the expansion of 
HSCs in vitro as a possible replacement for blood transfusion, 
and provide vital insight into general stem cell biology.

Recent studies suggested radiation therapy-induced auto-
phagy contributes to the radio-resistance of glioma stem cells.198 
Interestingly, the autophagy inhibitor bafilomycin A

1
 and silenc-

ing of Atg5 and Becn1 sensitizes the CD133+ glioma stem cells to 
γ-radiation and significantly decreases the viability of the irra-
diated cells and their ability to form neurospheres. Therefore, 
modulation of autophagy could be used in future therapies for 
cancer. However, we should acknowledge that a close affinity of 
normal tissue stem cells and CSCs in terms of autophagic fluxes 
might underlie a cautionary note for off-target effects of autoph-
agy-based anti-CSC therapies. Discerning the specific autophagy 
requirements for normal tissue stem cells and CSCs may be an 
essential requisite when assessing autophagy targets for discrimi-
natory targeting of CSCs with minimal sequelae. Only through 
a rigorous scrutiny of the nuances of the autophagy machinery 
in normal tissue stem cells and CSCs can we clarify the patho-
genic mechanisms of autophagy and reveal the autophagic pro-
cesses exploited by cancer cells to co-opt stem cell traits. Other 
interesting questions for future studies on the role of autophagy 
in CSCs include: Do CSCs necessarily require the activation of 
the autophagy machinery to ensure survival and/or functioning? 
Does autophagy endow tumor cells with self-renewal capabili-
ties? Does autophagy constitute a shared metabolic feature of the 
stemness signatures among all of the intra-individual and inter-
individual heterogeneity of CSCs cellular states? It is time for the 
autophagy community199 to make the responses as unambiguous 
as possible.
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monitoring during autophagy-based, CSC-targeted therapies. 
Second, all human clinical trials currently exploring autophagy 
inhibition as a therapeutic strategy use chloroquine or the deriva-
tive hydroxychloroquine due to its long track record of safety in 
human patients.197 However, whether chloroquine and its deriva-
tives represent the most efficacious drugs for inhibiting auto-
phagy is debatable. Hydroxychloroquine when combined with 
autophagy inducers, such as chemotherapy (i.e., temozolamide), 
proteasome inhibitors (i.e., bortezomib), MTOR inhibitors (i.e., 
temsirolimus) and/or radiation, has low response rates in pre-
liminary clinical trials, indicating that hydroxychloroquine is 
not a potent autophagy inhibitor at clinically tolerable doses. The 
fact that an encouraging achievement of stable disease in 76% 
of advanced melanoma patients has been observed when com-
bining hydroxychloroquine with temsirolimus clearly motivates 
the development of new, more potent, autophagy inhibitors (e.g., 
Lys05, Spautin-1).195 Ultimately, we may be able to develop very 
effective anticancer treatment modalities by combining a cer-
tain class of autophagy inhibitors with molecular-targeted drugs 
directed against specific cellular targets in CSCs. In this scenario, 
autophagy-based, “customized” combinatorial approaches will 
likely provide new powerful methods to better manage CSC-
driven cancer origin and evolution in the near future.

Concluding Remarks

The past decade has witnessed significant growth in interest 
regarding stem cells and autophagy, but research investigating 
the intersection of these two exciting areas is very much in its 
infancy. Thus, we can expect tremendous growth in our under-
standing of the role of autophagy in various stem cells and more 
importantly of the mechanisms by which the autophagy path-
way and different autophagy proteins control and balance the 
quiescence, self-renewal and differentiation of stem cells. Given 
the nature of these stem cell-specific characteristics, much of the 
future research will necessarily be performed using in vivo model 
systems. So far, conditional knockout of specific autophagy genes 
in mouse models have provided the strongest direct evidence for 
autophagy in different stem cells.67,75 It is anticipated that stud-
ies using other genetic models such as the fly and worm will also 
likely be fruitful based on the power of genetics to look for exten-
sive gene interactions as well as the availability of well-defined 
stem cells in these systems. Likewise, future investigations into 
autophagy in stem cell functions will be facilitated by develop-
ment of assays in cultured cells (especially for human stem cells) 
that allow monitoring of selective autophagy targets such as the 
mitochondrion in live cells.

Besides increasing our understanding of basic stem cell biology, 
studies of autophagy in stem cells also have significant therapeu-
tic implications. Embryonic stem cells hold promise as therapeu-
tic tools. However, if the potential is to be realized it is important 
that ESCs are maintained in a viable, pluripotent state and free of 
genetic damage. Although the lack of autophagy does not appear 
to affect the ability of ES cells to form full-term embryos, the 
lack of autophagic activity appears to have an effect on cells cul-
tured in vitro under particular circumstances and stresses (e.g., 
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