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Preface 

Autophagy is a conserved process that is essential for maintaining cellular home-
ostasis in all kinds of cells including stem cells. Stem cells have the ability to 
self-renew as well as differentiate into one or more kinds of cells as demanded by 
their external environment which has immense therapeutic potential in regenerative 
medicine. The regulation and role of autophagy in stem cells are poorly understood. 
This book offers insights into the mechanisms by which autophagy can regulate 
stem cell self-renewal and facilitate specific differentiation programs. Additionally, 
it provides a glimpse into modulating autophagy in stem cells as a therapeutic option 
in diseases such as cancer. We hope that researchers, teachers and students alike find 
this book useful. We greatly appreciate everyone who contributed or helped towards 
making this book possible that too during the difficult times of global COVID-19 
pandemic. Thank you. 

We remain very grateful to Gonzalo Cordova, the Editor of the series, and wish to 
acknowledge his continued support. A special thank you goes to the production team 
at Springer Nature Switzerland AG for their outstanding efforts in the production of 
this volume. 

Finally, sincere thanks to the contributors not only for their support of the series 
but also for their willingness to share their insights and all their efforts to capture 
both the advances and the remaining obstacles in their areas of research. We trust 
readers will find their contributions as interesting and helpful as we have. 

Pune, Maharashtra, India 
Ottawa, ON, Canada 

Bhupendra V. Shravage 
Kursad Turksen
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Chapter 1 
Assays for Monitoring Autophagy 
in Stem Cells 

Aishwarya Chhatre and Bhupendra V. Shravage 

Abstract Macroautophagy (Autophagy hereafter) mediates degradation of cyto-
plasmic components and organelles via the lysosome in all types of cells including 
stem cells. It is an evolutionarily conserved process which involves formation of a 
double membrane, the autophagosome, and is crucial for maintaining homeostasis 
within the cells. Numerous assays for measuring autophagy (autophagic flux) have 
been designed and described in detail in Klionsky et al. [72]. However, not all may 
be suitable for a particular stem cell type, and interpreting the assays is key to under-
standing autophagy in stem cells. Several researchers use drugs or transcription 
factors to induce stemness or in differentiation protocols, and it would be prudent to 
know if the treatments affect autophagy and in what way. This review is an attempt 
to put together the relevant assays that can be used to monitor autophagy along with 
the advantages and limitations of each assay. In addition, we also discuss autophagy 
assays that have been successfully used by researchers in a particular stem cell type. 

Keywords Stem cells · Autophagy assays · LC3/GABARAP · Flux · p62 
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AKT A serine/threonine protein kinase 
AMPK Adenosine 5’monophosphate activated protein kinase 
ASC Adult stem cells 
Atg Autophagy-related gene
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ATP2A/SERCA Sarcoplasmic/endoplasmic reticulum calcium ATPase 
CCCP Carbonyl cyanide m-chlorophenyl hydrazone 
CLEM Corelative light electron microscopy 
CMA Chaperone-mediated autophagy 
CQ Chloroquine 
ESC Embryonic stem cells 
ESCRTs Escort complexes 
FIB-SEM Focused ion beam scanning electron microscopy 
FIP200 Focal adhesion kinase family interacting protein of 200 kDa 
FOXO3 Forkhead box transcription factors 
FUNDC1 Fun14 domain containing 1 
FYVE (Cysteine-rich proteins) Fab1 YOTB Vac1 and EEA1 
GABARAP Gamma amino butyric acid receptor-associated protein 
GFP Green fluorescent protein 
HSC Hematopoietic stem cells 
Hsp Heat shock protein 
LAMP Lysosome-associated membrane protein 
LC3 Microtubule-associated protein light chain 3 
LIR LC3 interacting region 
MAP Mannose-associated protein 
MAPK14 Mitogen-activated protein kinase 
mCherry MFruits family of monomeric red fluorescent proteins 
MSC Mesenchymal stem cells 
mtHsp Mitochondrial Heat shock protein 
mTORC Mammalian target of Rapamycin complex 
MuSC Epithelial/Muscle stem cells 
NBR1 Neighbour of BRCA1 gene protein 
P62 Protein of 62 kDa 
PI3K Phosphatidyl inositol 3 kinase 
Pink1 PTEN-induced kinase1 
RB1CC1 RB1 inducible coiled-coil protein 1 
RFP Red fluorescent protein 
SEM Scanning Electron Microscopy 
SNARE Soluble NSF attachment protein receptor 
SOD2 Superoxide dismutase2 
SQSTM1 Sequestrosome 
STX Syntaxin protein 
TAX1BP1 Tax1 binding protein1 
TBK1 TANK binding kinase1 
TEM Transmission Electron Microscopy 
TOMM Translocase of outer mitochondrial membrane 
TSC Tuberous sclerosis protein 
Ulk1 Unc51-like autophagy activating kinase1 
UVRAG UV Radiation resistance-associated gene 
VDAC Voltage-dependent anion channel
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VPS Vacuolar protein sorting 
WIPI2 WD repeat domain phosphoinositide interacting protein 

Introduction 

Stem cells essentially have two unique properties: they can differentiate into one or 
more types of cells and have the ability to self-renew to conserve their population. 
Based on their functional aspects, stem cells can be broadly divided into embryonic 
(ESC) and non-embryonic stem cells, which include Adult stem cells (ASC) like adult 
haematopoietic (HSC), mesenchymal (MSC), epithelial/muscle (MuSC) and neural 
stem cells (NSC) [1]. To maintain cellular homeostasis, stem cells possess certain 
intrinsic regulatory mechanisms and additionally extrinsic regulatory mechanisms 
in the case of niche-regulated stem cells. Autophagy is one of the intrinsic regulatory 
mechanisms involved in stem cell maintenance and homeostasis. Autophagy has 
been demonstrated to control mitochondrial ROS levels, premature ageing, prevent 
cell death, protect against DNA damage and promote stem cell longevity in long-
lived stem cells [2]. Thus, autophagy is an important cellular process and has been 
shown to function in various kinds of stem cells and is vital for regulating stemness 
and differentiation. 

Many stem cell researchers wish to focus on understanding the role of autophagy 
in regulating stem cell behaviour or as an end-point analysis. Hence, it is crucial 
to have knowledge of current acceptable standards for conducting and interpreting 
autophagy assays. For example, induction of pluripotent stem cells can be achieved 
by several methods including the addition of drugs to the growth medium. In such 
instances, it becomes imperative to know if these drugs, growth factors and transcrip-
tion factors modulate autophagy and to what extent. Monitoring autophagy during 
quiescence, mitotic activity and differentiation of stem cells is key to understanding 
the potential role and influence of autophagy on several aspects of stem cells. An array 
of methodologies and assays have been employed to monitor autophagy in somatic 
cells and these have been adapted to study autophagy in stem cells. However, it is 
important to select the appropriate method to assay autophagy for a particular stem 
cell type. Whether a peculiar assay fits a particular stem cell type of interest or not has 
to be experimentally determined. A table is provided as a quick guide for your ready 
reference highlighting assays published so far (Table 1.1). A detailed summary of 
each assay described below is provided in the recently published “Guidelines for the 
use and interpretation of assays for monitoring autophagy” by Daniel Klionsky [3]. 
This review provides a comprehensive guide for assays that can be employed to 
monitor autophagy explicitly in stem cells.
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Autophagy Process and Mechanism 

The term autophagy was coined in 1963, by Christian de Duve as a lysosomal-related 
nomenclature on the occasion of Ciba Foundation Symposium on Lysosomes [4, 5]. 
It is an evolutionarily conserved catabolic process and is regulated in a complex 
manner in different organisms and within different kinds of cellular environments. 
Cells retain a basal level of autophagic activity for maintaining homeostasis, however, 
it is upregulated during stress including DNA damage, nutrient depletion, ROS, 
hypoxia and pathogen invasion. Cellular components including misfolded proteins, 
pathogenic bacteria, depolarized mitochondria, dysfunctional organelles and several 
others are recycled by lysosomal degradation during autophagy [6]. The components 
are sequestered in a double-membrane vesicle called the autophagosome. 

Several forms of autophagy have been described in the past 50 years of research 
and are primarily categorized into 3 major types—macroautophagy, microautophagy 
and chaperone-mediated autophagy (CMA). Macroautophagy is a bulk degradation 
process involving the engulfment of cargo into a double-membraned vesicle, the 
autophagosome. Figure 1.1 depicts autophagy and the core proteins involved in the 
process. For simplicity, the process is divided into sequestration of cargo, formation 
of initiation complex, recruitment of phagophore membrane (e.g. endoplasmic retic-
ulum), formation of autophagosomes, sequestration and engulfment of materials, 
and fusion with lysosome and degradation [7]. Recycled cellular material is trans-
ported out via permeases and efflux pumps back into the cytoplasm. Microautophagy 
involves the direct delivery of cytoplasmic cargo to the lysosome which involves 
complex lysosomal membrane dynamics. The cargo to be delivered is either taken 
up by protrusions or invaginations of the lysosomal membrane. Several proteins 
which function in membrane trafficking including ESCRTs, Vac 8, etc. are required 
for this kind of autophagy. CMA involves the selective degradation of KFERQ-like 
motif-bearing proteins delivered to the lysosome via chaperone Hsc70 and other 
co-chaperones via the lysosome-associated membrane protein-2A [8, 9].

Autophagy is negatively regulated by the mTORC1 complex, which receives 
inputs from several upstream signalling molecules including MAP kinase, AMP 
kinases and AKT kinase. AMPK can inhibit mTORC1 activity by phosphorylating 
Raptor and TSC2 [10–12]. AMPK is also responsible for initiating the Ulk1 
complex formation [12]. The autophagy process initiates as a function of Ulk1/Atg1 
phosphorylation by AMPK and its further activation of Atg13 and Atg101, with 
FIP200 acting as a scaffold protein in the formation of Ulk1-Atg13-Atg101-FIP200 
initiation complex (in metazoans) [10, 11, 13, 14]. This complex is responsible for 
the activation of phagophore nucleation at endoplasmic reticulum sites, trans-Golgi 
apparatus or plasma membrane. Ulk1 activation is directly linked to Atg9 recruitment 
along with another complex formation of VPS34 (Class III PI3K), Beclin1 (Atg6), 
Atg14 and p150 (Vps15) on the phagophore membrane [10, 15]. This complex is 
responsible for vesicle membrane nucleation, whereas Atg14 a binding partner in 
this complex is involved in membrane stabilization [14, 15]. Other proteins and lipids 
involved in phagophore nucleation and membrane formation are explained in detail
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by Melia and colleagues [7, 14, 15]. Elongation of the phagophore membrane into 
autophagosome is mediated by two ubiquitin-like conjugation systems. These are 
facilitated by Atg7, Atg3, Atg10 that act like E1, E2 like enzymes and Atg4 a protease 
that is necessary for activation of LC3 family proteins [16–19]. Atg12 is activated 
by E1 like Atg7 and, transferred to E2 like Atg10 to form a complex with Atg5. 
This tethers with Atg16L to form the Atg12-Atg5-Atg16L complex which acts as an 
E3-like enzyme for LC3/GABARAP/Atg8 [20]. LC3/GABARAP are involved in the 
sequestration and tethering of the autophagosome with sequestered cargo by its LIR 
motifs. LC3-I/GABARAP-I/Atg8-I is cleaved to form LC3-II/GABARAP-II/Atg8-
II by Atg4 [13, 18, 21, 22]. LC3II/GABARAP-II/Atg8-II, the active form, attaches 
to the phagophore membrane with its LIR motif that interacts with the sequestered 
cargo via autophagy receptors like p62, NBR1, OPTN, NDP52, TAX1BP1 and 
TOLLIP, and tethers the autophagosome membrane. LC3II/Atg8-II is tethered 
to phosphatidylethanolamine present in the autophagosome membrane covalently 
through activities of Atg7, Atg3 and the Atg12-5-16L complex. LC3-I/GABARAP-
I/Atg8-I are the only proteins that are lipidated during autophagy [23]. Tethering 
of LC3II/GABARAP-II/Atg8-II to the autophagosome has been a widely used 
biomarker to monitor autophagy flux [24–26]. Autophagy receptors like p62, 
attach to LC3II/GABARAP-II/Atg8-II via LIR and simultaneously interact with 
poly-ubiquitinated cargo thus facilitating their recruitment to the autophagosome. 
Lysosome fuses with cargo-laden autophagosome forming autolysosome during 
macroautophagy. Lysosomal hydrolases and cathepsins degrade the cargo, and 
degradation products such as amino acids, simple sugars and fatty acids are trans-
ported to the cytoplasm [7, 27]. Effects of autophagy proteins in maintaining stem 
cell homeostasis are described in detail in many reviews [1, 28–30] (see Table 1.1).

Techniques for Assessing Autophagy Orchestration 

Autophagy flux is a total measure of cargo sequestration from uptake to degradation 
within the lysosomes in cells per unit time. One of the ways to measure the flux 
is to quantify the amount of protein that is degraded via autophagy. This can be 
done using several methods from conventional radiometric turnover assays of long-
lived proteins to fluorescently labelled proteins assaying for their degradation. The 
fundamental guidelines to perform assays for monitoring autophagy components are 
discussed briefly in Refs. [71, 72]. In the following sections, we describe the tools, 
and discuss and compare the techniques used for monitoring autophagy exclusively 
in stem cells.
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Electron Microscopy Imaging 

A solid inference is based on concrete visual observation of any biological entity as 
it provides evidence in support of a hypothesis. Biological research is vastly based 
on observing molecules using several probes and biomarkers by microscopy. Elec-
tron microscopy is a robust, high-resolution imaging technique required to assess 
the morphological construction and appearance of the autophagy process and its 
constituent structures in vivo. Eventually, after the discovery of lysosomes by Chris-
tian de Duve in 1940, electron microscopy was employed to image lysosomes, endo-
some and autophagosome structures to understand their physical nature [5]. Elec-
tron microscopy imaging has been successful in deciphering the structures of initial 
autophagic vacuoles and their differentiation with degradative autophagy vacuoles 
later renamed as autophagosomes and autolysosomes, respectively [37]. Advances in 
Scanning (SEM) and transmission electron microscopy (TEM) have been successful 
so far in stem cell research, and it has immensely contributed to our understanding 
of the autophagy process in stem cells [59, 47, 38]. 

TEM is crucial for autophagy research as it is the only technique that allows to 
visualize autophagic vesicles in the nm range. Most importantly, TEM along with 
appropriate sampling strategies can be used for quantifying autophagy [39]. TEM can 
reveal sequential changes in the morphology of autophagic vacuole in both selective 
and non-selective autophagy. This is usually achieved by following the size and shape 
of autophagic vacuoles as well as the stepwise degradation of cytoplasmic structures 
[55, 31]. Typically, the destruction of cytoplasmic organelles leads to an increase 
in electron density, then to vacuoles with moderate heterogenous density which 
finally become more homogenous and amorphous electron-dense vacuoles [40, 60]. 
Using fusion inhibitors like Bafilomycin A1, it is possible to chase the formation 
of autophagosomes. It is possible to identify cargo within the autophagic vacuoles 
using immuno-TEM followed by gold labelling [37, 69]. This technique uses anti-
bodies specific to LC3 (or anti-GFP antibodies marking GFP-LC3) to mark the 
autophagosomes and antibodies specific to proteins that are suspected as cargo [62, 
48]. One can more specifically identify autophagic bodies as compared to conven-
tional TEM alone, however, the immune-TEM with gold labelling needs extensive 
standardization. 

For quantification of data using TEM, it is important to use proper volumetric 
analysis with the limitation that such studies reflect steady-state autophagy levels. 
However, it is still possible to measure autophagy flux if the experiments are done 
in the presence and absence of autophagy inhibitors at different time intervals [73]. 
To get a better insight, it may be useful to perform whole cell quantification of 
autophagosomes using fluorescence microscopy along with qualitative verification 
with TEM [74]. New advances in electron microscopy like STEM, Cryo-EM, CLEM 
and other potential techniques used for high-resolution imaging of autophagy degra-
dation have been discussed extensively elsewhere and have to be employed to under-
stand autophagy involvement in stem cells. EM although efficient in providing high-
quality images requires huge setups, constant maintenance of vacuum in the tube,
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time-consuming specimen preparation and cannot be used to understand the localiza-
tion of multiple target proteins [75]. Some of the limitations of TEM could be over-
come by focused ion beam scanning electron microscopy (FIB-SEM) which elimi-
nates the sample processing treatments involved in TEM [76]. It is important to iden-
tify autophagosomes correctly, not all double-membraned structures are autophago-
somes. For example, autophagosomes have a characteristic distended empty space 
between the two membranes. Measuring autophagic structures per cell area is a more 
reliable technique and shows a better correlation with measurements done using other 
techniques. Tomographic reconstruction of TEM images can confirm the spherical 
nature of autophagosomes thus allowing to rule out other possible structures like 
inner membrane cisternae or damaged mitochondria within cells. To overcome these 
limitations of TEMs, researchers utilize fluorescence-based microscopy techniques 
to visualize endogenous protein localization. 

Fluorescence Microscopy 

This technique utilizes fluorophores directly or indirectly to monitor Atg8, LC3, 
GABARAP and associated proteins including Atg-related proteins during autophagy. 
LC3 family proteins (LC3/GABARAP/Atg8) can be detected directly using anti-
bodies that include both monoclonal and polyclonal. LC3 version fused with fluo-
rescent proteins can be easily detected in fixed cells and tissues as well as in live 
imaging. 

LC3 Antibody Tagging 

LC3/GABARAP family of proteins (Atg8s) consists of 6 proteins in mammals, 
LC3A, LC3B and LC3C variants proteins, whereas the latter consists of GABARAP, 
GABARAP1 and GABARAP2 (also known as GATE-16) in eukaryotes [3]. Lower 
order eukaryotes contain Atg8 homologues (Atg8a and Atg8b) that are involved in 
cargo recognition, engulfment and sequestration of autophagosomes to lysosomes. 
LC3 being the only facilitator of cargo to vesicles is widely used as a biomarker 
to monitor autophagy flux [24, 72]. Several monoclonal and polyclonal antibodies 
are available for immunofluorescence detection of LC3 using confocal microscopy, 
and it offers several advantages. It obviates the need for transfection or generation 
of transgenic animals expressing tagged LC3 and also avoids artefacts associated 
with overexpression of the protein [32–34]. LC3-II appears as punctate structures in 
confocal microscopy, and changes in the number of LC3-II puncta can be used as 
an indicator of induction or inhibition of autophagy [24, 35, 36]. However, in some 
cases a ratio of LC3-II signal intensity to the total LC3-I intensity may be used. 
Quantification of LC3-II puncta can be done using several image processing and 
analysis software (ImageJ and Imaris). LC3 variants being the only proteins attached
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to autophagosomes and autolysosomes are successful in tracking their localization, 
however, they also have limitations. LC3 antibodies provide an estimate only of 
the membranes required for autophagy-mediated degradation asthey do not label the 
sequestered cargo. To observe the cargo localization in vivo, it is necessary to observe 
the localization of autophagy receptor proteins attached to the proteins targetted 
for degradation. Hence, autophagy sequestration cannot be only studied by LC3-II 
localization [32]. For example, tracking cargo sequestered to the autophagosome 
and estimating colocalization of LC3 and p62 would facilitate relatively accurate 
measurements [37, 77]. One more disadvantage is that endogenous proteins may not 
be detected if the expression is very low (below the level of detection). To overcome 
this, LC3 proteins are typically fused with fluorescent proteins and expressed in cells 
and transgenic animals. 

Fluorescent Protein Tagging of LC3 

LC3 tagged with fluorescent proteins like GFP (RFP, mCherry, BFP, etc.; GFP-LC3, 
GFP-Atg8 or GFP-GABARAP) at the N-terminal can be used to monitor autophagy 
by immunofluorescence or direct fluorescence microscopy [78]. Such an approach is 
desired when endogenous LC3 levels are below detectable levels. Autophagosomes 
can be detected as green fluorescent dots (in case of GFP-LC3) localized in distinct 
areas of the cells/tissues. GFP-LC3 (RFP/mCherry/BFP) can be used for live imaging 
of cells/tissue and monitoring autophagy in real time [28, 37]. This is very useful when 
autophagy is to be monitored under different stressors or during the differentiation of 
cells such as iPSC or ESC differentiation [38, 46]. With advancements in knock-in 
approaches and genome editing recombinant technologies, GFP-LC3 constructs have 
been employed in varied types of stem cells, to understand cross-talks, autophagy 
activators, repressors and regulators in stem cells [46,49, 66, 79, 67]. 

There are several caveats that are associated when using GFP (RFP/mCherry/BFP) 
tagged LC3 for tracking autophagy. When generating cells expressing GFP-LC3, it 
should be noted that transfection reagents increase autophagy [41, 80]. Transfection 
should be performed with low levels of constructs. It is crucial to achieving uniform 
levels of GFP-LC3 expression within cells and tissues. This may require optimiza-
tion of the duration to allow optimal expression of GFP-LC3 in cells. In the case 
of differential GFP-LC3 expression, it is recommended to normalize the intensity 
of GFP-LC3-II present in the puncta to the total GFP-LC3 intensity. High levels of 
GFP-LC3 can result in artefacts such as nuclear localization. GFP-LC3-II puncta 
counts need to be expressed per cell or on a per cell area basis. Automated counting 
approaches may be misleading, hence, it is recommended to perform manual scoring 
of LC3-II puncta. GFP-LC3 may associate with protein aggregates and can bias the 
counts. Typically, GFP-LC3 puncta represent a mix of ubiquitinated protein aggre-
gates in the cytosol, ubiquitinated protein aggregates in the autophagosomes and 
phagophores [81]. GFP is sensitive to acidic pH and hence when the autophagosome 
and lysosome fusion occurs, GFP is quenched due to which it becomes difficult
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to monitor autolysosomes [82]. mRFP/mCherry fluorescent proteins are resistant to 
acidic pH and hence the fluorescence emitted by mRFP/mCherry-LC3 fusion proteins 
is not quenched in autolysosomes [78, 83, 84], thus offering a better alternative to 
GFP-LC3. This property of mRFP/mCherry-LC3 allows for differential counts of 
autophagosomes and autolysosomes [29, 40, 42, 43]. mCherry is an efficient and 
reliable fluorescent protein marker, however, it fails to track the complete autophagy 
degradation from cargo engulfment to recycling from lysosomes. It fails to present 
the difference between autophagosomes and lysosomes and lacks in revealing the 
complete process. To examine the process in a comprehensive approach, it is oblig-
atory to visualize autophagosomes and autolysosomes in the same milieu [32]. To 
achieve this, the employment of two separate fluorophores in a simultaneous routine 
is a necessity. 

mRFP/mCherry-GFP-LC3 Tandem Reporter Constructs 
and Their Advancements 

To measure autophagy flux, Yoshimori lab took advantage of dual fluorescent 
labelling comprehending pH-sensitive GFP and pH-stable RFP construct, i.e. mRFP-
GFP-tfLC3 (tandem fluorescence tagged LC3). Colocalization of GFP and RFP 
produces yellow puncta which indicate the formation of autophagosomes, whereas 
individual RFP red puncta indicate autolysosome/lysosomal compartments [26]. This 
reporter allows for the estimation of both induction of autophagy and the flux via 
autophagy simultaneously. However, the actual degradation of the cargo has to be 
monitored in the presence of lysosomal protease inhibitors such as E64d. mRFP/RFP 
can be replaced by mCherry. An added advantage of these reporters is that they could 
be used in high throughput screens and are amenable to automation necessary for 
large image-based screens [34, 49, 79]. Chloroquine and Bafilomycin A1 can be 
used to prevent the formation of autolysosomes which provides additional control 
for measuring the extent of autophagosome formation [47, 60, 48, 50]. Rosella pH 
biosensor can be used as an alternative to complement the mRFP/mCherry-GFP-LC3 
reporter [51, 52]. Rosella is a fusion between pH-stable fast-maturing RFP variant 
and pH-sensitive GFP variant and has been successfully used in yeast as well as 
mammalian cells. These sensors can be very well adapted for flow cytometry-based 
measurement of autophagy flux [85]. 

A few precautions need to be taken when using these reporters for flux assays. 
Overexpression of these proteins can themselves target the proteins for degradation. 
Optimization of these expression levels or the use of different fluorescent proteins 
such as TagmRFP and mWasabi is useful [25]. When using fixed tissues or cells, it is 
important to maintain an acidic environment as the use of pH neutral or basic fixatives 
may lead to restoration of the GFP signal thus complicating measurement of flux. An 
alternative to this is to use a more acid-sensitive version of GFP line pHluorin [84]. 
When performing live imaging, photobleaching becomes a major issue and needs
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to be appropriately addressed. In cases when the drug or the gene of interest affects 
proteolytic degradation, the colocalization of GFP and mRFP/mCherry increases 
which can lead to misinterpretation. In some instances, the overexpression of these 
reporters can lead to toxicity or cell death. In such cases, appropriate controls need 
to be included and alternative fluorescent protein fusion reporters should be used. 

GFP-LC3-RFP-LC3ΔG 

Despite the coupling of GFP with RFP in the tandem reporter, it does not take into 
account the activation of LC3-I to LC3-II. To overcome this conundrum, GFP-LC3-
RFP-LC3ΔG is one of the finest probes developed by Mizushima lab that provides an 
alternative approach to measuring the flux. Atg4 (Atg4A, Atg4B, Atg4C and Atg4D 
in mammals) are endopetidases that cleave the terminal amino acid(s) residue from 
LC3/GABARAP/Atg8 which exposes reactive glycine and facilitates transfer to E1-
like enzyme, Atg7. Based on this property of Atg4, cleavage at C terminal of GFP-
LC3-RFP-LC3ΔG fusion protein releases equal amount of RFP-LC3ΔG and GFP-
LC3 [86]. RFP-LC3ΔG acts as an internal control for autophagosome localization 
(GFP-LC3-RFP works equally well). GFP-LC3 gets lipidated onto the phagophore, 
and autophagosomes are degraded. GFP/RFP signal ratio provides an estimate of 
autophagy flux [86]. Tandem fluorescent proteins fused to LC3 provide a conve-
nient way of measuring autophagy flux. However, it is best to perform an indepen-
dent autophagy flux assay in addition to the tandem fluorescent proteins-LC3-based 
assays. 

Keima 

Keima, a Montipora sp. Coral-derived fluorescent protein is resistant to lysosomal 
degradation, and has a bimodal excitation of 440 and 586 nm depending on its 
ionized and neutral state. It has a single emission peak at 620 nm. At pH 7.0, Keima 
has an excitation peak at 440 nm, and in acidic conditions (i.e. lysosomal compart-
ment) its excitation peak shifts to 586 nm. A ratio of fluorescence at 550 nm to 
that at 438 nm provides a measure of degradation of cargo through the lysosomal 
system [87]. Keima can be expressed in the cytosol, and its delivery to the lyso-
somes can be tracked to measure non-selective (bulk) autophagy [88, 89]. Keima 
can be fused to a specific protein (such as mitochondria-targeted Keima) which is 
indicative of selective autophagy [40, 53]. Keima cannot be used when cells/tissues 
are fixed since the shift in excitation of Keima relies on the acidification of lyso-
somes. Keima is advantageous for developing strong probes for live monitoring of 
turnover of autophagy-related proteins. For further reading regarding Keima and its 
modulations, refer to Ding and Hong [90].
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SQSTM/p62/Ref(2)P Tagging 

SQSTM1/p62 (Ref(2)P in Drosophila) is a common autophagy cargo protein 
involved in sequestering and recognition of damaged, unfolded and accumulated 
bulk proteins/organelles to autophagosomes [72]. Monitoring p62 localization in vivo 
along with LC3/GABARAP/Atg8 can serve as a measure for autophagic degradation 
of cargo. SQSTM1/p62 has the ability to bind several polyubiquitinated substrates 
including RNA and can serve as an indicator for RNAphagy. Importantly, steady-state 
levels of SQSTM1/p62 reflect the autophagic status as disruption of autophagy leads 
to the accumulation of this protein within the cytosol [91, 92, 93]. Conversely, upreg-
ulation of autophagy typically leads to a decrease in SQSTM1/p62 levels. Together 
with CQ treatment, SQSTM1/p62 can be used to measure autophagy flux. Stem 
cell studies have utilized p62 biomarker for understanding degradation turnover of 
autophagy (Table 1.1). 

SQSTM1/p62 levels are different in different cell types, and changes in the levels 
of this protein are context-dependent [67, 42, 43, 54]. However, in some cases trans-
genic expression of SQSTM1/p62 does not reflect the changes of the endogenous 
protein. Another complication is that SQSTM1/p62 is transcriptionally upregulated 
under certain conditions of stress. In certain cases of aneuploidy, both mRNA and 
protein levels of SQSTM1/p62 are altered, however, the flux remains unaltered. It is 
therefore recommended to monitor mRNA as well as protein levels of SQSTM1/p62 
along with appropriate controls that include transcriptional inhibitors. SQSTM1/p62 
may be chased using radioactive pulse-chase experiments when other methods can’t 
be reliably used. SQSTM1/p62 is a large molecule with multiple domains, and 
these have multiple functions in several processes within the cell. For instance, 
SQSTM1/p62 can interact with Keap1 through its Keap1 interacting domain during 
oxidative stress. One important aspect to note is that overexpression of SQSTM1/p62 
can lead to the formation of inclusion bodies and this could create problems in 
measurement of flux [94]. SQSTM1/p62 is also degraded via the proteasome, and 
this must be accounted for when performing autophagy assays that include disrup-
tion of the proteasome [95]. While performing western blots for SQSTM1/p62, it 
is important to assure that lysates are prepared in a buffer containing 1% SDS. To 
conclusively establish SQSTM1/p62 degradation by autophagy, a time course of 
SQSTM1/p62 levels at 6 and 24 h (and up to 48 h) after autophagy induction is 
advisable [96]. In cases where SQSTM1/p62 fails to be a reliable marker, it may 
be prudent to track other autophagy receptors such as NBR1, Optineurin, TAXBP1, 
CUET and NDP52. Cargo recognition proteins like TAX1BP1 and NBR1 can also 
be recruited as biomarkers to observe their localization to selective autophagy cargo 
degradation. Their localization in adult NSCs is an estimate of the cargo sequestered 
for degradation [92]. Several other cargo protein biomarkers are involved in selective 
autophagy processes. Although not being studied in stem cells, they are extensively 
described by Klionsky et al. [72]. Thus, it is advisable to conduct SQSTM1/p62 
assays in combination with LC3/GABARAP/Atg8 assay and not solely depend on 
SQSTM1/p62.
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So far, we have discussed tagging the crucial autophagy proteins involved in 
autophagosome sequestration, maturation and cargo recognition. However, tracking 
LC3/GABARAP/Atg8 and p62 with respective antibodies does not always provide 
accurate resolution for imaging. Fluorescence quenching due to drastic changes 
in pH/temperature during experimentation and non-specific binding of the anti-
bodies can lead to false results. Hence, several fluorescent protein tagging tech-
niques have been developed to ameliorate the problem of lower resolution. So far 
we have discussed monitoring global autophagy within cells. While monitoring 
global autophagy levels within cells is an important step to understand autophagy, 
certain situations may require evaluation of specific steps/stages of autophagy. 

Evaluation of Specific Steps During Autophagy 

Several years of research has suggested that the Ulk1 complex is directly or indi-
rectly regulated by several upstream kinases. One of the most important kinases 
is mTORC1 which negatively regulates the ULK1 complex by phosphorylating 
Ser 757. This inhibitory phosphorylation can be tracked on western blots using 
phospho-specific (Ser 757) antibody of Ulk1. It should be noted that mTORC1 
itself is regulated by multiple upstream kinases that are involved in nutrient sensing, 
energy levels and growth of cells/tissues [12]. Ulk1 complex can phosphorylate 
several downstream effectors that can also be monitored for autophagy induction. 
These downstream effectors include Ulk1 complex proteins like Atg13, RB1CC1, 
Atg101, Atg6 complex proteins including Vps34, Becn1, Atg14, AMBRA1, core 
autophagy proteins such as Atg4, Atg9 and Atg16, and several other non-autophagy 
proteins such as AMPK, p62/SQSTM1, FUNDC1, MAPK14, TBK1, and Sec16A 
(an exhaustive list is available in Klionsky et al. [72]). In certain cases, relocaliza-
tion of certain proteins may be tracked upon induction of autophagy. For instance, 
Atg13 relocates to the omegasome when ULK1 is activated. It is important to note 
that decreased mTORC1 activity may not lead to the induction of autophagy per se. 
Also, autophagy induction can occur independently of Ulk1. A low abundance of 
Ulk1 may make it difficult to analyse phosphorylation levels [97]. 

Vps34 activity can be tracked to monitor autophagy induction in its initial stages. 
One way to test Vps34 activity is to immunoprecipitate the protein from cells and 
test for in vitro phosphorylation using Phosphatidyl-inositol and radiolabelled ATP. 
However, due to the limitations of this assay, it is recommended to use liposomes that 
mimic the lipid composition of the autophagosome. Atg6/Beclin1 is in a complex 
with Vps34, Vps15 and Atg14 and the activity of this complex can be monitored by 
in vitro phosphorylation of Phosphatidylinositol [98]. To achieve this, Atg6 and its 
partner proteins can be immunoprecipitated as a complex. In addition to this, Atg6-
GFP puncta formation can also be used to monitor autophagy induction. However, 
Atg6 can localize to endosomes, and hence caution should be exercised when using 
this assay for monitoring autophagy.
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Atg9 is a membrane protein that relocalizes to phagophore assembly sites from 
peripheral reservoirs upon Ulk1 and Atg13 activation. GFP-Atg9 can be used to 
track changes in its localization which can be used as a measure for autophagosome 
formation [99]. 

Atg12-Atg5 and Atg16 localize to the phagophore from the cytosol upon 
autophagy induction and can be detected by fluorescence (if tagged to fluorescent 
proteins like GFP, RFP etc.) and immunofluorescence. The conjugation of Atg12 to 
Atg5 can be monitored and used to measure autophagy. Tracking the formation of 
the Atg12-Atg5-Atg16 complex is an indirect way of evaluating autophagy [100]. 
Atg16 is a substrate of Atg1 and is phosphorylated at Ser 278 under autophagy-
inducing conditions in cells and can be detected using a phospho-Atg16 antibody in 
immunofluorescence assay or using Western Blotting technique. This method is 
recommended as phosphorylation can be monitored and is a reliable way to identify 
autophagy induction. This is the recommended method as the phosphorylation of 
Ser 278 by Ulk1 is not affected by late-stage autophagy block which is one of the 
limitations of the LC3-based assay. However, like other proteins it may be altered 
independent of autophagy, and this assay should be performed in addition to other 
assays to monitor autophagy [101]. 

Atg14 localizes to phagophores and can be tracked using antibodies or a GFP-
tagged version of Atg14. However, Atg14 can also localize to ER and autophago-
somes. Hence, an autophagosome marker should be included to identify a pool of 
Atg14 positive phagophores [102]. 

WIPI (Atg18 in lower organisms) is required for autophagy and can form complex 
with Atg2 at the ER-phagophore junction during omegasome formation. IN general 
WIPI proteins bind PI3P and accumulate on membranes that build autophago-
somes and omegasome. Quantitative fluorescence microscopy is routinely used to 
track Atg18/WIPI proteins to monitor autophagy. It is possible to measure punc-
tate Atg18/WIPI under autophagy stimulating conditions where the numbers of such 
puncta are elevated. Atg18/WIPI puncta are reduced in conditions of autophagy inhi-
bition and correlate well with LC3-II levels. Atg18/WIPI levels tend to be very low 
to undetectable and in some instances, overexpression of GFP/RFP/mCherry tagged 
Atg18/WIPI may lead to artefacts such as mislocalization [101]. 

STX17 is a SNARE protein that participates in autophagosome-lysosome fusion 
and can be detected on complete autophagosomes in most cases. In the case of 
starvation-induced autophagy, SXT17 has been shown to participate in omegasome 
formation [103]. 

Autophagy Visualization Dyes 

Staining with acidotropic dyes like MDC, acridine orange, neutral red, lysosensor 
blue and lysotracker red can be used when tagging core autophagy proteins using 
fluorescent proteins is not possible or antibodies that recognize Atg proteins are 
unavailable. These fluorescent dyes are useful in identifying an increase in acidic
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compartments (lysosomal, endosomal) within cells, however, they should not be 
relied upon altogether. Lysotracker Red (DND-99) does not quench upon fixation 
and hence can be used where fixation by paraformaldehyde is necessary. The other 
lysotracker series of dyes (e.g. Lysosensor Blue. Lysotracker green) can only be 
used in live cell imaging. Standardization of concentration and incubation time of 
the dye is necessary for individual cell types and tissue types. Additional control is 
to monitor the incorporation of these acidotropic dyes in the presence and absence 
of CQ or HCQ. A commercially available dye for monitoring autophagy CytoID 
may be used. This dye has been validated in cell lines and localizes to vesicles 
which are RFP-LC3 positive upon amino acid derivation. It exhibits low background 
fluorescence and responds well to autophagy modulators [104, 105]. 

Lysosome-associated membrane proteins (LAMP) are predominantly found on 
lysosomes and are crucial for their biogenesis, hence tracking LAMP proteins can 
be used to monitor lysosome numbers and localization [40, 48, 54]. LAMP1/LAMP2 
antibodies can be used to track lysosomes using immunofluorescence and flow cytom-
etry techniques. Alternatively, GFP (mCherry, BFP)-LAMP1/LAMP2 fusion protein 
can be used to track lysosomes in IF, flow cytometry and live imaging studies. 

Tracking Mitophagy in Stem Cells 

Mitochondrial dysfunction in stem cells causes either massive loss of stem cells 
or accumulation leading to premature ageing and senescence. Further loss in mito-
chondrial homeostasis may lead to mtDNA mutagenesis, reactive oxygen species 
turmoil and increased hypoxia responsible for developing severe pathogenesis [106, 
107]. Maintaining mitochondrial homeostasis is crucial for the normal functioning 
of the cell. To understand the molecular mechanisms involved in the accumulation 
of dysfunctional mitochondria, it is essential to decipher the mitophagy process. 
Several mitochondrial biomarkers have been employed in diversified stem cell types 
as probes for studying mitophagy. Based on in vivo data, 3 types of mitophagy have 
been described. Type 1 mitophagy involves the formation of phagophore, requires 
mitochondrial fission to occur and requires Vps34 complex including Becn1. Type 2 
mitophagy is independent of Becn1 and is induced when mitochondria are damaged 
and requires LC3. Type 3 mitophagy is independent of Atg5 and LC3 but requires 
Pink1 and Parkin [108]. However, additional types of mitophagy have also been 
recently described that involve participation from FUNDCI and BNIP3. 

TEM is a useful technique to track mitophagy as it can reveal details of mito-
chondrial membrane and cristae at nm levels allowing researchers to determine 
several aspects of mitochondrial health. TEM can be coupled with Bafilomycin 
or CQ treatment to get measurements of mitophagy flux [39]. Like Lysotrackers 
dyes, Mitotracker Red, Mitotracker Green and Mitotracker Deep Red can be used 
to track mitochondrial morphology as well as a number of different cell types [39, 
53, 56]. Dyes which exhibit dual fluorescence in different redox states such as JC-1
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and Mitotracker CMSRox can also be used to track mitochondrial redox poten-
tial [40]. These dyes in combination with appropriate lysotracker dyes can be used 
to track mitophagy using confocal microscopy and flow cytometry in live cells. 
However, it is important to note that autophagosomes form at the ER-mitochondrial 
contact sites, and hence this aspect needs to be accounted for when interpreting 
results. Antibodies that specifically bind mitochondrial proteins such as VDAC, 
TOMM20, SOD2, Hsp60 and mtHsp70 can be used to visualize mitochondria in 
primary cells or tissues [60]. To measure autophagic sequestration of mitochondria, 
researchers can use mitotracker dyes/mito-specific antibodies together with lyso-
somal dyes/lysosome specific antibodies. Additionally, GFP/RFP-LC3/GABARAP 
can be employed with mitochondrially targeted GFP (e.g. mito-GFP and mitochon-
drial resident protein fused to GFP/RFP/BFP) to measure colocalization [57, 58]. 
Mitophagy can also be quantified using mt-Keima using fluorescence microscopy 
or alternatively with flow cytometry. The peak of excitation of Keima shifts from 
440 nm shifts to 586 nm when mitochondria containing autophagosomes fuse with 
the lysosomes. mito-QC reporter is another construct to efficiently track mitochon-
dria undergoing fission and sequestration for degradation [40, 53, 90]. The mito-
QC reporter comprises mCherry-GFP-Fis1 construct that localizes to mitochondria, 
allowing dual tagging of mitochondria in autophagosomes and autolysosomes [60]. 

It is also possible to monitor mitochondrial mass in the presence and absence of 
a mitophagy inducer. This can be achieved using flow cytometry coupled with mito-
tracker dyes and by immunofluorescence techniques using mitochondria-specific 
antibodies [109]. qPCR to measure mitochondrial DNA is yet another technique 
that allows for the measurement of mitochondrial mass. qPCR can be performed for 
MT-ND1 (mitochondrially encoded NADH dehydrogenase 1 or 2) and normalizing 
expression levels to nuclear DNA encoded pyruvate kinase M1/2 [110]. In some 
cases, mitophagy inducers may be necessary to measure mitochondrial degradation 
capacity and in such cases it may be essential to optimize the type and concentration of 
the inducer [111]. CCCP/FCCP are stronger inducers of mitophagy, while Antimycin 
A and oligomycin are milder mitophagy inducers. Mitotimer is a time-sensitive fluo-
rescent protein that shifts fluorescence from green to red and can be used to track 
mitochondrial turnover, mitophagy and mitochondrial oxidative stress. Pink1-Parkin-
dependent mitophagy could be detected using markers such as anti-parkin antibody 
and anti p-S65-Ub antibody. Translocation of Parkin from the cytoplasm to the mito-
chondrial membrane occurs upon induction of, in Pink1-Parkin dependent mitophagy 
S65 residue of ubiquitin is phosphorylated upon mitophagy induction, and this can 
be detected using anti-P-S65-Ub antibody [112]. It is important to use the appropriate 
maker when following mitophagy in cells and tissues. It is important to choose an 
inner membrane protein or a mitochondrial matrix protein when labelling mitochon-
dria as this provides a more precise measurement of mitochondrial numbers [113]. 
Localization of Parkin to the mitochondrial outer membrane alone should not be used 
as a sign of mitophagy. Also, the disappearance of outer membrane proteins alone 
should not be considered as induction of mitophagy as these proteins VDAC1 and 
TOMM20 are also degraded by the proteosomal systems. PINK-Parkin-dependent 
mitophagy can occur independently of Atg-proteins. Thus, it is advisable to use
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several methods such as TEM, Atg-family proteins that colocalize with mitochon-
dria and western blotting that can complement each other in deciphering mitophagy 
status in stem cells [37]. 

Atg8s/LC3 and p62 Protein Expression in Stem Cells 

Western blot has been widely engaged to measure the expression levels of two of the 
most important autophagy proteins, LC3/GABARAP/Atg8s and p62 over the years. 
LC3/GABARAP/Atg8 and p62 levels are quantifiable using western blot, and their 
accurate analysis provides the closest clues to measuring autophagy flux. Different 
stages of autophagosome formation can be depicted from distinct LC3 levels in stem 
cells [68]. Since autophagy has been widely studied in stem cells, western blots 
have provided concrete means to understand expression levels of LC3 in a variety 
of stem cells. Atg8/LC3/GABARAP are expressed as precursor proteins and need 
to be activated by Atg4 (Atg4A, Atg4B, Atg4C and Atg4D) which cleaves terminal 
cysteine residue (in most cases) exposing glycine to be conjugated to phosphatidyl 
ethanolamine (PE). The PE-conjugated form /LC3-II/GABARAP-II/Atg8-PE (also 
called Atg8-II) shows faster mobility on SDS-PAGE as compared to the unconju-
gated form. The positions of unconjugated and conjugated Atg8/LC3/GABARAP are 
approximately 16–18 kDa and 14–16 kDa, respectively. LC3-II/GABARAP-II/Atg8-
PE is the only protein that is reliably associated with completed autophagosomes 
[114]. 

It is important to note that both LC3-I and LC3-II levels display dynamic behaviour 
depending on the cell type and context. This is important as the basal autophagy may 
be different in different kinds of stem cells. Upon upregulation of autophagy, the 
levels of LC-I and LC3-II might change non-uniformly. An increase in LC3-II levels 
usually indicates an increased autophagic degradation, however, an increase in LC3-I 
and LC3-II, simultaneously, should be interpreted as accumulated autophagosomes 
and hindered autophagy [71]. Western blotting is able to detect the accurate levels 
of LC3-I and LC3-II in stem cells. It is recommended to use 4–20% gradient gels 
or 4–125 Bis–Tris gel using MES buffer as these allow for proper separation of 
LC3-I/LC3-II bands. It should also be taken into account that the levels of LC3-
I and LC3-II are subject to change in different stem cell type, stage of differen-
tiation and the kind of stress the cells are subjected to [40, 32, 46]. LC3-II can 
accumulate when autophagosome-lysosome fusion is disrupted by using vinblas-
tine, by disrupting Calcium pump ATP2A/SERCA with thisparagon, by inhibiting 
V-ATPase by Bafilomycin A1 or by raising lysosomal pH using CQ. However, stem 
cell cultures are often treated with modulators that affect signalling pathways which 
may affect autophagy flux (LC3-II levels) [60, 62, 44]. There are several limita-
tions when following LC3/GABARAP/Atg8 transitions using Western blotting for 
measuring autophagy. Changes in LC3-II are cell type and context-dependent and 
in some cases, they may be independent of core Atg-proteins such as Atg6. LC3-II 
can associate with membranes that do not participate in autophagy. Standardization
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with appropriate controls is essential for evaluating LC3 by westerns. It may be 
necessary to directly process the cells or tissue in Laemmli buffer when preparing 
protein samples for proper extraction of LC3-I and LC3-II forms. Levels of LC3-II 
should not be compared with LC3-I, but compared to housekeeping proteins. Since 
mammalian stem cells have multiple isoforms of LC3, following LC3-II (LC3B-II) 
levels alone may not be an accurate way to measure autophagy. It is necessary to iden-
tify if anti-LC3 antibodies recognize one or more isoforms. This will enable to report 
specific isoforms that show differential expression during autophagy induction. 

LC3 Turnover Assays 

The assay is usually estimated as the difference between LC3-II levels in the pres-
ence and absence of autophagy modulators. Lipidated (LC3-II) and non-lipidated 
forms (LC3-I) of LC3 provide a more accurate estimate of the autophagosome 
formation/autophagy flux. A greater ratio should be interpreted as higher autophagy 
turnover, whereas lower numbers indicate basal or decreased autophagy turnover. 
However, as mentioned previously both conditions should also be subjected to the 
same concentration of autophagy modulators. The time of incubation and concen-
tration of the autophagy inhibitor needs to be empirically determined for each kind 
of stem cell/stem cell population. However, it is recommnded to expose stem cells 
to Bafilomycin A1 and CQ for shorter duration [115, 116]. 

Time lapse microscopy with photo-switchable fluorescent proteins (such as PA-
GFP) can be monitored by assessing the half-life of LC3 protein after photoactivation. 
This can be achieved by measuring autophagosome pool size and its transition time 
upon fusion with lysosomes. Alternatively, the formation of autophagosomes can 
be quantified. Autophagic flux can be monitored by following the turnover of LC3-
II by utilizing a Renilla sp. Luciferase (Rluc). Autophagy-dependent turnover can 
be monitored by stimulating a change in the ratio of luminescence between cells 
expressing wild type LC3 fused to Rluc and cells expressing non-lipidable form of 
LC3 (LC3G120A mutant)[117]. 

Flow Cytometry and Fluorescence-Associated Cell Sorting 
(FACS) 

For high throughput analyses involving cell populations, it may be advantageous to 
use multispectral flow cytometry. This is particularly advantageous when studying 
stem cell populations in vitro. Commercial kits and several methods for analysing 
autophagy using flow cytometry have been developed and are capable of simulta-
neous analysis in a varied range of specifications. Automated flow cytometric anal-
ysis can be coupled with imaging for distinguishing the desired population of cells
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expressing autophagy markers from a heterogenous group and sorting the cell types 
accordingly [118]. Several autophagy markers tagged with fluorophores in stem cells 
have been employed for their analysis using flow cytometry, especially for monitoring 
cell death rate. Additionally, fluorescent dyes such as lysotracker, lysosensor as well 
as genetically coded fluorescence proteins like EGFP/BFP/mRFP-LC3 can be used 
in flow cytometry assays. LC3 degradation can be monitored using total cellular 
fluorescence before and after induction of autophagy. It is also possible to deplete 
the LC3-I form by treating cell populations with saponin and measuring LC3-II form 
alone. In addition to these, tandem mCherry-EGFP-LC3 can be used to measure flux 
using flow cytometry [67]. GFP-SQSTM1 exhibits the largest magnitude of change 
upon autophagy induction and could be a better marker for assaying autophagy flux 
in cells. It is important to keep appropriate controls when assaying autophagy in 
adherent cells using flow cytometry. This is very important as embryonic stem cell is 
culture tend to form embryoid bodies. Alternatively, autophagic vesicles can be puri-
fied and can be used for measuring autophagy flux. Flow cytometry with multispectral 
imaging should be used with additional autophagy assays to determine flux. 

Potential Probes for Monitoring Autophagy 

So far, we have discussed and mentioned the methods employed to monitor autophagy 
using fluorescence-based techniques in stem cells, although there have been certain 
advancements in building novel constructs that could be potentially used in stem 
cells as well. The approach to quantifying long-lived protein degradation was isotope 
labelling, an in vitro assay. The study used Atg5-deficient human primary fibroblast, 
with a proteome-wide approach of isotope labelling by L-arginine and L-lysine by 
stable isotope labelling with amino acids in cell culture (SILAC). Protease degrada-
tion was observed using mass spectrometry and flow cytometry. Autophagy activity 
was found important for the degradation of long-lived proteins during quiescent to 
activated state change. CathepsinD enzyme activity increase during activation also 
suggested a high degradation rate of long-lived proteins by autophagy [119]. 

Although protein biomarker LC3 family attached fluorescent probes are effi-
cient, withstanding lysosomal pH and producing a bright outcome is not possible. 
Miyawaki lab improved upon their previous Keima reporter to develop mito-SRAI 
(signal retaining autophagy indicator), a recent tool for monitoring mitophagy. The 
tool takes advantage of CFP tolerance of lysosomal environment (TOLLES) with 
GFP (mAG) monomeric Azami Green [88]. Although initially developed for mito-
chondria, this construct can be attached to the desired protein to observe its potential 
localization in the autophagosome and lysosome. 

Jiang lab recently developed a novel clicking of organelle-enriched probes for 
tracking lysosomes, endosomes and autophagosomes (mitochondria). Tetrazine and 
trans-cyclo-octenol (TCO) undergo Deils-Alder reaction forming a bio-orthogonal 
compound. TCO is targeted to the lysosome via Lyso-BODIPY (boron di-
pyrromethane), whereas tetrazine is targeted to mitochondria via Mito-rhodamine
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and endosomes via cholesterol units. Lyso-BODIPY-TCO reaction with tetrazine re-
establishes the fluorescence by forming a pyrazine product with tetrazine quencher, 
i.e. Forster resonance energy transfer (FRET). This allows for a dual fluorescence 
as Lyso-BODIPY-TCO has greater emission in acidic conditions [120]. Several 
probes have been developed using fluorescent proteins and compounds for moni-
toring autophagy, however, their use in stem cells is sparse. Recent studies have 
shown constructing fluorescent molecule based probes specifically designed for 
monitoring selective autophagy, and are detailed in reviews [for more information 
please refer 90]. 

Gene Expression Assays 

Fluorescence imaging, quantitative protein expression of autophagy process and 
morphological analysis of autophagosomes provide a useful measure of autophagy at 
the protein level. For a thorough examination of protein regulation, structural changes 
and modification, genomics should be coupled with these methodologies. Induction 
of autophagy also leads to an increase in mRNA levels of several Atg genes such 
as Atg1, Atg6, Atg7, Atg8, Atg9, Atg12, Atg13, Atg14 and p62 [49, 121]. Several 
of these genes are transcribed at higher levels upon autophagy induction, however, 
this is both cell type and context-dependent. Quantitative real-time polymerase chain 
reaction (qRT-PCR) and northern blots for assessing mRNA levels can provide data 
about autophagy induction. However, it is highly recommended to assess the mRNA 
levels at different time points during autophagy induction. This is due to the fact that 
mRNA levels are highly dynamic and change over course of time. Promoter analysis 
studies, chromatin immunoprecipitation and Atg-gene promoter luciferase assays 
can provide additional information on the transcriptional regulation of Atg genes. 
Certain transcriptional activators and repressors like TFEB, ZKSCAN3 and FOXO 
regulate several Atg genes and lysosomal biogenesis genes simultaneously [29, 60, 
36]. Tracking such gene regulatory networks and systems biology approach (e.g. 
CLEAR—coordinated lysosomal expression and regulation, RNA-seq and microar-
rays) is useful in monitoring autophagy. It is important to note that not all Atg genes 
show altered mRNA levels and, that the changes in mRNA levels may be used as 
indicators of change in autophagy status but only when strongly supported by more 
robust assays. 

Protein Interaction Databases 

Over the years of biological research, molecular interactions have been studied from a 
large number of varied cell populations and whole organisms. A huge amount of data 
has been generated from these studies along with their genome sequences; annotated, 
curated and stored in distinct databanks or datasets. Data from these publicly available
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databases can be extracted and benefited from to understand biological systems as 
a whole in silico. One of the studies in stem cells used the STRING database to 
analyse potential FOXO3 binding partners in the autophagy process. FOXO3 was 
found to bind with WIPI1/2, ZFYVE, Ambra1, UVRAG, Atg9a, Atg2a/b, RB1CC1, 
Pink1, Atg13, LC3/GABARAPs, NBR1 and Ulk2, a wide range of proteins involved 
in autophagy regulation and orchestration [48]. Kyoto Encyclopaedia of Genes and 
Genomes (KEGG) pathway analysis was used to study the interrelation between 
different metabolic pathways as well as the upregulation and downregulation of 
proteins. In a distinct study by Maycotte et al., an analysis of quiescent NSCs in 
KEGG showed higher levels of lysosomes than activated NSCs, indicating a higher 
amount of cellular degradation prior to NSCs activation [60]. The aforementioned 
databases and several others coupled with computational in silico techniques of 
homology modelling, sequence similarity, protein interaction and modelling can be 
employed to predict the possibility of autophagy components in the desired species. 
These in silico genomic approaches are described in detail in Klionsky et al. [72]. 

Conclusion 

This review discusses the techniques used to monitor autophagy in stem cells over 
the years. From the review, it may be inferred that Confocal microscopy has domi-
nated over other immunofluorescence methods, due to its ability to visualize the 
autophagy process in a direct first-hand proof. Apart from the in vivo confocal 
imaging techniques, western blots and flow cytometry are powerful and equally reli-
able techniques that could be employed as an integrated approach. High-resolution 
imaging provided by electron microscopy is eminent to understand the morphological 
changes in the autophagy involved vesicles. Genetic analysis is crucial to understand 
the impact of transcriptional and translation regulators on autophagy and concomi-
tantly on stem cells. This becomes important when using stem cell differentiation 
protocols. Emphasis on the effects of loss of autophagy in stem cells using different 
approaches underlines the cruciality of the process. 

Stem cell research in itself is a huge arena. Autophagy has a concrete foundation 
of more than 40-years of research, however, its importance in stem cell mainte-
nance, longevity and homeostasis has been recently gained importance. Regardless 
of the diversified stem cell populations, autophagy functions as a part of the anabolic 
and catabolic regulatory system within these cells. As has been discussed, impair-
ment in autophagic degradation has devastating effects on stem cell populations. Not 
only macroautophagy but also other types of autophagy like chaperone-mediated 
autophagy modulation has also shown to affect stem cell metabolic regulation. 
Mitophagy has been especially emphasized due to the effects of impaired mitochon-
drial clearance on stem cell longevity, and in particular on stem cell maintenance and 
differentiation. 

Effects of autophagy modulating drugs in certain cancer stem cell populations 
such as CML have shown promising drug targeting strategies. Whether similar effects
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will be observed on other cancer stem cell populations will be decided by further 
research in the future. Studies so far have marked the importance of autophagy in 
stem cells, and their pharmacological significance in engineering drugs to modulate 
autophagy to advance regenerative medicine and stem cell based therapies. Contem-
porary medical approaches like elevating rapamycin levels to induce autophagy have 
been employed in tissue grafts, organs and stem cell transplants to improve prog-
nosis. These approaches can be improvised and advanced by targeted and precision 
therapies that are directed specifically towards stem cell populations. 

There is no doubt investigations into autophagy have increased exponentially. 
Most of the methodologies and techniques used so far have been developed over a 
decade. Macroautophagy has been vastly explored in stem cells, whereas selective 
autophagy in animal models and tissue cultures has shown to be of great importance, 
perhaps its modulation in stem cells would uncover novel mechanisms involved 
in metabolic regulation. The review highlights techniques that can be employed 
to understand the autophagy process in stem cells. However, employment of each 
assay is dependent on the autophagic degradation stage under study, i.e. autophago-
some membrane formation, autophagy flux and autophagosome-lysosome fusion; 
it is wise to integrate the approaches rather than isolate them on a single one for 
results. An approach that provides an accurate measurement of the whole process 
in a single assay has not been developed yet. Given the supreme influence of 
autophagy on stem cells understanding its diversified role in stem cell mechanisms, 
using advanced methodologies is pivotal. The future holds new possibilities for 
investigating autophagy processes in stem cells and regenerative medicine. 
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Chapter 2 
Autophagy in Stem Cell Maintenance 
and Differentiation 

Anirudha K. Sahu, Propanna Bandyopadhyay, Rajdeep Chowdhury, 
and Sudeshna Mukherjee 

Abstract Autophagy is one of the intracellular machinery for maintaining organelle 
as well as physiological homeostasis in cells by clearance of cellular debris and 
recycling of essential raw materials. It is different from other cellular processes 
like apoptosis and necrosis in the sense that it acts as a double-edged sword that 
might lead either to survival or death based on the stimuli. There are broadly 
three different types of autophagy: macroautophagy, microautophagy, and chaperone 
mediated autophagy. Macroautophagy is one of the commonly understood forms of 
autophagy and has been discussed simply as autophagy throughout the chapter. The 
role of autophagy in stem cell maintenance and differentiation is essential as both 
the processes require intensive intracellular remodeling which involves a continuous 
cycle of synthesis and degradation of event-specific proteins. Several pathways are 
involved in the regulation of autophagy and vice versa in stem cells. Among them, 
there are master proteins mandatory for stem cell maintenance and/or differentia-
tion reported to be directly regulating autophagy. The current chapter discusses the 
different signaling pathways in stem cells; regulating or being regulated by autophagy 
and its role in the maintenance and differentiation of various types of stem cells. 
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AMPK AMP-activated protein kinase 
APJ Apelin receptor 
ATG Autophagy related gene 
ATP Adenosine triphosphate 
BAT Brown adipose tissue 
BMSC Bone marrow derived mesenchymal stem cells 
BNIP3 BCL2/Adenovirus E1B 19 kDa Protein Interacting Protein 3 
C/EBPβ CCAAT-enhancer binding protein 
CMA Chaperone mediated autophagy 
CNS Central nervous system 
CSC Cardiac stem cells 
CSF Colony stimulating factor 
CYLD Cylindromatosis 
DNA Deoxyribo Nucleic Acid 
ER Endoplasmic Reticulum 
ESCRT Endosomal sorting complex required for transport 
Eva1 Eva-1 homolog A 
FGF Fibroblast growth factor 
FGFR Fibroblast growth factor receptor 
FIP200 Focal adhesion kinase family-interacting protein of 200kD 
FOXO Forkhead box transcription factor 
FRS2α FGF receptor substrate 2α 
GATA 1 GATA-binding factor 1 
GIT1 G-protein-coupled receptor kinase-interacting protein 1 
GSK3 Glycogen Synthase Kinase 3 
HIF-1α Hypoxia Inducible Factor 1 alpha 
HMPC Hematopoietic mesenchymal progenitor cells 
HPC Hepatic progenitor cells 
HSC Hematopoietic stem cells 
HSC-70 Heat shock Protein 70 kDa 
IL-6 Interleukin-6 
ISC Intestinal stem cells 
JNK C-Jun N-terminal kinase 
Klf Kruppel-like factors 
LC3 Microtubule-associated protein 1 light chain 3 protein 
LPC Liver Progenitor Cell 
miRNA Micro Ribo-nucleic acid 
MMP Matrix metalloproteinases 
MSC Mesenchymal stem cells 
mTOR Mammalian target of rapamycin 
NBR1 Neighbor of BRCA1 gene 1 protein 
NFATc1 Nuclear factor of activated T-cells 1 
NF-κβ Nuclear Factor kappa light chain enhancer of activated B cells 
NSC Neural stem cells 
PE Phosphatidylethanolamine



2 Autophagy in Stem Cell Maintenance and Differentiation 37

PI3K Phosphatidylinositol—3—kinase 
PIP2 Phosphatidylinositol 4,5-bisphosphate 
PIP3 Phosphatidylinositol 3,4,5-triphosphate 
PPARγ2 Peroxisome proliferator activated receptor gamma 
RANKL Receptor activator of nuclear factor kappa-B ligand 
RBC Red Blood cells 
ROS Reactive oxygen species 
SC Satellite cells 
STAT-3 Signal transducer and activator of transcription 3 
TAB2TGF-β activates kinase 1 binding protein 2 
TGs Triglycerides 
TIP60 60KDa HIV-Tat interactive protein 
TNF-α Tumor Necrosis Factor alpha 
TRAF Tumor necrosis factor receptor-associated factor 
TUNEL Terminal Deoxy-nucleotidyl Transferase dUTP Nick End Labeling 
ULK1 Unc-51-like kinase 1 
VPS Vacuolar protein sorting 
VZ/SVZ Ventricular and subventricular zone 
WAT White Adipose Tissue 
WIPI WD repeat protein interacting with phosphoinositide 
Wnt Wingless-related Integration site 

Introduction 

Autophagy, which literally means ‘Self eating’ although might seem like an intimi-
dating devouring process, actually refers to an evolutionarily conserved intracellular 
cleansing process for the recycling of damaged organelles, unwanted proteins, surplus 
storage nutrients (glycogen and lipids), reactive oxygen species (ROS), macro and 
micro-molecules (nucleotides and metabolic byproducts) in the form of essential 
intracellular raw materials like amino acids, sugars, fatty acids, nucleosides, etc., to 
maintain cellular homeostasis [1–4]. Even intracellular pathogens can be taken up 
by the autophagy program to break them down into antigenic peptides to further 
incite specific immune responses [5, 6]. Autophagy was first discovered in yeast by 
Yoshinori Ohsumi and his colleagues at the University of Tokyo, in 1992, although 
the terminology was given long back by Christian de Duve in 1963 [7]. Induction of 
autophagy was initially believed to be only under starvation [8], but later on, it was 
also found to be activated by DNA damage, cellular stress, infection, and hypoxia [4]. 
Autophagy has been implicated in the prognosis of various human diseases, cellular, 
and host immunity as well as in developmental processes like stem cell renewal, 
maintenance, and metabolic remodeling leading to differentiation and morphogen-
esis, especially (but not limited to) during embryo development [5, 9–14]. The cellular 
machinery for autophagy basically includes the formation of a double-membraned
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vesicular body called autophagosome which carries the intracellular junk and wholly 
moves toward the lysosome and fuses with it for degradation and recycling. The fused 
body is called auto-phagolysosome which finally completes the process of autophagy 
[1, 2]. 

Autophagy Compared to Necrosis and Apoptosis 

Autophagy is far different from apoptosis and necrosis. Although apoptosis and 
necrosis themselves differ from each other in terms of the process and what they 
do to the cell; both are bound to cause cell death unlike autophagy. Both are incited 
by mostly similar but somewhat different intracellular or extracellular cues. In short, 
apoptosis is a caspase-mediated programmed cell death that is characterized by chro-
mosome condensation, nuclear fragmentation, and membrane blebbing intended to 
basically get rid of excess, undesirable, and sometimes intracellularly damaged cells, 
whereas necrosis is considered to be an accidental cell death caused by nonspe-
cific or nonphysiological stimuli, mostly extracellular stress inducers, and is charac-
terized by the expansion of cellular organelles, disintegration of cell membrane, 
and further inflammatory responses mediated by the release of the intracellular 
contents. However, autophagy is basically a cleaning and recycling process associ-
ated with the formation of the autophagosome, which is a bilayer vesicle containing 
damaged organelles, proteins, and other cytoplasmic components [15–17]. Although 
autophagy is intended to be more of a survival mechanism maintaining cellular home-
ostasis by resource recycling and consuming cellular waste; its excessive triggering 
by single or multiple upstream signaling might lead to unplanned cell death [4]. 

The Autophagic Cascade 

The whole process of autophagy is basically divided into 6 steps: Induction, Nucle-
ation, Elongation, Maturation, Fusion, and ‘Degradation and recycling’. Unless there 
is a signal; the whole process is in check and is negatively regulated by the mTOR 
complex. Induction of autophagy results in the dephosphorylation and activation of 
ULK1 which then forms a ULK1–ATG13–FIP200–ATG101 complex. The ULK1 
complex translocates to sites on the Endoplasmic Reticulum where the nucleation of 
autophagosome takes place leading to pre-autophagosome formation. ULK1 further 
activates another effector protein called Beclin1 from the phosphatidylinositol 3-
kinase (PI3K) complex by phosphorylation. Beclin1 is one of the most important 
proteins within the PI3 Kinase complex associated with other accessory proteins like 
VPS34 and VPS15. Now, this PI3 Kinase converts PIP2 (Phospho-inositol diphos-
phate) to PIP3 (Phospho-inositol triphosphate) on the pre-autophagosome membrane 
which leads to the recruitment of WIPI proteins on the surface. This happens during 
the elongation process. WIPI proteins help in the recruitment of P62 and NBR1



2 Autophagy in Stem Cell Maintenance and Differentiation 39

sequestered LC3-I proteins to PE (Phosphatidylethanolamine) via another complex 
called ATG16-ATG5-ATG12 complex and facilitate the conversion of LC3-I to LC3-
II by lipidation. Now, P62 and NBR1 are cargo carrier proteins that carry the debris 
for degradation and recycling into the fully formed autophagosomes. The presence of 
LC3-II generally is an indicator of a fully matured autophagosome. Once the matured 
autophagosome is formed, it finally fuses with the lysosome for degradation of the 
cargo and recycling of resources [2, 6, 7]. 

Types of Autophagy 

There are basically three different types of autophagy: macroautophagy, microau-
tophagy, and chaperone mediated autophagy [18]. 

Macroautophagy is an umbrella term for several different sub-types of autophagy 
and essentially refers to bulk degradation. All different types of organellophagy 
(bulk degradation of organelles through autophagy) like mitophagy (mitochon-
dria), reticulophagy (Endoplasmic reticulum), nucelophagy (nucleus) including lipi-
dophagy (lipid droplets), xenophagy (foreign micro-organisms), etc., come under 
macroautophagy [19–21]. 

Microautophagy by far is understood to be a simpler form of autophagy 
where the lysosomes directly take up cytoplasmic contents. The different forms 
of microautophagy are general microautophagy (cytoplasmic contents), Micro-ER-
phagy (Endoplasmic reticulum), Micropexophagy (Peroxisome), Micronucleophagy 
(Nucleus), Micromitophagy (Mitochondria), and Microlipophagy (Lipid droplets). 
There is no need for ATG proteins or core autophagy machinery for general microau-
tophagy as such though ESCRT (Endosomal Sorting Complexes Required for Trans-
port) proteins mediate membrane budding and scission in many cellular processes and 
other proteins like VSP4 and lipidated LC3 (for cargo selection) might be required. 
However, special kinds of microautophagy like micropexophagy might require few 
other proteins from the core autophagy machinery as well [22]. 

Chaperone mediated autophagy (CMA) is a special kind of autophagy wherein a 
chaperone protein Hsc-70 is involved in the identification of the proteins destined for 
degradation. The cytosolic proteins targeted for degradation must contain a specific 
amino acid signature, namely, ‘KFERQ peptide sequence’. In this process, first, the 
target protein is identified based on the signature sequence followed by its unfolding 
and later taken up by the lysosomes for degradation. Regulation may depend on 
whether the KFERQ motif present in the target protein is accessible to Hsc-70 or not 
[23].
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Role of Autophagy in Stem Cell Maintenance 

Stem cells are unique cells of the human body that have the ability to self-renew 
for pool maintenance and differentiate to develop into any cell of the physiolog-
ical system. They are mainly classified into the following four types based on their 
potency to form the various cell types—totipotent stem cells, pluripotent stem cells, 
multipotent stem cells, and unipotent stem cells. Stem cells are found not only in 
growing embryos, but also in adults where they are preserved for a long period in 
order to give rise to progenitor cells in the hour of need. This is to be kept in mind 
that with each differentiation, the stem cells’ potential to form a variety of cells 
becomes restricted; such as pluripotent stem cells can form any cell of the body but 
a multipotent stem cell can give rise to cells of a specific lineage [24]. 

Stem cell maintenance is one of the essential requirements both in case of embry-
onic, as well as adult stem cells, for replenishing the mother stem cell reserve. Main-
tenance of stem cells requires a lot of intracellular metabolic remodeling which 
involves periodic synthesis and degradation of proteins and thus requires a very 
active or multiple modes of protein degradation machinery [11]. 

The two major machineries to control the turnover of proteins in cells are 
autophagy and ubiquitin mediated proteasomal degradation [25]. If we consider 
autophagy as a tool that the cells can use as per their requirement; for each require-
ment, the cells might induce autophagy in a different way and the outcomes could 
be different depending on the upstream signaling induced by the cell responding 
to a particular stimulus. To understand whether autophagy plays a role in stem cell 
maintenance, several researchers have inhibited different key proteins in the pathway 
of autophagy and have searched for its effect on the renewal of various stem cells. 

An insight into how autophagy helps in the maintenance of particular stem cells 
is discussed subsequently. 

Role of Autophagy in Maintenance of Hematopoietic Stem 
Cells (HSCs) 

The HSCs undergo hematopoiesis for generating blood cells of both myeloid and 
lymphoid lineages. For hematopoiesis to occur; a balance between hematopoietic 
stem cell (HSC) quiescence, activation, and differentiation is essential which is 
guided by autophagy [14]. 

In order to maintain the self-renewal capacity, intracellular reactive oxygen species 
(ROS) levels must be low, and the nuclear genome must be protected. Autophagy 
helps to maintain genome integrity and degrades defective mitochondria. This helps 
in the removal of excess ROS leading to the maintenance of HSC. There is also a 
close involvement of autophagy-related protein 7 (Atg7) whose deletion is coupled 
with the accumulation of damaged mitochondria, increased ROS levels, and DNA 
damage [26]. The absence of Atg 7 and FIP 200 genes inhibits regeneration activity
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and self-renewal capacity, and increases stress-induced apoptosis at an older age. 
Another autophagy gene, Atg12, deficiency also accompany impaired self-renewal 
and regenerative potential of HSCs [14, 27]. 

In order to maintain quiescence, when there is no need for multiplication 
or differentiation; HSCs show low levels of oxidative phosphorylation. Here in, 
autophagy plays a critical role in regulating intracellular oxidative metabolism by 
removing active healthy mitochondria which are fascinating, thus helping in energy 
conservation and maintenance of quiescence [7, 14]. 

Enduring metabolic stress is also important for the survival of any cell irrespective 
of whether it is a stem cell or somatic cell. HSCs maintain a very high level of 
FOXO3A which is a transcription factor that targets and induces pro-autophagy genes 
when the autophagy program has already been induced. In a way, higher levels of 
FOXO3A enhance autophagy rather than inducing it directly [7, 28]. 

Being an integral part of blood cell population maintenance, any disruption in 
hematopoiesis regulation leads to hematopoietic disorders like anemia and leukemia 
[7]. 

Role of Autophagy in Maintenance of Neural Stem Cells 

Neural stem cells (NSCs) are the stem cells of the nervous system which are multi-
potent in nature and reside in discrete niches inside the subventricular zone of the 
lateral ventricles and subgranular zone of the hippocampal dentate gyrus of the adult 
brain. 

Like HSCs; neural stem cells also depend on the FOXO family of proteins like 
FOXO1, FOXO3, and FOXO4 for enhancing autophagy to maintain cellular home-
ostasis. Inactivation of any of these proteins in NSCs has shown defective self-
renewal and accumulation of protein aggregates [27]. In contrast, when compared 
with the quiescent NSCs, lysosome-related genes are surprisingly seen to be highly 
upregulated unlike activated NSCs; those instead harbor genes involved in protea-
somal degradation pathway. The above is further supported by the fact that quiescent 
NSCs harbor a substantial amount of large lysosomes containing insoluble protein 
aggregates. The cells can reversibly get rid of these lysosomes whenever they are 
activated. This is probably a strange strategic way, how NSCs conserve energy during 
quiescence and stay in a docile state till activation. 

Unlike HSCs, where autophagy is also known to degrade metabolically active 
mitochondria to maintain quiescence, NSCs only use autophagy to remove excess 
intracellular ROS via mitophagy [7].
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Role of Autophagy in Maintenance of Muscle Stem Cells 

Homeostasis and regeneration of skeletal muscles are maintained by muscle stem 
cells; also called Satellite cells. The nomenclature came up based on their position 
beneath the basal lamina of muscle fibers. These myoblasts are somite-derived that 
have not fused with other myoblasts and retained their stemness throughout adult 
life [29, 30]. 

The functioning of autophagy is quite interesting in case of muscle stem cells. A 
group of researchers has shown that starvation in the form of short-term caloric 
restriction could induce autophagy that could increase satellite cell number and 
muscle regeneration. Whereas, when talking about the basal level of autophagy, 
quiescent satellite cells from young mice display a higher level of autophagic flux 
than those isolated from aged mice. Intentional induction of autophagy by inhibition 
of mTOR in quiescent Satellite cells from aged mice shows enhanced regeneration. 
This suggests that the role of autophagy in muscle stem cells is majorly associated 
with delaying senescence. 

On another note, the transition of Satellite cells from quiescence to active state 
also needs autophagy. In this case autophagy acts as a mechanism to recycle ATP to 
cater to the energy requirements of the cells during the transition [7]. 

Another unique phenomenon attributed to the muscle stem cells regarding 
autophagy is the expression of autophagic genes in an oscillatory fashion synchro-
nizing with the circadian rhythm, i.e., more during the day compared to night. Such 
rhythm is absent in aged muscle stem cells [27]. Although the functional implication 
of this phenomenon is not yet attributed to anything, it might have something to do 
with the fluctuating energy requirements of the cells during day and night. 

Role of Autophagy in Maintenance of Bone Marrow Derived 
Mesenchymal Stem Cells (BMSCs) 

Bone Marrow Derived Mesenchymal stem cells are adult pluripotent stem cells that 
are capable of giving rise to diverse other cell types like adipocytes, endothelial cells, 
osteocytes, neurons, and cardiomyocytes in response to appropriate signal exposure. 

The role of autophagy in the maintenance of Bone Marrow Derived Mesenchymal 
stem cells is controversial. A study made by Zhang et al. in 2016 interestingly suggests 
that hypoxia-induced autophagy can lead to apoptosis of BMSCs by activation of 
AMPK that inhibits mTOR and in turn activates autophagy. The group has shown 
that inhibition of autophagy by an autophagy inhibitor 3-MA has reduced apoptosis 
of BMSCs, while apoptosis is aggravated by Rapamycin: an autophagy inducer; in 
a time-dependent manner. The group checked for apoptosis by TUNEL assay and 
expression of cleaved caspase 3 in the presence of 3-MA or Rapamycin under hypoxic 
condition [31].
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However, on a different note, another group of authors has established that 
hypoxia-based autophagy which is induced via Apelin/Apj signaling helps in the 
proliferation of BMSCs [32]. In this regard, both cases could be possible under 
different circumstances depending upon the severity of the hypoxia induced. 

Besides, autophagy also plays an important role in precluding senescence in 
different types of BMSCs like mandible-derived BMSCs and tibia-derived BMSCs 
[13, 26, 33]. 

Role of Autophagy in Maintenance of Hepatic Progenitor Cells 

Liver progenitor cells (LPCs) or Hepatic progenitor cells (HPCs) have the capacity 
to self-renew and differentiate to form hepatocytes and biliary epithelial cells [26]. 
The regenerative potential of hepatic cells after partial hepatectomy is immense and 
is known to be mediated by IL-6 and TNF-α along with their downstream targets 
STAT-3 and NF-κB. Very recently, a close association of autophagy has been found to 
play a role in hepatocyte differentiation and their maintenance [34]. On impairment 
of Atg 5, damaged mitochondria get accumulated along with the reduction in ATP, 
total protein, and albumin levels, and an increase in ALT (alanine aminotransferase) 
and glucose levels. Autophagy regulates their metabolic functions, and on ablation 
or impairment of this process, the intrinsic apoptotic pathway is activated, reducing 
proliferation and increasing the death rate of hepatocellular cells. 

The abolition of autophagy proteins, Atg5 and Beclin 1, in liver progenitor cells 
reduces stemness and induces senescence. Upon aging, lipofuscin, which is an aging 
pigment gets accumulated in the lysosomes causing a reduction in the number and 
function of autophagosomes leading to decreased regenerative potential of the liver. 

Thus, autophagy is required in both differentiation and maintenance of stemness 
of LPCs where it is protected during liver injury by this homeostatic mechanism. 

Role of Autophagy in Maintenance of Intestinal Stem Cells 
(ISCs) 

The intestinal epithelium, which acts as a physical, as well as a physiological barrier, 
to prevent the gut microbiota from entering the host system, confronts extensive wear 
and tear due to its protective and digestive role. Thus, it requires frequent repair and 
maintenance. This is where intestinal stem cells come into play. 

Similar to HSCs; autophagy in ISCs is also implicated in preserving cellular home-
ostasis by removing excess mitochondria and intracellular ROS. Moreover, research 
has also shown that intentional deletion of ATG7 (an intermediary protein indirectly 
involved in autophagophore elongation) from ISCs leads to impaired antioxidant
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and DNA repair responses emphasizing the role of autophagy in the maintenance of 
intracellular homeostasis in ISCs [35]. 

The role of autophagy in the maintenance of all the above different types of stem 
cells has been schematically shown in Fig. 2.1.

Autophagy and Stem Cell Differentiation 

Differentiation is a very essential phenomenon for the continuous replacement of 
damaged cells from tissues to maintain tissue-specific homeostasis and another very 
important factor controlling stem cell maintenance. There are unique ways in which 
stem cells practice autophagy for undergoing differentiation. The role of autophagy 
for inducing or enhancing differentiation could vary in a context specific depending 
on different types of stem cells. 

Role of Autophagy in the Differentiation of HSCs 

Previously, we discussed that Hematopoietic stem cells (HSCs) have the ability to 
differentiate into different kinds of blood cells both from lymphoid and myeloid 
lineages. Along with the maintenance of the HSC pool, it is also important for 
differentiation to happen as well; for the replacement of lost or damaged blood cells. 

One of the major roles of autophagy specifically during the differentiation of HSCs 
to final mature erythrocytes is the clearance of mitochondria [36]. In this process of 
differentiation, HSCs first form erythroblasts which further mature into reticulocytes 
after losing the nucleus. Reticulocytes then get rid of organelles including mitochon-
dria to finally mature into erythrocytes (RBCs). Elimination of mitochondria and 
nucleus provides accommodation for more hemoglobin and also helps in debarring 
oxygen being used by RBCs allowing RBCs to store oxygen for supply and transport. 
Therefore, clearance of mitochondria is essential for erythrocyte formation [37]. This 
is evidenced by the fact that GATA1, a transcription factor and master regulator of 
hematopoiesis, regulates several autophagy genes [18, 38]. 

However, interestingly, it has been observed that even ATG 5 deficient embryos 
harbor functional autophagic vacuoles in their reticulocytes. This has been confirmed 
by ultrastructural analysis [39]; however, in another independent study, it was shown 
that ATG7 is still necessary for the seamless removal of mitochondria in erythroid 
cells [18, 40]. Such observations from researchers suggest that an alternative mode 
of autophagy is operative in reticulocytes. The occurrence of an alternative mode of 
autophagy is not new and has been vividly discussed by Shimizu (2018) from the 
Dept. of Pathological Cell Biology, Tokyo Medical and Dental University, Japan, in 
a mini-review [41].
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Role of Autophagy in the Differentiation of NSCs 

Neural stem cells (NSC) as discussed earlier are multipotent self-renewing stem cells 
in the developing and adult mammalian central nervous system (CNS), those have 
the potential to give rise to either neurons or glial cells in the brain. As NSCs have the 
unique capability of repairing neural circuits, they tend to remain highly metabol-
ically active under circumstances where cell replacement is necessary. Previously, 
we saw that autophagy is essential for the maintenance of NSCs. 

Several researchers have also shown that neurogenesis also requires autophagy to 
happen during embryogenesis and also during adult tissue repairing. This is evident 
from the fact that key proteins from the autophagy cascade like Atg9a, Atg5, Atg7, 
Beclin1, Ambra1, Eva1a, and LC3-II go up during neurogenesis in the forebrain, 
olfactory bulb, and cerebral cortex derived NSCs [18]. Moreover, silencing of Vps34 
also affects neurogenesis in the cerebral cortex by reducing excitatory neuron migra-
tion and axonal growth without affecting the cell cycle of NSCs at the Ventricular and 
subventricular zone (VZ/SVZ). Further, in cortical NSCs, intended deletion of ATG5 
has shown to impair neuronal differentiation while in VZ/SVZ NSCs proliferation 
is induced instead of differentiation [42, 43]. 

In another interesting study miR-34a: an miRNA known to regulate Atg9a (a key 
regulator protein in autophagy induction which provides membrane for autophago-
some formation); also negatively regulates neuronal differentiation suggesting 
autophagy is essential for neuronal differentiation [44]. 

On another note, if discussed about signaling known to cross-talk with autophagy 
in NSCs: Wnt3a and Notch signaling are reported. 

The role of Wnt3a in regulating autophagy and, in turn, affecting neuronal 
differentiation is controversially discussed. On one hand, wnt3a is shown to 
decrease autophagy in mature neurons after traumatic brain injury while escalating 
hippocampal neurogenesis; whereas on the other hand, wnt3a increases autophagy in 
cells under cultured conditions in hippocampal neuronal cultures from embryonic rat 
through AMPK activation. Thus, whether wnt3a affects neuronal differentiation by 
either promoting or demoting autophagy could be highly context dependent and/or 
situation specific. 

In case of Notch signaling, autophagy itself has been observed to regulate it in 
NSCs. In the process, the Notch1 receptor is degraded through its uptake into pre-
autophagosomal vesicles in an Atg16L1-dependent manner. Increased Notch1 due 
to faulty autophagic machinery hinders neuronal differentiation and inflates the NSC 
pool [42, 45]. 

Role of Autophagy in the Differentiation of Cardiac Stem Cells 

Human heart replaces its cardiomyocyte population completely around 18 times 
throughout life unless there is some form of cardiac damage where the cardiac stem
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cells (CSCs) come into play. The CSCs inhabit the stem cell niche in the adult 
heart and divide symmetrically/asymmetrically as per the shift in homeostasis. The 
asymmetric division gives rise to a CSC and another committed cell like a myocyte 
[46]. 

It has been reported that fibroblast growth factor (FGF) signaling regulates cardiac 
development. It inhibits ‘premature differentiation’ of CSCs. FGF attaches to fibrob-
last growth factor receptor (FGFR) tyrosine kinases and activates its downstream 
targets via FRS2α (FGF receptor substrate 2α) thereby down regulating autophagy. 
With the inhibition of autophagy, differentiation of myocardial stem cells also gets 
inhibited. Thus, it can be concluded that FRS2α is essential for autophagy suppres-
sion by FGF through the mTOR pathway. In the presence of a FGFR inhibitor, there 
has been an increased expression of Beclin 1 and p27 which marks the initiation of 
autophagy leading to CSCs differentiation. Interestingly, it has also been found that 
autophagy is not only a regulator of differentiation, but also is positively correlated 
with ectopic foci formation of the heart. 

On the contrary, the Wnt pathway, which is an upstream regulator of FGF, 
inhibits CSCs differentiation via GSK3-TIP60-ULK1 pathway. It is even reported 
that cholesterol metabolism showed an increase in Atg5 proving that induction of 
autophagy triggers differentiation of CSCs. The other signalings which get activated 
are GSK3β/β-catenin and JNK/STAT-3, which cause an increase in cardiac tran-
scriptional proteins, factors, and enhancers’ expressions, mediating their movement 
inside the nucleus and enhancing differentiation [14]. 

Role of Autophagy in Adipocyte Formation from MSCs 

Adipocytes are derived from mesenchymal stem cells (MSCs) through adipoge-
nesis; those, in turn, give rise to adipose tissue, a process closely governed by 
autophagy. The adipose tissue is complex enough to be considered as a vital endocrine 
organ in mammals for storing energy and regulating inflammation, cell signaling, 
and metabolism by secreting endocrines. In general, white adipose tissue (WAT) is 
primarily known to store lipids during the fed state, whereas during starvation, it 
releases fatty acids into the bloodstream for muscle energy production by breaking 
down triglycerides (TGs). Instead, brown adipose tissue (BAT) stores a limited 
amount of TGs, does not secrete fatty acids and rather uses them for heat production 
in the body [13, 47]. 

Studies have shown that activation of autophagy is important to WAT differentia-
tion; by attenuating the proteasome-dependent degradation of PPARγ2: a regulator 
of fatty acid storage and glucose metabolism and cutting down the number of mito-
chondria. This is evident from the fact that pharmacological inhibition or knock-
down of ATG5 and ATG7 genes lead to browning of WAT, hence decreasing lipid
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accumulation. In detail, PPARγ2 under proliferating conditions is degraded by the 
proteasomal system unless an adipogenic differentiation signal is received. This is 
followed by induction of autophagy stabilizing PPARγ2 promoting differentiation 
into adipogenic fate. This establishes the fact that both ubiquitin-dependent protea-
somal degradation system and autophagy cross talk with each other to regulate the 
level of PPARγ2, in turn, regulating adipogenesis [18, 48, 49]. 

Deficiency of autophagy in this tissue causes diminished differentiation and devel-
opment of adipose stem cells and abnormal secretion of adipocytokine. It also leads 
to the conversion of white adipose tissue to brown adipose tissue, clearly demar-
cating calorie loss, storage of which is essential to provide energy according to body 
requirements [47, 50]. 

Along with differentiation, autophagy also helps in lipid droplet expansion. 
C/EBPβ is found to be responsible for autophagy activation via Atg 4b and it func-
tions as an important adipogenic factor. Upon activation, p62 (an autophagy related 
protein) breaks down Klf 2 and Klf 3 which are the negative regulators of adipocyte 
differentiation so as to promote the formation of mature adipocytes [51]. 

Atg7 and Atg5 also play a keen role in the maintenance of differentiation, 
lipid accumulation, insulin sensitivity, and white adipose mass formation. The rate 
of energy production through beta oxidation of fatty acids is also controlled by 
autophagy-related proteins. They keep a check on the equilibrium of white and brown 
adipose tissue formation, suggesting a significant part of autophagy being involved 
in adipose stem cell differentiation and balancing its zeal in metabolic activities 
[11, 52]. 

Role of Autophagy in Osteoclastogenesis 

Osteoclasts are cells involved in bone resorption which develop from hematopoi-
etic myeloid progenitor cells under the influence of colony-stimulating factor 1 
(CSF1) and RANKL signals. This differentiation of osteoclasts is also regulated 
by autophagy, the disruption of which causes changed osteoclast function leading to 
osteoporosis. Apart from differentiation, survival, and function of other bone cells 
like osteocytes, osteoblasts are also governed by autophagy [53]. 

Deletion of autophagy proteins like Atg5, Atg 7, Beclin 1, and LC3 in osteoclasts 
are associated with reduced bone cell differentiation and mineralization, impaired 
secretion, bone resorption, and decreased bone mass. On the other hand, ablation 
of autophagy increases endoplasmic reticulum stress and RANKL secretion causing 
osteoblast dysfunction; leading to the activation of osteoclasts and bone resorption. 
Beclin 1 ubiquitination is mediated by TRAF, which, in turn, is deubiquitinated by 
the CYLD (Cylindromatosis) gene under the influence of p62, an autophagy cargo 
protein, which also causes RANKL stimulated osteoclast differentiation [54].
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Upon coming across a low oxygen tension, osteoclasts show increased differ-
entiation and expression of BNIP3 via HIF-1α; stimulating Beclin 1, Atg5, and 
Atg 12 release and LC3 expression on autophagosomes clearly indicating increased 
autophagic flux. Alongside the expressions of RANKL, Cathepsin K, NFATc1, 
and MMPs are also increased leading to increased osteoclastogenesis. miR-155 
microRNA targets TGF-β activated kinase 1 binding protein 2 (TAB2) to induce 
autophagy in osteoclasts and modulates their function and differentiation. Another 
protein, GIT1 (G-protein-coupled receptor kinase 2 interacting protein 1), triggers 
phosphorylation of Beclin 1 and its dissociation from Bcl2 leading to autophagy 
induction and osteoclastogenesis [54]. 

Role of Autophagy During Embryogenesis 

Embryogenesis is a phenomenon post fertilization where the maternally obtained 
products like proteins and mRNA are degraded along with the simultaneous synthesis 
of new products from the ‘zygotic genome’. This is a very rapid process with ubiquitin 
mediated proteasomal degradation playing an important role. But when this operation 
is not adequate, autophagy comes into play bringing about cellular remodeling [55]. 

Autophagy is activated within four hours of fertilization, regulated by E2 and 
progesterone which inhibits mTOR activation, a step found to have a very important 
role in embryo development. Atg5 null zygotes are reported to have arrested growth at 
the four to eight cell stage, whereas Atg5 positive zygotes proceed to the blastocyst 
stage. In zygotes with autophagy deficiency, there is a decreased rate of protein 
synthesis due to defects in the acquired protein clearance rate. Also, in such embryos, 
there is a reduced rate of implantation [56]. 

Other autophagy proteins like Beclin 1, FIP200, Ambra 1 deficiency leads to 
embryonic death because of pro-amniotic canal closing defect, heart failure and liver 
degeneration during mid or late gestational phases, defect in neural tube respectively. 
Atg 3, Atg5, Atg 7, Atg 16L ablation causes death of neonates just after birth due to 
defects in milk sucking and adjustment issues with the normoxic conditions outside 
the mother’s womb [56]. 

Although there have been several publications, researchers are still trying to 
understand the complete involvement of autophagy in embryogenesis (Table 2.1).

The role of autophagy in all the above different types of stem cell differentiation 
has been schematically shown in Fig. 2.2.
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Table 2.1 Functions of important proteins from the Autophagy cascade 

Protein Description Function References 

ULK 1 Unc-51-like kinase 1 Translocates to sites on the 
Endoplasmic reticulum where 
nucleation of the autophagosome 
takes place. Phosphorylates ATG13 
and FIP200 and forms the initiation 
complex 
Also activates Beclin 1 

[2, 7] 

FIP200 Focal 
adhesion kinase 
family-interacting protein of 
200 kD 

Part of the 
ULK1–ATG13–FIP200–ATG101 
complex involved in nucleation and 
initiation 
Also interacts with ATG16L1 to 
regulate later stages of 
autophagophore formation 

[57] 

ATG 3 Autophagy-related Genes and 
proteins 
3/4b/5/7/9a/12/13/16L1/101 

An E2 enzyme responsible for 
lipidation of LC3, essential for 
elongation of the forming 
autophagosome 

[58] 

ATG 4b Processing and delipidation of 
LC3-PE which is necessary for 
autophagosome formation 

[59] 

ATG 5 Together with ATG 16 and ATG 12, 
it helps to target particular 
substrates for developing 
autophagosome 

[60] 

ATG 7 It is an E1 enzyme that plays a role 
in conjoining ATG 5 with ATG 12. 
It is also involved in ATG 8 
lipidation 

[58] 

ATG 9 It is involved in phagophore 
expansion by attaching itself to the 
lengthening part of it 

[61, 62] 

ATG 12 Together with ATG 5 and ATG 16, 
it helps to target particular 
substrates for developing 
autophagosome 

[60] 

ATG 13 In the initiation stage, ATG 13 
interacts with ATG 101 and ULK1, 
and forms a complex which causes 
the pre-autophagosome formation 

[63, 64]

(continued)



2 Autophagy in Stem Cell Maintenance and Differentiation 51

Table 2.1 (continued)

Protein Description Function References

ATG16L It is an E3-like enzyme formed in 
association with ATG 5 and ATG 
12 during the elongation stage, 
responsible for LC3 lipidation 
required for autophagosome 
formation 

[60] 

ATG101 Stabilizes ATG13 and prevents its 
proteasomal degradation 

[63, 64] 

Beclin1 It binds to the forming 
pre-autophagosome and leads to its 
elongation, an essential event 
during nucleation 

[65, 66] 

PI3K Phosphatidylinositol-3-kinase It regulates Beclin 1 and initiates 
autophagy by getting 
phosphorylated during the 
nucleation stage 

[2] 

VPS34 Vacuolar protein sorting 34 Only protein identified in yeast 
which is conserved in mammals. It  
regulates the formation of PI3P, 
essential for elongation of the 
forming autophagosome 

[67] 

VPS15 Vacuolar protein sorting 15 It stabilizes and regulates the 
activity of VPS34 for 
phosphorylating PIP2 to PIP3 

[68, 69] 

WIPI WD repeat protein interacting 
with phosphoinositides 

It attaches to newly formed PIP3 
and mediates phagophore 
formation. Individual proteins of 
this family have many other roles in 
regulating autophagy 

[70, 71] 

P62 It is also referred to as SQSTM1 
(Sequestosome 1), a ubiquitin cargo 
binding protein 

[72, 73] 

LC3-I Microtubule-associated protein 
1 light chain 3 proteins I/II 

It is the cytosolic form of the 
non-lipidated LC3 family protein 
and gets associated with p62 during 
the elongation stage 

[74, 75] 

LC3-II It is the lipidated form of LC3-I and 
is a marker of mature 
autophagosomes 

[74, 75] 

Ambra1 Activating molecule in 
Beclin1-regulated autophagy 
protein 1 

Essential regulator of cell death by 
apoptosis or cell survival via 
autophagy which upon 
phosphorylation due to activation 
of its upstream target, binds with 
Beclin1, initiating the functions of 
the VPS complex 

[76, 77]

(continued)
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Table 2.1 (continued)

Protein Description Function References

Eva1a Eva-1 homolog A It is also known as TMEM 166 
(transmembrane protein 166) or 
FAM176A (family with sequence 
similarity 176). It has a major role 
in autophagosome formation 
wherein it acts as a downstream 
target of Beclin1 and an upstream 
protein of ATG12-ATG5 complex 

[78, 79]

Conclusion 

As we come to the end of this chapter, we can say that the role of autophagy in stem 
cell maintenance and differentiation is quite diversified and purely context specific. 
It’s necessitated in both embryonic as well as adult stem cells. Along with maintaining 
cellular and tissue-specific homeostasis, it is involved in various other functions like 
energy metabolism, regulating and dysregulating essential downstream pathways 
resulting in cell death, immune response, proliferation, and asymmetric division 
along with transcriptomic shift, ultimately leading to survival or differentiation. This 
role of autophagy is slightly different than its normal function of cell clearance 
during stress. Different forms of autophagy can simultaneously exist and function in 
the same cell. Even macroautophagy can perform differently based on the upstream 
signal received, i.e., the decision whether to go for debris clearance or maintenance or 
differentiation. Other than autophagy, ubiquitin mediated proteasomal degradation 
pathway also plays a crucial role to maintain cellular homeostasis under regular 
intracellular physiological conditions.



2 Autophagy in Stem Cell Maintenance and Differentiation 53

F
ig
. 2
.2
 
R
ol
e 
of
 a
ut
op

ha
gy
 in

 s
te
m
 c
el
l d

iff
er
en
ti
at
io
n.
 In

 c
as
e 
of
 s
te
m
 c
el
l d
if
fe
re
nt
ia
tio

n,
 s
ev
er
al
 u
ps
tr
ea
m
 k
ey
 p
ro
te
in
s 
w
hi
ch
 a
re
 in
vo
lv
ed
 in
 d
ec
id
in
g 
th
e 
fa
te
 

an
d 
tim

in
g 
of
 s
te
m
 c
el
l 
di
ff
er
en
tia

tio
n 
re
gu

la
te
 o
r 
dy

sr
eg
ul
at
e 
au
to
ph

ag
y.
 A

s 
au
to
ph

ag
y 
is
 b
as
ic
al
ly
 i
nv
ol
ve
d 
in
 p
ro
te
in
 d
eg
ra
da
tio

n 
fo
llo

w
ed
 b
y 
cl
ea
ra
nc
e;
 i
t 

m
ig
ht
 in
flu

en
ce
 th
e 
ha
lf
-l
if
e 
of
 s
ev
er
al
 p
ro
te
in
s 
w
hi
ch
 d
ir
ec
tly

 e
ith

er
 e
nh

an
ce
 o
r i
nh

ib
it 
st
em

 c
el
l d
if
fe
re
nt
ia
tio

n.
 T
hu

s,
 a
ut
op

ha
gy

 h
as
 a
n 
es
se
nt
ia
l r
ol
e 
to
 p
la
y 
in
 

st
em

 c
el
l d
if
fe
re
nt
ia
tio

n 
as
 w
el
l; 
al
on

g 
w
ith

 s
te
m
 c
el
l m

ai
nt
en
an
ce
 a
nd

 p
re
se
rv
in
g 
ce
llu

la
r h

om
eo
st
as
is
. H

SC
 (H

em
at
op

oi
et
ic
 s
te
m
 c
el
ls
),
 H
M
PC

 (H
em

at
op

oi
et
ic
 

M
es
en
ch
ym

al
 P
ro
ge
ni
to
r 
C
el
ls
),
 N
SC

 (
N
eu
ra
l s
te
m
 c
el
ls
),
 A
D
SC

 (
A
di
po

se
 D
er
iv
ed
 M

es
en
ch
ym

al
 S
te
m
 C
el
ls
),
 a
nd

 C
SC

 (
C
ar
di
ac
 s
te
m
 c
el
ls
)



54 A. K. Sahu et al.

Acknowledgements We would like to acknowledge the DST-SERB grant (EMR/2017/004149) 
provided to SM and DRDO-LSRB grant (O/o DG(TM)/81/48222/LSRB-351/PEE&BS/2019) 
provided to RC as a funding source for our research. The authors acknowledge BITS Pilani, 
Pilani campus, for providing infrastructural support. AKS and PB acknowledge DST-SERB 
(EMR/2017/004149) and DRDO (O/o DG(TM)/81/48222/LSRB-351/PEE&BS/2019), respec-
tively, for providing fellowship. 

Compliance with Ethical Standards 

Funding Source DST-SERB grant (EMR/2017/004149) provided to SM and DRDO-LSRB grant 
(O/o DG(TM)/81/48222/LSRB-351/PEE&BS/2019) provided to RC. 

Disclosure of Interests All authors declare they have no conflict of interest. 

Ethical Approval This article does not contain any studies with human participants or animals 
performed by any of the authors. 

References 

1. Khan I, Baig MH, Mahfooz S, Rahim M, Karacam B (2021) deciphering the role of autophagy 
in treatment of resistance mechanisms in Glioblastoma 

2. Chun Y, Kim J (2018) autophagy: an essential degradation program for cellular homeostasis 
and life.https://doi.org/10.3390/cells7120278 

3. El-gowily AH, Abosheasha MA (2020) Differential mechanisms of autophagy in cancer stem 
cells: emphasizing gastrointestinal cancers, 1–12. https://doi.org/10.1002/cbf.3552 

4. Jung S, Jeong H, Yu S-W (2020) Autophagy as a decisive process for cell death. Exp Mol Med 
526(52):921–930. https://doi.org/10.1038/s12276-020-0455-4 

5. Levine B, Mizushima N (2011). Autophagy in immunity and inflammation, 1–5. https://doi. 
org/10.1038/nature09782 

6. He C, Klionsky DJ (2009) Regulation mechanisms and signaling pathways of autophagy. Annu 
Rev Genet 43:67–93. https://doi.org/10.1146/annurev-genet-102808-114910.Regulation 

7. Chang NC (2020) Autophagy and stem cells: self-eating for self-renewal 8:1–11. https://doi. 
org/10.3389/fcell.2020.00138 

8. Castro-Obregon S (2010) The discovery of lysosomes and autophagy. Scitable by Nat Educ 
3:49. https://www.nature.com/scitable/topicpage/the-discovery-of-lysosomes-and-autophagy-
14199828/. Accessed August 10, 2021 

9. Turksen K (2018) Autophagy in health and disease: potential therapeutic approaches. https:// 
books.google.co.in/books?hl=en&lr=&id=Q3xxDwAAQBAJ&oi=fnd&pg=PR5&dq=autoph 
agy+in+health+and+disease+Kursad+Turksen&ots=h4P592smya&sig=Bj20UB_RJAH5b 
8OQWa3ouCjwhDo. Accessed August 10, 2021 

10. Simon H (n.d) Autophagy in myocardial differentiation and cardiac development. https://doi. 
org/10.1161/CIRCRESAHA.112.265157 

11. Vessoni AT, Muotri AR, Okamoto OK (2012) Autophagy in stem cell maintenance and 
differentiation, 21. https://doi.org/10.1089/scd.2011.0526 

12. Yang ZJ, Chee CE, Huang S, Sinicrope FA (2011) The role of autophagy in cancer: therapeutic 
implications. Mol Cancer Ther 10:1533–1541. https://doi.org/10.1158/1535-7163.MCT-11-
0047 

13. Sbrana FV, Cortini M, Avnet S, Perut F, Columbaro M, De Milito A, Baldini N (2016) The role 
of autophagy in the maintenance of stemness and differentiation of mesenchymal stem cells. 
Stem Cell Rev Reports, 621–633. https://doi.org/10.1007/s12015-016-9690-4

https://doi.org/10.3390/cells7120278
https://doi.org/10.1002/cbf.3552
https://doi.org/10.1038/s12276-020-0455-4
https://doi.org/10.1038/nature09782
https://doi.org/10.1038/nature09782
https://doi.org/10.1146/annurev-genet-102808-114910.Regulation
https://doi.org/10.3389/fcell.2020.00138
https://doi.org/10.3389/fcell.2020.00138
https://www.nature.com/scitable/topicpage/the-discovery-of-lysosomes-and-autophagy-14199828/
https://www.nature.com/scitable/topicpage/the-discovery-of-lysosomes-and-autophagy-14199828/
https://books.google.co.in/books?hl=en&amp;lr=&amp;id=Q3xxDwAAQBAJ&amp;oi=fnd&amp;pg=PR5&amp;dq=autophagy+in+health+and+disease+Kursad+Turksen&amp;ots=h4P592smya&amp;sig=Bj20UB_RJAH5b8OQWa3ouCjwhDo
https://books.google.co.in/books?hl=en&amp;lr=&amp;id=Q3xxDwAAQBAJ&amp;oi=fnd&amp;pg=PR5&amp;dq=autophagy+in+health+and+disease+Kursad+Turksen&amp;ots=h4P592smya&amp;sig=Bj20UB_RJAH5b8OQWa3ouCjwhDo
https://books.google.co.in/books?hl=en&amp;lr=&amp;id=Q3xxDwAAQBAJ&amp;oi=fnd&amp;pg=PR5&amp;dq=autophagy+in+health+and+disease+Kursad+Turksen&amp;ots=h4P592smya&amp;sig=Bj20UB_RJAH5b8OQWa3ouCjwhDo
https://books.google.co.in/books?hl=en&amp;lr=&amp;id=Q3xxDwAAQBAJ&amp;oi=fnd&amp;pg=PR5&amp;dq=autophagy+in+health+and+disease+Kursad+Turksen&amp;ots=h4P592smya&amp;sig=Bj20UB_RJAH5b8OQWa3ouCjwhDo
https://doi.org/10.1161/CIRCRESAHA.112.265157
https://doi.org/10.1161/CIRCRESAHA.112.265157
https://doi.org/10.1089/scd.2011.0526
https://doi.org/10.1158/1535-7163.MCT-11-0047
https://doi.org/10.1158/1535-7163.MCT-11-0047
https://doi.org/10.1007/s12015-016-9690-4


2 Autophagy in Stem Cell Maintenance and Differentiation 55

14. Guan J, Simon AK, Prescott M, Menendez JA, Wang F, Wang C, Wolvetang E, Vazquez-martin 
A, Zhang J (2013) Autophagy in stem cells. Taylor Fr. 9:830–849. https://doi.org/10.4161/auto. 
24132 

15. Chen Q, Kang J, Fu C (2018) The independence of and associations among apoptosis, 
autophagy, and necrosis. Signal Transduct Target Ther. https://doi.org/10.1038/s41392-018-
0018-5 

16. Chaabane W, User SD, El-Gazzah M, Jaksik R, Sajjadi E, Rzeszowska-Wolny J, Łos, 
Autophagy MJ (2012) Apoptosis, Mitoptosis and necrosis: interdependence between those 
pathways and effects on cancer. Arch Immunol Ther Exp 611(61):43–58. https://doi.org/10. 
1007/S00005-012-0205-Y 

17. Coleman J, Liu R, Wang K, Kumar A (2016) Detecting apoptosis, autophagy, and necrosis, 
77–92. https://doi.org/10.1007/978-1-4939-3588-8_5 

18. Rodolfo C, Di Bartolomeo S, Cecconi F (2016) Autophagy in stem and progenitor cells. Cell 
Mol Life Sci 73:475–496. https://doi.org/10.1007/s00018-015-2071-3 

19. Jin M, Liu X, Klionsky DJ (2013) SnapShot: selective autophagy. Cell 152:368. https://doi. 
org/10.1016/J.CELL.2013.01.004 

20. Li W, He P, Huang Y, Li YF, Lu J, Li M, Kurihara H, Luo Z, Meng T, Onishi M, Ma C, Jiang 
L, Hu Y, Gong Q, Zhu D, Xu Y, Liu R, Liu L, Yi C, Zhu Y, Ma N, Okamoto K, Xie Z, Liu J, He 
RR, Feng D (2020) Selective autophagy of intracellular organelles: recent research advances. 
Theranostics. 11:222–256. https://doi.org/10.7150/THNO.49860 

21. Reggiori F, Komatsu M, Finley K, Simonsen A (2012) Autophagy: more than a nonselective 
pathway. Int J Cell Biol. https://doi.org/10.1155/2012/219625 

22. Schuck S (2020) Microautophagy—distinct molecular mechanisms handle cargoes of many 
sizes. https://doi.org/10.1242/jcs.246322 

23. Kaushik S, Cuervo AM (2012) Chaperone-mediated autophagy: a unique way to enter the 
lysosome world. Trends Cell Biol 22:407–417. https://doi.org/10.1016/j.tcb.2012.05.006.Cha 
perone-mediated 

24. Zakrzewski W, Dobrzyński M, Szymonowicz M, Rybak Z (2019) Stem cells: past, present, 
and future. Stem Cell Res Ther 10. https://doi.org/10.1186/S13287-019-1165-5 

25. Dikic I (2017) Proteasomal and Autophagic degradation systems. Annu Rev Biochem 86:193– 
224. https://doi.org/10.1146/ANNUREV-BIOCHEM-061516-044908 

26. Chen X, He Y, Lu (2018) Review article autophagy in stem cell biology : a perspective on stem 
cell self-renewal and differentiation 

27. Boya P, Codogno P, Rodriguez-muela N (2018) Autophagy in stem cells: repair, remodelling 
and metabolic reprogramming, 1–14. https://doi.org/10.1242/dev.146506 

28. Warr MR, Binnewies M, Flach J, Reynaud D, Garg T, Malhotra R, Debnath J, Passegué E 
(2013) FOXO3A directs a protective autophagy program in haematopoietic stem cells. Nature 
494:323–327. https://doi.org/10.1038/NATURE11895 

29. Almeida CF, Fernandes SA, Ribeiro Junior AF, Keith Okamoto O, Vainzof M (2016) Muscle 
satellite cells: exploring the basic biology to rule them. Stem Cells Int. https://doi.org/10.1155/ 
2016/1078686 

30. Yin H, Price F, Rudnicki MA (2013) Satellite cells and the muscle stem cell niche. Physiol Rev 
93:23. https://doi.org/10.1152/PHYSREV.00043.2011 

31. Zhang Z, Yang M, Wang Y, Wang L, Jin Z, Ding L, Zhang L, Zhang L, Jiang W, 
Gao G, Yang J, Lu B, Cao F, Hu T (2016) Autophagy regulates the apoptosis of bone 
marrow-derived mesenchymal stem cells under hypoxic condition via AMP-activated protein 
kinase/mammalian target of rapamycin pathway 40:671–685. https://doi.org/10.1002/cbin. 
10604 

32. Li L, Li L, Zhang Z, Jiang Z (2015) Hypoxia promotes bone marrow-derived mesenchymal 
stem cell proliferation through apelin/APJ/autophagy pathway 47:362–367. https://doi.org/10. 
1093/abbs/gmv014 

33. Dong W, Zhang P, Fu Y, Ge J, Cheng J, Yuan H, Jiang H (2015) Roles of SATB2 in site-specific 
Stemness, autophagy and senescence of bone marrow mesenchymal stem cells. J Cell Physiol 
230:680–690. https://doi.org/10.1002/JCP.24792

https://doi.org/10.4161/auto.24132
https://doi.org/10.4161/auto.24132
https://doi.org/10.1038/s41392-018-0018-5
https://doi.org/10.1038/s41392-018-0018-5
https://doi.org/10.1007/S00005-012-0205-Y
https://doi.org/10.1007/S00005-012-0205-Y
https://doi.org/10.1007/978-1-4939-3588-8_5
https://doi.org/10.1007/s00018-015-2071-3
https://doi.org/10.1016/J.CELL.2013.01.004
https://doi.org/10.1016/J.CELL.2013.01.004
https://doi.org/10.7150/THNO.49860
https://doi.org/10.1155/2012/219625
https://doi.org/10.1242/jcs.246322
https://doi.org/10.1016/j.tcb.2012.05.006.Chaperone-mediated
https://doi.org/10.1016/j.tcb.2012.05.006.Chaperone-mediated
https://doi.org/10.1186/S13287-019-1165-5
https://doi.org/10.1146/ANNUREV-BIOCHEM-061516-044908
https://doi.org/10.1242/dev.146506
https://doi.org/10.1038/NATURE11895
https://doi.org/10.1155/2016/1078686
https://doi.org/10.1155/2016/1078686
https://doi.org/10.1152/PHYSREV.00043.2011
https://doi.org/10.1002/cbin.10604
https://doi.org/10.1002/cbin.10604
https://doi.org/10.1093/abbs/gmv014
https://doi.org/10.1093/abbs/gmv014
https://doi.org/10.1002/JCP.24792


56 A. K. Sahu et al.

34. Xu F, Hua C, Tautenhahn H, Dirsch O, Dahmen U (2020) The role of autophagy for the 
regeneration of the aging liver 

35. Trentesaux C, Fraudeau M, Luana C, Lemarchand J, Jacques S (2020) Essential role for 
autophagy protein ATG7 in the maintenance of intestinal stem cell integrity, 117. https://doi. 
org/10.1073/pnas.1917174117 

36. Mortensen M, Ferguson DJ, Edelmann M, Kessler B, Morten KJ, Komatsu M, Simon AK 
(2010) Loss of autophagy in erythroid cells leads to defective removal of mitochondria and 
severe anemia in vivo. Proc Natl Acad Sci USA 107:832–837. https://doi.org/10.1073/PNAS. 
0913170107 

37. Moras M, Lefevre SD, Ostuni MA (2017) From erythroblasts to mature red blood cells: 
organelle clearance in mammals. Front Physiol 8:1076. https://doi.org/10.3389/FPHYS.2017. 
01076 

38. Kang YA, Sanalkumar R, O’geen H, Linnemann AK, Chang CJ, Bouhassira EE, Farnham PJ, 
Keles S, Bresnick EH (2012) Autophagy driven by a master regulator of hematopoiesis. Mol 
Cell Biol 32L:226–239. https://doi.org/10.1128/MCB.06166-11 

39. Honda S, Arakawa S, Nishida Y, Yamaguchi H, Ishii E, Shimizu S (2014) Ulk1-mediated 
Atg5-independent macroautophagy mediates elimination of mitochondria from embryonic 
reticulocytes. Nat Commun 5:1–5. https://doi.org/10.1038/ncomms5004 

40. Zhang J, Randall MS, Loyd MR, Dorsey FC, Kundu M, Cleveland JL, Ney PA (2009) Mito-
chondrial clearance is regulated by Atg7-dependent and independent mechanisms during 
reticulocyte maturation. Blood 114:157. https://doi.org/10.1182/BLOOD-2008-04-151639 

41. Shimizu S (2018) Biological roles of alternative autophagy. Mol Cells 41:50–54. https://doi. 
org/10.14348/molcells.2018.2215 

42. Casares-crespo L, Calatayud-baselga I, García-corzo L, Mira H (2018) On the role of basal 
autophagy in adult neural stem cells and neurogenesis 12:1–9. https://doi.org/10.3389/fncel. 
2018.00339 

43. Lv X, Jiang H, Li B, Liang Q, Wang S, Zhao Q, JJ-S reports (n.d.) Undefined 2014, the crucial 
role of Atg5 in cortical neurogenesis during early brain development. Nature.Com. https://sci-
hub.do/https://www.nature.com/articles/srep06010. Accessed August 11, 2021 

44. Morgado AL, Xavier JM, Dionísio PA, Ribeiro MFC, Dias RB, Sebastião AM, Solá S, 
Rodrigues CMP (2015) MicroRNA-34a modulates neural stem cell differentiation by regu-
lating expression of synaptic and Autophagic Proteins, 1168–1183. https://doi.org/10.1007/ 
s12035-014-8794-6 

45. Wu X, Fleming A, Ricketts T, Pavel M, Virgin H, Menzies FM, Rubinsztein DC (2016) 
Autophagy regulates Notch degradation and modulates stem cell development and neurogen-
esis. Nat Commun 7. https://doi.org/10.1038/NCOMMS10533 

46. Ze-wei TAO, Long-gui LI (2007) Cell therapy in congestive heart failure 8:647–660. https:// 
doi.org/10.1631/jzus.2007.B0647 

47. Ro SH, Jang Y, Bae J, Kim IM, Schaecher C, Shomo ZD (2019) Autophagy in adipocyte 
browning: emerging drug target for intervention in obesity. Front Physiol 10:1–11. https://doi. 
org/10.3389/fphys.2019.00022 

48. Zhang C, He Y, Okutsu M, Ong LC, Jin Y, Zheng L, Chow P, Yu S, Zhang M, Yan Z (2021) 
Autophagy is involved in adipogenic differentiation by repressesing proteasome-dependent 
PPARγ2 degradation. Am Physiol Soc 4:530–539. https://doi.org/10.1152/ajpendo.00640. 
2012 

49. Levine B (2011) Autophagy in mammalian development and differentiation 12:823–830. 
https://doi.org/10.1038/ncb0910-823.Autophagy 

50. Pellegrini C, Columbaro M, Schena E, Prencipe S, Andrenacci D, Iozzo P, Guzzardi MA, 
Capanni C, Mattioli E, Loi M, Araujo- D, Squarzoni S, Cinti S, Morselli P, Giorgetti A, 
Zanotti L, Gambineri A, Lattanzi G (2019) Altered adipocyte differentiation and unbalanced 
autophagy in type 2 Familial Partial Lipodystrophy: an in vitro and in vivo study of adipose 
tissue browning. Exp Mol Med. https://doi.org/10.1038/s12276-019-0289-0 

51. Guo L, Huang JX, Liu Y, Li X, Zhou SR, Qian SW, Liu Y, Zhu H, Huang HY, Dang YJ, Tang 
QQ (2013) Transactivation of Atg4b by C/EBPβ promotes autophagy to facilitate adipogenesis. 
Mol Cell Biol 33:3180–3190. https://doi.org/10.1128/MCB.00193-13

https://doi.org/10.1073/pnas.1917174117
https://doi.org/10.1073/pnas.1917174117
https://doi.org/10.1073/PNAS.0913170107
https://doi.org/10.1073/PNAS.0913170107
https://doi.org/10.3389/FPHYS.2017.01076
https://doi.org/10.3389/FPHYS.2017.01076
https://doi.org/10.1128/MCB.06166-11
https://doi.org/10.1038/ncomms5004
https://doi.org/10.1182/BLOOD-2008-04-151639
https://doi.org/10.14348/molcells.2018.2215
https://doi.org/10.14348/molcells.2018.2215
https://doi.org/10.3389/fncel.2018.00339
https://doi.org/10.3389/fncel.2018.00339
https://sci-hub.do
https://sci-hub.do
https://www.nature.com/articles/srep06010
https://doi.org/10.1007/s12035-014-8794-6
https://doi.org/10.1007/s12035-014-8794-6
https://doi.org/10.1038/NCOMMS10533
https://doi.org/10.1631/jzus.2007.B0647
https://doi.org/10.1631/jzus.2007.B0647
https://doi.org/10.3389/fphys.2019.00022
https://doi.org/10.3389/fphys.2019.00022
https://doi.org/10.1152/ajpendo.00640.2012
https://doi.org/10.1152/ajpendo.00640.2012
https://doi.org/10.1038/ncb0910-823.Autophagy
https://doi.org/10.1038/s12276-019-0289-0
https://doi.org/10.1128/MCB.00193-13


2 Autophagy in Stem Cell Maintenance and Differentiation 57

52. Singh R, Xiang Y, Wang Y, Baikati K, Cuervo AM, Luu YK, Tang Y, Pessin JE, Schwartz GJ, 
Czaja MJ (2009) Autophagy regulates adipose mass and differentiation in mice 119:3329–3339. 
https://doi.org/10.1172/JCI39228DS1 

53. Yin X, Zhou C, Li J (2019) Autophagy in bone homeostasis and the onset of osteoporosis. 
Bone Res. https://doi.org/10.1038/s41413-019-0058-7 

54. Montaseri A, Giampietri C, Rossi M, Riccioli A, Del Fattore A, Filippini A (2020) Biomolecules 
The role of autophagy in osteoclast differentiation and bone resorption function, 1–16 

55. Tsukamoto S, Yamamoto A, Tsukamoto S, Yamamoto A (2013) The role of autophagy in early 
mammalian embryonic development the role of autophagy in early mammalian embryonic 
development 30:86–94 

56. Nakashima A, Aoki A, Kusabiraki T, Shima T, Yoshino O, Cheng S, Sharma S, Saito S (2017) 
Role of autophagy in oocytogenesis, embryogenesis, implantation, and pathophysiology of 
pre-eclampsia 43:633–643. https://doi.org/10.1111/jog.13292 

57. Mizushima N (2007) FIP200, a ULK-interacting protein, is required for autophagosome 
formation in mammalian cells 9:497–510. https://doi.org/10.1083/jcb.200712064 

58. Frudd K, Burgoyne T, Burgoyne JR (n.d.) Oxidation of Atg3 and Atg7 mediates inhibition of 
autophagy. Nat Commun, 1–15. https://doi.org/10.1038/s41467-017-02352-z 

59. Maruyama T, Noda NN (2018) Autophagy-regulating protease Atg4: structure, function, 
regulation and inhibition. J Antibiot (Tokyo) 71:72–78. https://doi.org/10.1038/ja.2017.104 

60. Fujita N, Itoh T, Omori H, Fukuda M, Noda T, Yoshimori T (2008) The Atg16L complex 
specifies the site of LC3 Lipidation for membrane biogenesis in autophagy 19:2092–2100. 
https://doi.org/10.1091/mbc.E07 

61. Feng Y, Klionsky DJ (2017) Autophagic membrane delivery through ATG9. Cell Res 27:161– 
162. https://doi.org/10.1038/cr.2017.4 

62. Ungermann C, Reggiori F (2018) Atg9 proteins, not so different after all. Autophagy 14:1456– 
1459. https://doi.org/10.1080/15548627.2018.1477382 

63. Alers S, Wesselborg S, Stork B (2014) ATG13: just a companion, or an executor of the 
autophagic program?. Autophagy 10(6):944–956 

64. Popelka H, Klionsky DJ (2017) The molecular mechanism of Atg13 function in autophagy 
induction: what is hidden behind the data ? Autophagy 13:449–451. https://doi.org/10.1080/ 
15548627.2016.1277312 

65. Kang R, Zeh HJ, Lotze MT, Tang D (2011) The Beclin 1 network regulates autophagy and 
apoptosis. Cell Death Differ 18:571–580. https://doi.org/10.1038/cdd.2010.191 

66. Menon MB, Dhamija S (2018) Beclin 1 phosphorylation—at the center of autophagy regulation. 
Front Cell. Dev Biol 6:1–9. https://doi.org/10.3389/fcell.2018.00137 

67. Rostislavleva K, Soler N, Ohashi Y, Zhang L, Pardon E, Burke JE, Masson GR, Johnson C, 
Steyaert J, Ktistakis NT, Williams RL (2015) Structure and flexibility of the endosomal Vps34 
complex reveals the basis of its function on membranes. Science 80(350):1–25. https://doi.org/ 
10.1126/science.aac7365 

68. Anding AL, Baehrecke EH (2015) Vps15 is required for stress induced and developmentally 
triggered autophagy and salivary gland protein secretion in Drosophila. Cell Death Differ 
22:457–464. https://doi.org/10.1038/cdd.2014.174 

69. Iershov A, Nemazanyy I, Alkhoury C, Girard M, Barth E, Cagnard N, Montagner A, Chretien 
D, Rugarli EI, Guillou H, Pende M, Panasyuk G (2019) The class 3 PI3K coordinates autophagy 
and mitochondrial lipid catabolism by controlling nuclear receptor PPARα. Nat Commun 10:1– 
18. https://doi.org/10.1038/s41467-019-09598-9 

70. Grimmel M, Backhaus C, Proikas T (2015) WIPI-mediated autophagy and longevity. Cells 
4:202–217. https://doi.org/10.3390/cells4020202 

71. Proikas T, Takacs Z, Dönnes P, Kohlbacher O (2015) WIPI proteins: essential PtdIns3P effectors 
at the nascent autophagosome. J Cell Sci 128:207–217. https://doi.org/10.1242/jcs.146258 

72. Liu WJ, Ye L, Huang WF, Guo LJ, Xu ZG, Wu HL, Yang C, Liu HF (2016) P62 links 
the autophagy pathway and the Ubiqutin-proteasome system upon Ubiquitinated protein 
degradation. Cell Mol Biol Lett 21:1–14. https://doi.org/10.1186/s11658-016-0031-z

https://doi.org/10.1172/JCI39228DS1
https://doi.org/10.1038/s41413-019-0058-7
https://doi.org/10.1111/jog.13292
https://doi.org/10.1083/jcb.200712064
https://doi.org/10.1038/s41467-017-02352-z
https://doi.org/10.1038/ja.2017.104
https://doi.org/10.1091/mbc.E07
https://doi.org/10.1038/cr.2017.4
https://doi.org/10.1080/15548627.2018.1477382
https://doi.org/10.1080/15548627.2016.1277312
https://doi.org/10.1080/15548627.2016.1277312
https://doi.org/10.1038/cdd.2010.191
https://doi.org/10.3389/fcell.2018.00137
https://doi.org/10.1126/science.aac7365
https://doi.org/10.1126/science.aac7365
https://doi.org/10.1038/cdd.2014.174
https://doi.org/10.1038/s41467-019-09598-9
https://doi.org/10.3390/cells4020202
https://doi.org/10.1242/jcs.146258
https://doi.org/10.1186/s11658-016-0031-z


58 A. K. Sahu et al.

73. Kageyama S, Gudmundsson SR, Sou YS, Ichimura Y, Tamura N, Kazuno S, Ueno T, Miura 
Y, Noshiro D, Abe M, Mizushima T, Miura N, Okuda S, Motohashi H, Lee JA, Sakimura K, 
Ohe T, Noda NN, Waguri S, Eskelinen EL, Komatsu M (2021) p62/SQSTM1-droplet serves 
as a platform for autophagosome formation and anti-oxidative stress response. Nat Commun 
12. https://doi.org/10.1038/s41467-020-20185-1 

74. Tanida I, Ueno T, Kominami E (2008) LC3 and autophagy. Methods Mol Biol 445:77–88. 
https://doi.org/10.1007/978-1-59745-157-4_4 

75. Runwal G, Stamatakou E, Siddiqi FH, Puri C, Zhu Y, Rubinsztein DC (2019) LC3-positive 
structures are prominent in autophagy-deficient cells. Sci Rep 9:1–14. https://doi.org/10.1038/ 
s41598-019-46657-z 

76. Maria Fimia G, Stoykova A,. Romagnoli A, Giunta L, Di Bartolomeo S, Nardacci R, Corazzari 
M, Fuoco C, Ucar A, Schwartz P, Gruss P, Piacentini M, Chowdhury K, Cecconi F(2007) 
Ambra1 regulates autophagy and development of the nervous system. Nature 447:1121–1125. 
https://doi.org/10.1038/nature05925 

77. Sun WL (2016) Ambra1 in autophagy and apoptosis: Implications for cell survival and 
chemotherapy resistance. Oncol Lett 12:367–374. https://doi.org/10.3892/ol.2016.4644 

78. Shen X, Kan S, Liu Z, Lu G, Zhang X, Chen Y, Bai Y (2017) EVA1A inhibits GBM cell 
proliferation by inducing autophagy and apoptosis. Exp Cell Res 352:130–138. https://doi.org/ 
10.1016/j.yexcr.2017.02.003 

79. Hu J, Li G, Qu L, Li N, Liu W, Xia D, Hongdu B, Lin X, Xu C, Lou Y, He Q, Ma D, Chen 
Y (2016) TMEM166/EVA1A interacts with ATG16L1 and induces autophagosome formation 
and cell death. Cell Death Dis 7:1–13. https://doi.org/10.1038/cddis.2016.230

https://doi.org/10.1038/s41467-020-20185-1
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.1038/s41598-019-46657-z
https://doi.org/10.1038/s41598-019-46657-z
https://doi.org/10.1038/nature05925
https://doi.org/10.3892/ol.2016.4644
https://doi.org/10.1016/j.yexcr.2017.02.003
https://doi.org/10.1016/j.yexcr.2017.02.003
https://doi.org/10.1038/cddis.2016.230


Chapter 3 
Autophagy in Embryonic Stem Cells 
and Neural Stem Cells 

Deepika Puri, Shalmali Bivalkar-Mehla, and Deepa Subramanyam 

Abstract Autophagy is a conserved cytoprotective catabolic pathway that plays a 
crucial role in cellular turnover and homeostasis in eukaryotic cells. A large body 
of work has implicated autophagy in normal development and differentiation of 
mammalian cells. In particular, precise regulation of autophagy is important for 
the maintenance of stemness and differentiation of embryonic stem cells. Extensive 
reports also indicate a critical role of autophagy in neural stem cells and during 
embryonic and adult neurogenesis. One of the critical stages of autophagy regula-
tion occurs at the level of expression of autophagy genes. Transcription factors and 
chromatin modulators govern the accessibility of autophagy genes to the transcrip-
tion machinery and regulate their expression. Understanding autophagy regulation 
in stem cells becomes critical as aberrant autophagy leads to numerous degenera-
tive and neuropsychological diseases. This chapter aims to provide an overview of 
autophagy in embryonic stem cells and neural stem cells with a focus on regulation 
of autophagy genes in these cellular states. 

Keywords Autophagy · Embryonic stem cells · Neural stem cells · Neurogenesis ·
Transcription

D. Puri and S. Bivalkar-Mehla—These authors contributed equally. 

D. Puri · S. Bivalkar-Mehla · D. Subramanyam (B) 
National Centre for Cell Science, SP Pune University Campus, Ganeshkhind, Pune 411007, India 
e-mail: deepa@nccs.res.in 

D. Puri 
Institute for Stem Cell Biology, Helmholtz Institute for Biomedical Engineering, Pauwelsstraße 
20, 52074 Aachen, Germany 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
B. V. Shravage and K. Turksen (eds.), Autophagy in Stem Cell Maintenance 
and Differentiation, Stem Cell Biology and Regenerative Medicine 73, 
https://doi.org/10.1007/978-3-031-17362-2_3 

59

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-17362-2_3\&domain=pdf
mailto:deepa@nccs.res.in
https://doi.org/10.1007/978-3-031-17362-2_3


60 D. Puri et al.

Abbreviations 

AD Alzheimers disease 
ATG Autophagy related genes 
ESC Embryonic stem cell 
mTOR Mammalian target of rapamycin 
NCS Neural stem cell 
PTSD Post Traumatic Stress Disorder 
SGZ Subgranular Zone 
SVZ Subventricular zone 

Introduction 

Autophagy is a well-conserved lysosomal degradation pathway in eukaryotic cells, 
serving as a quality control checkpoint for cellular proteins and organelles. In addition 
to the cellular proteasomal pathway, intracellular bulk degradation can occur through 
the process of autophagy. Autophagy can be categorized into three types based on the 
mode of lysosomal delivery of the substrate to be degraded: macroautophagy—where 
cellular components are encapsulated into an autophagosome and delivered to the 
lysosome; microautophagy—in which the protein substrate or organelle is directly 
engulfed by the lysosome; and chaperone mediated autophagy—where specific cargo 
proteins are delivered to the lysosome via chaperones [9]. 

Macroautophagy, simply referred to as autophagy, was first described in yeast and 
found to also be functional in higher eukaryotes [53, 54, 78]. It is responsible for the 
degradation of redundant and nonfunctional organelles, long-lived protein aggregates 
and misfolded damaged proteins [53, 68, 70, 80]. It works in conjunction with the 
ubiquitin proteosome system (UPS), and shows both selective and non-selective 
modes for substrate recognition [46]. In addition to a central conserved catabolic role 
in general, autophagy plays cell-type specific roles in a context-dependent manner 
[44, 57, 94, 118, 123, 129]. At the tissue level, it has been implicated in regulating 
the cell population by causing autophagy-mediated cell death. In addition to being a 
catabolic process, autophagy also works as a machinery for recycling and fueling, by 
providing a source of energy and building blocks for the synthesis of macromolecules. 

The autophagy pathway has been studied in multiple cell types and in numerous 
model systems. Autophagy initiation is accompanied by the inactivation of 
mammalian target of Rapamycin (mTOR) kinase and the activation of ULK1/2 
kinases. These form a complex with ATG13 and FIP200 to recruit the VPS15 
(BECLIN-ATG14-VPS34-VPS15) complex and initiate phagophore formation. This 
leads to a cascade of activation and recruitment of ATG family proteins such
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as ATG5, ATG12, and ATG16L1, which result in the elongation and maturation 
of the phagophore, and selection and sequestration of cargo. Other ATG family 
proteins such as ATG7 and ATG3 help in the conversion of LC3I to LC3II by phos-
phatidylethanolamine conjugation. This facilitates closure of the autophagosome and 
its fusion with the lysosome. The cargo is then broken down by lysosomal hydrolases 
[19]. 

Over the years, literature has provided strong evidence showing that autophagy is 
involved in degradative and recycling roles right from the beginning of mammalian 
embryogenesis and differentiation into various lineages [70]. Embryonic stem cells 
(ESCs) are an ideal model system to recapitulate and study developmental processes 
and to understand the involvement of specific cellular pathways. Numerous studies 
have implicated a well-regulated autophagy pathway in the maintenance of stemness 
and differentiation of ESCs. Autophagy has also been studied extensively in the 
context of neural stem cells (NSCs) which play a crucial role in embryonic as well as 
adult neurogenesis. Aberrant autophagy in these cells leads to numerous debilitating 
neurodegenerative and neuropsychological diseases. This chapter aims to discuss the 
current literature in the context of autophagy, as well as the regulation of autophagy 
genes in ESCs and NSCs. 

Embryonic Stem Cells 

Embryonic stem cells (ESCs) are derived from the inner cell mass of the blas-
tocyst, an important pre-implantation embryonic stage around 3.5–5.5 days post 
fertilization in the mouse embryo, and 4–9 days post fertilization in case of the 
human embryo [23, 64, 65] (Fig. 3.1). By virtue of their pluripotency, ESCs can 
differentiate into the three primary germ layers, namely: endoderm, mesoderm, and 
ectoderm. They are also capable of maintaining their own population through the 
process of self-renewal. During the course of early development, ESCs undergo 
multiple rounds of divisions and differentiation to generate an array of cell types in 
the embryo. ESCs can be cultured in vitro under conditions that permit the retention 
of pluripotency. Further, these cells can be utilized in various assays to unravel the 
events of early embryogenesis. ESCs were first isolated from early mouse embryos 
and were cultured in vitro in 1981 by Martin Evans and Gail Martin in separate 
experiments. Numerous studies over the last few decades have revealed an intri-
cate interaction of various cellular pathways that regulate the stemness of ESCs. For 
example, in vitro studies on mouse ESCs (mESCs) have shown that the presence of 
a cytokine, leukemia inhibitory factor (LIF) along with bone morphogenetic protein 
(BMP) a member of the transforming growth factor beta (TGFβ) family (available 
in the serum added to culture medium), is critical for the maintenance of mESC self-
renewal and pluripotency [76]. LIF/GP130 interaction activates multiple pathways 
including JAK/STAT3, PI3K/AKT, and MAPK/ERK resulting in STAT3 activation 
and nuclear translocation. Additionally, transcription of the core pluripotency factors 
OCT4, SOX2, and NANOG is directly under the control of STAT3 [30], Romito and
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Fig. 3.1 ESCs and NSCs: ESCs are derived from ICM of the pre-implantation stage embryo, the 
blastocyst. ESCs are pluripotent, which means they can differentiate into any of the three germ 
cell lineages (endoderm, mesoderm and ectoderm) that give rise to all the cell types of an embryo. 
ESCs maintain their own population by self-renewal. ESCs can be differentiated into NSCs with 
appropriate cues. Neural stem cells can be derived from fetal brain tissue as well as from the 
hippocampus of adult brains

Cobellis [91]. Similarly, in addition to basic signalling pathways, processes such 
as endocytosis, autophagy, the ubiquitin–proteasome system (UPS), cytoskeletal 
dynamics, integrin signalling, and cell–cell interactions participate in controlling 
and maintaining ESC properties [18, 73–75, 111]. During embryogenesis, upon 
receipt of appropriate stimuli, ESCs exit pluripotency and commit to differentiation 
down specific lineages. Autophagy is a catabolic, nutrient-sensing stress response 
pathway that has been reported to assist in the maintenance of ESC pluripotency 
as well as promote differentiation in a context-dependent manner. Cellular macro-
molecular turnover along with organelle quality control and clearance are mediated 
by autophagy to promote ESC homeostasis and makeover during differentiation. In 
addition to its role in uncommitted, undifferentiated ESCs, autophagy plays home-
ostatic and quality control roles later in embryogenesis, and in stem cells that form 
specific tissues in the embryo such as neural stem cells (NSCs). In this chapter, we 
will attempt to review the significance of autophagy in ESCs and NSCs. Table 3.1 
lists the effects of depletion of key autophagy proteins in ESCs and NSCs. 

Autophagy in ESCs and During Embryogenesis: Evidence 
and Importance 

Autophagy was found to be induced shortly after fertilization to facilitate removal 
of the paternal (sperm-derived) mitochondria during early embryonic development
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Table 3.1 Effect of deletion of autophagy genes in ESCs and NSCs 

Gene name ESC NSC References 

Beclin1 ● Defective EB formation
● Embryonic lethality
● Smaller embryos
● Developmental delay
● Defective differentiation

● Smaller neurospheres, 
reduced differentiation 

[8, 85, 125, 127] 

Atg5 ● Defective EB formation
● Post-natal lethality
● Low birth weight

● Reduced differentiation 
and neurogenesis

● Increased apoptosis 

[47, 62, 85, 108, 119] 

Atg9 ● Post-natal lethality
● Low birth weight 

Atg7 ● Post-natal lethality
● Low birth weight

● Reduced autophagic cell 
death 

[38] 

Atg3 ● Compromised 
self-renewal and 
differentiation 

[59] 

Atg16l1 ● Post-natal lethality ● Developmental retardation
● Impaired differentiation 

[93, 118] 

Lamp2a ● Delayed differentiation [124] 

LC3 ● Disrupted homeostasis of 
pluripotency factors 

[14] 

Ambra1 ● Defective neurosphere 
formation 

[108, 125] 

Eva1a1 ● Reduced newly generated 
neurons 

[56] 

Vps34 ● Decreased neurogenesis, 
neuronal migration and 
axon growth 

[33] 

Wdr45b ● Cerebral atrophy
● Accumulation of 
autophagosomes 

[35] 

Fip200 ● Loss of NSCs, reduction 
of neurospheres 

[113]

[2, 95]. Autophagy, along with ubiquitin–proteasome system (UPS), was involved in 
the clearance of maternal factors to promote oocyte to embryo transition [104, 107]. 
Tsukamoto et al. have demonstrated that autophagic activity in 4-cell stage mouse 
embryos was associated with embryo viability [106]. 

Questions about the role of autophagy during early embryonic development can 
be answered to some extent by studying the autophagy pathway in ESCs. Due to their 
high proliferation rate, ESCs require constant clearance of unwanted and damaged 
macromolecules and organelles, which is largely taken care of by autophagy. Simi-
larly, during differentiation, drastic changes in the transcriptome and proteome 
require clearance and recycling of existing components. In addition to its catabolic
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role, autophagy serves as a recycling machinery providing building blocks and an 
energy generation plant for the dividing and differentiating cells. To understand the 
involvement of autophagy in various physiological roles during development and 
in later life, multiple conventional mouse autophagy gene knockout models were 
created and studied [70]. In order to dissect basic steps of the autophagy pathway 
in mammalian cells, Mizushima et al. generated mESCs that lacked expression of 
certain key autophagy genes such as Beclin1 and Atg5 [71]. These, and similarly 
developed cell lines were further used to understand the role of autophagy in early 
mammalian development. 

mESC clones deficient in Beclin1 expression, and thus defective in autophagy, 
were generated by Yue et al. and assayed for embryoid body (EB) formation, 
as a proxy for early embryogenesis [127]. ESCs when cultured in nonadherent, 
pluripotency-suppressive conditions, form three-dimensional solid spheres of cells 
termed EBs. Upon culture for longer periods, EBs begin to cavitate and mimic differ-
entiation events similar to those observed in the actual embryo. Beclin1−/− mESCs 
failed to form expanded cystic EBs. The visceral endoderm cells in these EBs were 
also reported to be abnormally large and less well-organized. Beclin1−/− mESCs 
were further used to generate Beclin1 null embryos. Early embryonic lethality was 
reported at E7.5 stage with significant developmental delay, evident from the smaller 
Beclin1−/− embryos compared to wild type embryos at the same stage. Embryos 
lacking Beclin1 expression showed enhanced cell death in contrast to controlled 
and patterned cell death in wild type embryos. The phenotype was attributed to 
loss of Beclin1 expression and the resultant failure of autophagy [127]. We have 
also generated Beclin1 knockout mESCs through CRISPR-Cas9 mediated genome 
editing. EBs derived from these cells showed defective differentiation into endo-
dermal and mesodermal lineages. Similarly, teratomas generated by injecting Beclin1 
knockout mESCs into NOD/SCID mice showed fewer foci of endoderm and meso-
derm lineages compared to teratomas generated from wild type ESCs [8]. Inter-
estingly, Beclin1 knockout mESCs showed active autophagy hinting towards an 
autophagy-independent role of BECLIN1 protein in mESC lineage differentiation. 

In another study, differentiation of Atg5-/- or Beclin1-/- ESCs showed accu-
mulation of cell corpses, arising from programmed cell death (PCD) resulting in 
compromised EB cavitation [85]. Clearance of dead cells by phagocytosis depends on 
soluble mediators (‘Find me’ signals) promoting phagocyte chemotaxis, and surface 
molecules (‘Eat me’ signals) exposed on apoptotic cells allowing identification by 
phagocytes [87]. Qu et al. showed that the underlying reason for failure of EB cavi-
tation was failure of the dead cells at the EB core to express the surface phos-
phatidylserine acting as an ‘Eat me’ signal. Similarly, ‘Come get me’ or ‘Find me’ 
signals through secreted lysophosphatidylcholine (LPC) which serve as a chemoat-
tractant for phagocyte recruitment were also suppressed resulting in persistence 
of dead cells in the EBs. These studies clearly demonstrated the involvement of 
autophagy in early stages of embryogenesis. 

Kuma et al. confirmed that mice lacking Atg5 expression, which is essential for 
the lipidation of LC3 protein and its recruitment in autophagosome membrane, were 
born normal at birth. These mice, however, failed to survive beyond a day after birth.
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It was observed that Atg5 deficient neonatal mice had lower amino acid levels in 
their plasma and tissues accompanied by an energy-depleted state [47]. It is possible 
that the defects seen in later stages could arise from abnormalities occurring due to 
autophagy failure in ESCs at earlier stages. One of the functions of autophagy is to 
provide amino acids and fatty acids as substrates for tricarboxylic acid cycle (TCA) 
to generate ATP [61]. This could also explain the phenotype observed in the Atg5−/− 
mouse model with defective autophagy. 

Similar phenotype of neonatal lethality was presented in Atg7- [45], Atg3- [99], 
Atg9a- [92] and Atg16l1-[93] deficient mice models. In particular, in Atg3−/− mESCs, 
mitochondrial turnover was affected due to the inability to clear unwanted mitochon-
dria, resulting in elevated reactive oxygen species (ROS) levels compared to wild 
type cells. mESCs lacking expression of Atg3 presented compromised self-renewal 
and pluripotency with delayed differentiation potential [59, 3]. Collectively, it is 
evident from these reports that autophagy is an important pathway in mESCs and is 
required for maintenance of their properties and function during embryogenesis. 

Systemic knockouts of some autophagy genes (Atg3, Atg5, Atg7, Atg9, Atg16L1, 
Beclin1, Fip200, and Ambra1) resulted in either embryonic or neonatal lethality, 
whereas knockouts of other autophagy genes did not present any phenotype (Lc3b, 
Gabarap) (reviewed in [70]). These studies emphasize the importance of autophagy 
proteins and pathway during mammalian development, and hint at a temporal role of 
these proteins. However, they are limited to describing the phenotype at a physiolog-
ical level and further investigation is required to uncover the underlying mechanism 
at a cellular level. It is important to note that mice lacking expression of Atg3, Atg5, 
Atg7, Atg9, and Atg16l1 had low birth weight and failed to survive due to suckling 
defects and starvation. Most of these proteins are involved in autophagosome forma-
tion following induction of autophagy. However, mice null for Beclin1, Fip200, and 
Ambra1, whose protein products play a regulatory role in induction of autophagy, 
were lethal at early embryonic stages. The range of phenotypic presentation resulting 
from the loss of proteins involved in the same pathway could possibly result from the 
autophagy-independent functions of some of these proteins. No discernible defects 
were reported in Lc3b and Gabarap knockout mice which may be due to alternative 
mechanisms compensating for the loss of these proteins [12, 121]. 

In an attempt to visualize autophagic activity in human ESCs (hESCs), Tra et al. 
established recombinant hESC lines transduced with a lentiviral vector containing 
a GFP-tagged LC3 (LC3-GFP) protein expression cassette. When autophagosomes 
form, the tagged LC3 protein gets recruited onto the autophagosomes allowing their 
visualization by fluorescence from LC3-GFP. These cell lines served as an informa-
tive tool to visualize the dynamics of autophagy in the pluripotent and differentiating 
state of hESCs. Autophagy, evident from increased LC3-GFP puncta, was induced in 
these cells following differentiation by use of the TGFβ receptor II inhibitor. Treat-
ment with Rapamycin, an mTOR inhibitor, also showed increased number of GFP 
positive puncta, indicative of induced autophagy [105]. This study clearly showed 
for the first time that autophagy is active in hESCs.
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Specific Roles of Autophagy in ESCs 

Autophagy, although an alternative catabolic pathway, plays specialized roles in 
specific cell types and situations. In ESCs, autophagy plays a crucial role in main-
taining the stemness of these cells until differentiation stimuli are received. Once 
ESCs are ready to lose pluripotency and acquire a new fate, autophagy brings about 
the makeover to ensure proper differentiation. Specific roles of autophagy in ESCs 
include both macromolecule and organelle clearance. 

Autophagy and Proteostasis in ESCs 

To maintain their pluripotency and immortality through self-renewal, ESCs have 
high-fidelity mechanisms ensuring the quality of their proteome. ESCs have an 
enhanced translation rate, along with elevated levels of ribosomal and chaperone 
complex and proteasomal components to meet the needs of a highly proliferative 
state. Multiple pathways including autophagy converge and interact to form a network 
working towards attaining protein homeostasis (proteostasis) [89]. Proteostasis 
includes multiple cellular processes throughout the life cycle of the protein, starting 
from protein synthesis, folding, trafficking, interaction, and finally degradation. Any 
irregularity in proteostasis leads to accumulation of damaged proteins, compromising 
ESC properties and functions [51, 110]. Apart from being a degradative pathway, 
autophagy also works as a recycling plant for providing building blocks for the 
synthesis of new macromolecules required for cellular infrastructure. Autophagy is 
thus a critical pathway that functions in both the synthesis and degradative steps of 
proteostasis, and eventually regulates ESCs stemness. 

Autophagy and Pluripotency Factor Turnover 

The role of autophagy was first demonstrated in hESCs showing elevated levels 
of GFP-LC3 puncta upon acute induction of differentiation upon treatment with 
TGFβ receptor II inhibitor [105]. Pluripotency-associated (PA) transcription factors 
OCT4, SOX2 and NANOG are key players in establishing and maintaining ESC 
pluripotency. Human ESCs were reported to depend upon autophagy for regu-
lating the levels of PA factors (OCT4, SOX2, NANOG), suggesting a link between 
autophagy and ESC pluripotency [14]. Autophagy inhibition either by Rapamycin, 
a mTOR inhibitor, or by siRNA mediated knockdown of LC3 in hESCs resulted 
in accumulation of PA factors. It was also demonstrated by immunofluorescence 
that OCT4 colocalized with sequestosome 1 (SQSTM1/p62), an adaptor protein 
present in autophagosomes. This finding was corroborated by immunogold electron 
microscopy where OCT4 was found localized in the autophagosomes. Homeostasis
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of PA factors was primarily modulated by autophagy in coordination with the UPS 
to maintain the stemness of hESCs [14]. 

A recent report from Xu et al. revealed an interesting link between chaperone 
mediated autophagy (CMA) and epigenetic regulation of pluripotency factor expres-
sion. CMA is a specialized form of autophagy that selectively targets individual 
proteins bearing a signal sequence for lysosomal degradation with the help of chap-
erones. LAMP2A, a lysosomal outer membrane protein acts as a receptor that allows 
translocation of the substrate protein into the lysosome. Xu et al. reported that levels of 
LAMP2A increased when ESCs were induced to differentiate either by withdrawal 
of LIF, or by suppression of pluripotency factors. On the other hand, overexpres-
sion of LAMP2A and a resultant increase in CMA promoted ESC differentiation, 
whereas knockout or knockdown of LAMP2A supported maintenance of stemness 
and resulted in delayed differentiation [124]. CMA was shown to degrade isocitrate 
dehydrogenase 1 and 2 (IDH1 and IDH2), enzymes in the tricarboxylic acid (TCA) 
cycle that produce α-ketoglutarate (α-KG). α-KG is required by the histone and DNA 
demethylases for epigenetic changes in the genome that regulate the expression of 
pluripotency factors. Upon differentiation, induced CMA reduces IDH1 and IDH2 
levels resulting in reduction of α-KG, thus inhibiting the activity of demethylases 
and suppressing the expression of Oct4 and Sox2 [124]. 

Along with protein substrates, autophagy is known to be involved in the clearance 
of damaged and unwanted organelles. In somatic cells, autophagy is implicated in 
the turnover of almost all organelles such as mitochondria, peroxisomes, lysosomes, 
and endoplasmic reticulum (ER) [3]. In ESCs, autophagy has been implicated in 
the clearance of mitochondria and the midbody ring which directly modulate ESC 
properties. 

Mitophagy in ESCs 

Mitophagy is a selective form of autophagy where mitochondria are encapsulated in 
vesicles and delivered to lysosomes for degradation [20]. ESCs are highly prolifera-
tive cells and hence they need to maintain the number and quality of mitochondria to 
avoid oxidative stress. ESCs possess immature mitochondria that are small, globular, 
and show underdeveloped cristae [15]. ATG3 deficient mESCs were found to show 
impaired self-renewal with accumulation of mitochondrial mass, increased ROS 
production, and decreased ATP synthesis. ATG3-dependent mitophagy was shown 
to be involved in regulating homeostasis of the mitochondrial pool in ESCs [59]. 
Mitophagy was elevated during the early events of hESC differentiation, and simi-
larly following induction of mitochondrial damage by chemicals such as ethidium 
bromide (causes mitochondrial and genomic DNA damage) and CCCP (causes depo-
larization of mitochondrial membrane) to ensure the timely removal of damaged and 
harmful mitochondria [39]. This study demonstrated the occurrence of mitophagy 
in hESCs and its importance during ESC differentiation.
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During differentiation, several structural, transcriptional, and metabolic changes 
occur allowing the ESCs to transform into the differentiated cell. Mitochondria 
in ESCs also become more mature and elongated with well-developed cristae. 
It has been reported that enhanced mitophagy due to Resveratrol (a polyphe-
nolic compound) treatment promotes ESC pluripotency by rejuvenation of active 
mitochondria through elimination of the damaged ones [102]. 

Midbody Ring, Autophagy, and ESCs 

Autophagy is responsible for bringing out some of the remodelling changes in 
organelles that are required for differentiation of ESCs, e.g., mitochondrial changes, 
midbody degradation. Midbody ring is a circular structure that forms a bridge 
between two daughter cells during cytokinesis and assists separation of daughter 
cells [97]. Midbodies are proteinaceous organelles inherited by daughter cells, and 
were shown to accumulate in hESCs to promote self-renewal [7, 48]. Autophagy 
has been implicated in removal of the midbody ring by recruiting NBR1 autophagy 
receptor that interacts with CEP55 midbody protein [34, 48, 83]. Midbodies were 
reported to be eliminated by autophagy when ESCs underwent differentiation. ESCs 
were able to accumulate midbodies by evading the engulfment and degradation by 
autophagosome. When cells are ready, autophagy comes into play to eliminate the 
midbodies to promote cellular differentiation, thus acting as a regulator of cellular 
fate changes [48]. 

Regulation of Autophagy in ESCs 

Being highly proliferative cells, ESCs need to ensure that various cellular processes 
run at optimum speed. Autophagy flux was shown to be maintained at a level that 
promoted mESC pluripotency. In 2017, Liu et al. showed that to achieve optimum 
autophagy flux (a measure of autophagic degradation activity represented by forma-
tion of new autophagosome and their lysosomal degradation), mESCs were depen-
dent on a forkhead transcription factor FOXO1, that possesses a winged helix DNA 
binding domain. FOXO1 was found to directly bind to promoters of core autophagy 
machinery genes including Ulk1, Vps34, Beclin1, Atg5, Atg7, Atg12, and Lc3b as 
shown by chromatin immunoprecipitation (ChIP) assay. mESCs deficient in Foxo1 
expression displayed suppressed autophagy gene expression that directly affected 
ESC pluripotency marker expression [60]. 

In somatic cells, autophagy is induced by several intrinsic and extrinsic stimuli 
such as ER stress due to unfolded proteins, oxidative stress due to ROS accumulation, 
hypoxia, low ATP levels, bacterial, viral infections, nutrient starvation, and so on. In 
somatic cells, mTOR is a well-studied kinase responsible for sensing the metabolic 
state of the cells and growth factor availability [49]. mTOR negatively regulates
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autophagy by phosphorylating and inactivating autophagosome initiation complex 
components such as ULK1, ATG13, etc. [21]. In an interesting study, blastocysts 
treated with Rapamycin were found to gain a state of reversible developmental pause, 
with a global suppression of transcription. These blastocysts were found to retain 
their ability to give rise to live and fertile mice with pluripotent ESCs for in vitro 
culture. Autophagy was active in these blastocysts and was found to be an important 
factor for retaining viability and properties of the cells [10]. 

The AMP-activated protein kinase (AMPK) plays a role when cellular ATP levels 
are low and thereby AMP levels are raised. In low energy states, the autophagy 
pathway is activated by AMPK through phosphorylation of ULK1, another kinase 
that initiates autophagy. It was demonstrated that Resveratrol, a natural polyphenolic 
compound, activated AMPK in mESCs leading to ULK1 activation and autophagy 
induction [102], thus revealing another mechanism of autophagy regulation in ESCs. 
Both mTOR and AMPK are nutrient and energy-sensing molecules which are impli-
cated in autophagy regulation in somatic cells and were found to be functioning in 
ESCs in a similar manner. 

Autophagy has been reported to be induced when ESCs receive differentiation 
cues. hESCs were shown to upregulate autophagy when treated with TGFβ receptor 
II inhibitor [105]. Similarly, when mESCs form EBs, autophagy was induced during 
early phases of differentiation [85]. During ESC differentiation, autophagy was 
induced to allow clearance of midbody rings [48]. These reports highlight the remod-
elling role of autophagy in addition to its catabolic role during ESC differentiation 
events. 

Autophagy has been found to play important roles in macromolecular breakdown 
and clearance during differentiation into various lineages as a rapid response to 
differentiation cues. Autophagy has been shown to help in maintaining differentiation 
across numerous lineages such as haematopoietic, mesenchymal, muscle, hepatic, 
and many others (reviewed in Hu et al. [32]). A wealth of literature emphasizes the 
role of autophagy in neural stem cells and neurogenesis, and aberrant autophagy in 
these cells leads to a myriad of neurodegenerative and neuropsychiatric disorders. 
The following section summarizes the role of autophagy in neural stem cells. 

Autophagy and Neural Stem Cells 

Autophagy plays a fundamental role in the nervous system, especially in neurons that 
are post mitotic and require precise maintenance of homeostasis and macromolecular 
turnover. Aberrant autophagy leads to the development of aggregates and neurode-
generation with numerous neurodegenerative diseases linked to defects in autophagy. 
However, recent studies have implicated autophagy and autophagy genes in neural 
stem cells (NSCs) and the normal progression of neurogenesis. Aberrant neurogen-
esis has been found to be a primary proximal risk factor for a variety of neuropsycho-
logical disorders such as major depressive disorder, PTSD, anxiety disorders, and 
many more. Thus, understanding the role of autophagy in neural stem cells becomes
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imperative as a possible therapeutic approach to combat these disorders (reviewed 
in Puri and Subramanyam [84]). 

Neural Stem Cells 

The formation of the central nervous system in most mammals takes place at the 
prenatal stage and involves neurogenesis (formation of neurons) and gliogenesis 
(formation of glial cells). It was believed that neurogenesis in mammals only happens 
during embryonic development. However, studies have now unequivocally proven 
that neurogenesis takes place in the adult brain and is dependent on the presence 
of neural stem cells (NSCs), which have the ability for long-term self-renewal and 
ability to form neurons and glia [6, 26]. NSCs are primarily present in the ventricular-
subventricular zone (V-SVZ) of the lateral ventricle and the subgranular zone (SGZ) 
of the dentate gyrus (DG) of the hippocampus [41]. These quiescent cells give rise 
to progenitor cells that further differentiate into neuroblasts and finally neurons 
(Fig. 3.1). Accumulating evidence has indicated that autophagy in NSCs carries out 
the crucial function of macromolecular turnover, homeostasis, and repair, helping 
stem cell function. 

Evidence for Autophagy in Neural Stem Cells 

A growing body of evidence implicates the presence of constitutive autophagy in 
embryonic as well as adult NSCs. 

Autophagy in Embryonic NSCs 

Autophagy genes such as Atg5, Atg7, Becn1, LC3II, Ambra1, and Eva1a1 are 
expressed in NSCs, and their expression increases during neurogenesis [56, 62, 5,  
108, 5,  125]. In 2012 [108, 5], Vazquez et al. used NSCs of the mouse olfactory bulb 
(OB) as a model system to show that AMBRA1 deficiency leads to defective neuro-
sphere formation and reduced differentiation. Moreover, Atg5 deficient NSCs also 
displayed reduced neural differentiation. Pharmacological inhibition of autophagy 
using Wortmannin, a PI3K inhibitor, impaired embryonic neuronal differentiation in 
OB NSCs as well as those of the foetal forebrain [26]. ATG5, required for autophago-
some formation was also found to be expressed in mouse embryonic cortical neural 
progenitor cells (NPCs). Atg5 knockdown led to decreased cortical differentiation 
and impaired morphology of cortical neurons [62, 5]. EVA1A1, a lysosomal trans-
membrane autophagy regulator, facilitates self-renewal of NSCs. Li et al., used the 
NSC-specific Nestin promoter to generate NSC-specific Eva1a1 knockdown. Nestin-
cre driven Eva1a1 knockdown led to the reduced number of newly generated neurons
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accompanied by impaired autophagy [56]. Silencing of Vps34, an early autophagy 
regulator, by in utero electroporation in mice led to the disruption of neurogen-
esis, decreased neuron migration, and axonal growth [33]. In NPCs derived from 
the mouse forebrain, autophagy, measured by the levels of LC3II/LC3I, increased 
during neurogenesis, accompanied by an increase in ATG9A levels [72]. A seminal 
study by Wu et al. [118] elucidated the mechanism of ATG16L1-mediated regulation 
of embryonic neurogenesis. Atg16l1 hypomorphs exhibited developmental retention 
and impaired differentiation of NSCs. Primary cortical cultures of these mice showed 
an increase in NSCs as measured by Nestin levels. This study suggests that complete 
inhibition and partial perturbation of autophagy may result in distinct effects in NSCs. 

Autophagy in Adult NSCs 

Most studies in adult NSCs involve the perturbation of autophagy genes at the embry-
onic stage while investigating their effect on adult NSCs. However, few recent studies 
have shown the effect of autophagy disruption directly in adult NSCs. Quiescent 
hippocampal NSCs contain more, and larger lysosomes than dividing NSCs and 
activation of autophagy by starvation, implicating autophagy in the maintenance and 
function of adult NSCs [52]. One key study implicated the autophagy gene Fip200 
in post-natal neurogenesis. Fip200 was conditionally deleted in mouse NSCs using 
Gfap-cre. Loss of  Fip200 led to an aberrant increase in reactive oxygen species, 
loss of NSCs, and reduction of neurospheres from SVZ cultures, implicating FIP200 
and, in turn, autophagy in post-natal NSCs and neurogenesis [113]. GFAP-dependent 
deletion of Fip200 also led to a reduction in neural differentiation, accompanied by 
microglia activation and niche infiltration. However, this effect was not observed 
upon depletion of Atg5, Atg7 or Atg16l1 [112]. In addition to Fip200, a recent study 
reported the relevance of autophagy genes Beclin1 and Ambra1 in post-natal NSCs 
of the SVZ [125]. Ambra1 and Beclin1 were both expressed in SVZ NSCs as well as 
NPCs. NSCs isolated from Beclin1−/+ heterozygous mice exhibited smaller neuro-
spheres and defective differentiation. This was accompanied by reduced autophagic 
flux. The reduction of NSCs was accompanied by an increase in apoptosis hinting at 
autophagy and apoptosis being balanced in normal NSCs. Similar results were seen 
in Ambra1 knockout mice. ATG5 was also found to be important for NPC neuro-
genic potential. Using the fluorescently tagged autophagy protein LC3 to visualize 
autophagosomes, Atg5 was knocked out in dividing NPCs in the adult brain. In addi-
tion to decreased autophagic flux, these cells exhibited reduction in survival, deficit 
in neurogenesis, and concomitant increase in apoptosis, which could be rescued by 
inactivation of the pro-apoptotic gene Bax [119, 5]. A recent study has implicated 
the mouse homolog of Atg18, Wdr45b in neural homeostasis [35]. Wdr45b defi-
cient mice exhibited accumulation of autophagosomes, swollen axons, and cerebral 
atrophy accompanied by aggregates of autophagy substrates such as p62. This is 
of interest because Wdr45b deficiency in humans has been linked to intellectual 
disability [101, 45], and the link with autophagy may shed light on the possible 
mechanism of this defect.
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Regulation of Autophagy in NSCs 

Numerous stimuli have led to the activation or repression of autophagy in NSCs. 
An interesting connection between autophagy and neuronal cell death was iden-
tified, where neuronal cells exhibited massively upregulated autophagy, which, in 
turn, push the cells into a cell death cascade, distinct from apoptosis [17]. Many 
reports on NSCs implicate aberrant activation of autophagy in autophagic neural 
cell death. Withdrawal of insulin in adult hippocampal NSCs led to the activa-
tion of autophagy accompanied by an upregulation of autophagy genes such as 
Beclin1 and Lc3 [126], with GSK3β functioning as a critical upstream regulator of 
autophagy in these cells [29]. Additionally, phosphorylation of the autophagy protein, 
p62, by AMPK in insulin-withdrawn hippocampal NSCs seems to direct cell death 
pathways from apoptosis to autophagic cell death [28]. Autophagic cell death was 
also induced upon oxygen and/or glucose deprivation of hippocampal NSCs [16]. 
Conversely, mouse NSCs are protected from autophagic cell death upon depletion 
of ATG7 [38]. Thus, autophagy seems to regulate cell death pathways in a context-
dependent manner. A recent study showed that autophagy played an important role 
in the death of NSCs in juvenile mouse brains in response to irradiation [115]. NSC-
specific depletion of the autophagy gene Atg7 reduces radiation-induced cell death 
and microglia activation, indicating that autophagy reduction may be an avenue to 
reduce cell death in response to radiation in cancer treatment. Interestingly, chronic 
restraint stress reduced hippocampal neurogenesis by inducing autophagic cell death 
of NSCs, which could be reversed by conditional Atg7 knockdown [37]. Simvastatin, 
a statin family drug, protects NSCs from hydrogen peroxide mediated cell death by 
activation of autophagy and reduction in ROS [86]. Metabolites such as homocys-
teine also regulate autophagy in NSCs, and elevated levels of homocysteine have 
been linked with an increased risk of ischaemic stroke accompanied by high levels 
of autophagy which ultimately led to autophagic cell death [114]. This points to the 
importance of tightly regulated autophagy levels in NSC homeostasis. Gestational 
diabetes is associated with foetal neuropathy which is characterized by dysfunction 
of NSCs. Melatonin plays a neuroprotective function in this scenario. Studies have 
shown that in response to hyperglycaemia, autophagy increases in NSCs along with 
an increase in the transcription of autophagy genes. Melatonin activates mTOR and 
thereby represses downstream autophagy genes, preventing excessive autophagy, 
thus helping maintain NSC homeostasis during hyperglycemia [55]. Interestingly, 
studies have also implicated aberrant autophagy in human foetal NSCs upon Zika 
virus infection, which leads to defective neurogenesis and cellular dysregulation [57]. 
These studies indicate that the regulation of precise levels of autophagy is critical 
for maintaining the neural stem cell state and further neural differentiation. 

Transcriptional Regulation of Autophagy Genes 

Recent studies have helped shed light on the regulation of autophagy genes at the tran-
scriptional level. Numerous transcription factors have been identified that regulate the
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expression of autophagy genes. Forkhead box transcription factors such as FOXO1 
and FOXO3 are highly expressed in mouse embryonic SVZ as well as in multipo-
tent adult neural progenitors [79], with Foxo depleted NSCs exhibiting decreased 
self-renewal and increased levels of ROS. Autophagy was impaired in NPC cultures 
derived from Foxo 1/3/4 knockout mice, which was accompanied by a decrease in 
transcription of autophagy genes such as Atg5, Atg7, and Atg9. Chromatin immuno-
precipitation experiments revealed that FOXO transcription factors were enriched 
over the enhancers of autophagy genes indicating their role in direct regulation [96]. 
The defect in autophagy upon Foxo knockout could be rescued by treatment with 
activators such as Rapamycin or trehalose. A recent study also identified FOXO3 as 
a core transcription factor activating numerous autophagy genes in NSCs [4], with 
its depletion leading to the accumulation of aggregates in these cells. These results 
indicated that this transcription factor was crucial in maintaining normal levels of 
autophagy in NSCs. Transcription factor EB (TFEB) has been identified as a master 
regulator of autophagy, driving the expression of autophagic and lysosomal genes 
[98]. TFEB plays a role in maintaining NSC quiescence by maintaining lysosomal 
activity. Conditional knockdown of Tfeb in NSCs delayed quiescence and increased 
NSC proliferation in the murine dentate gyrus [43]. The zinc finger transcription 
factor MIZ was found to target numerous genes playing a role in vesicular transport, 
endocytosis, and autophagy. The autophagy activator AMBRA1 was found to be a 
target for MIZ1 in neural progenitor cells. Depletion of MIZ1 led to a blockage in 
autophagic flux and degeneration of NPCs [117]. In addition to transcription factors, 
miRNAs as well as chromatin modifiers also regulate the expression of autophagy 
genes. Overexpression of miR34a impaired the differentiation of NSCs by targeting 
Atg9a, accompanied by the reduction of LC3II and, in turn, autophagy [72]. The 
let-7 family of miRNAs was also found to positively regulate autophagy in new-born 
neurons and NSCs, thereby inducing radial migration and neurogenesis [81]. The 
histone deacetylase inhibitor, SAHA, was found to induce autophagy in glioblas-
toma stem cells by downregulating mTOR signalling. This was accompanied by 
an increase in acidic vesicles, LC3II, and BECLIN1 levels, and a reduction in p62 
levels [13]. Valproic acid, another HDAC inhibitor activated neuronal differentia-
tion of NSCs, via the mTOR signalling pathway, results in the decrease in levels of 
DNA methyl transferases and activation of differentiation gene Ngn1 [128]. Using a 
small molecule inhibitor, the histone methyl transferase G9a was found to supress the 
expression of autophagy genes such as Lc3 and Atg family genes in neuroblastoma 
cells. G9a inhibition led to activation of autophagy and decreased tumorigenicity of 
neuroblastoma cells [40]. Treatment of mouse primary cortical NSCs with inhibitors 
for DOT1L (an H3K79 methyl transferase) led to impaired proliferation, survival, 
and neuronal differentiation. This was accompanied by impaired activation of genes 
of the Atf3/Atf4/Ddit3 cascade, which in addition to playing a role in ER stress, also 
act as activators of the autophagy pathway. While the directed effects of DOT1L on 
autophagy have not been studied, the effect on autophagy activator genes and the 
subsequent increase in apoptosis in NSCs point to a possible autophagy-mediated 
disruption of NSC homeostasis [90].
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Implications of Autophagy Defects in Development 
and Disease 

In addition to being a housekeeping catabolic pathway, autophagy also serves as an 
adaptive pathway involved in cellular homeostasis and stress management. Natu-
rally, mutations in autophagy genes and their consequential disturbances in the func-
tioning of the pathway manifest as pathologies (either morbidity or mortality) in the 
organism. In recent years, as the importance of autophagy in embryonic development 
and cellular homeostasis is established, multiple reports have emerged unravelling 
the mutations in autophagy genes culminating in pathologies [36, 54]. Mutations in 
core autophagy genes reported to be associated with diseases in humans are discussed 
here. 

A homozygous missense mutation in the Atg5 gene resulting in E122D substitu-
tion is responsible for impaired interaction between ATG5 and ATG12 proteins. This 
leads to defective autophagy and is reported to be associated with congenital ataxia 
with impaired coordination of movement and balance during voluntary activity [42]. 
A homozygous Atg5 variant with low expression was associated with childhood cere-
bral palsy [122]. Cerebral palsy was characterized by permanent motor disorders and 
disturbances of sensation, perception, cognition, and epilepsy. 

ATG16L1 is an autophagy component that non-covalently associates with the 
ATG5-ATG12 complex involved in the lipidation of LC3 during autophagosome 
membrane elongation [69]. A missense mutation, T300A, in the Atg16l1 allele was 
found to be a susceptibility allele for the development of Crohn’s disease, a type of 
inflammatory bowel disease [50]. The presence of this mutation was found to be the 
cause of abnormal Paneth cells with reduced selective autophagy levels, increased 
cytokine secretion, and hampered intracellular bacterial clearance. BECLIN1 is 
another component of the PI3K complex that synthesizes PI3P which is required for 
autophagosome initiation and elongation step. Monoallelic deletion of Beclin1 gene 
has been associated with 40–75% of breast, ovarian, and prostate cancers. Reduced 
BECLIN1 protein expression and poorer prognostic outcomes have been reported 
in multiple types of tumors including breast, ovarian, oral, lung, and renal [109]. 
VPS15 is a membrane targeting component of the PI3K complex [5]. A missense 
mutation L1224A was found to be associated with severe cortical and optic nerve 
atrophy, localized cortical dysplasia, epilepsy, intellectual impairment, ataxia, muscle 
wasting, spasticity, and other related symptoms [27]. It is important to note that 
mutations in different autophagy genes show pathologies in specific tissues or organ 
systems. It is highly likely that these mutations result in the hampered development 
of that particular organ or tissue right from the embryonic stage. It is thus intriguing 
to uncover the specific roles of these autophagy components and pathways as a 
whole, chronologically during development. Gaining more insight into specific roles 
of autophagy during development and organogenesis may allow the development of 
more targeted therapeutic interventions.
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Numerous neuronal, neurodegenerative, and neuropsychological disorders have 
been linked to aberrant autophagy. Diseases such as Alzheimer’s disease (AD), 
Parkinson’s disease (PD), Amyotrophic lateral sclerosis (ALS), and polyglutamine 
accumulation diseases (Poly Q) are characterized by the accumulation of aggregates 
containing misfolded proteins. Studies have now implicated aberrant autophagy in 
the aggregation, defective degradation, and clearance of misfolded proteins in these 
neurons. 

AD is characterized by the accumulation of neurotoxic beta-amyloid plaques, and 
impaired autophagy is observed in the neurites of human AD patients [77]. Studies 
have also shown a reduction in BECLIN1 levels in AD brain samples [82]. Activators 
of autophagy such as lithium, trehalose, and berberine have shown to exhibit neuro-
protective effects, improved neurogenesis, and reduced AB aggregates in mouse 
models of AD [22, 24]. SQSTM1, a receptor for selective autophagy, is implicated 
in ALS. Insoluble SQSTM1 aggregates were found to accumulate in the brains of 
ALS patients and resulted in motor neuron degradation [103]. This suggests that 
aberrant clearance of this substrate by autophagy may lead to aggregate formation. 
PolyQ diseases such as Huntington’s disease (HD) are characterized by the aberrant 
expansion of CAG repeats, translating into Poly Q tracts in certain genes such as 
Huntingtin (HTT). In neurons of HD mice, defective autophagy, caused by ineffec-
tive cargo recognition and binding to p62, leads to the accumulation of mutant HTT. 
Furthermore, this mutant HTT was found to impair the function of the autophagy 
protein BECLIN1, thus perpetuating the cycle of dysfunctional autophagy and aggre-
gate formation [25, 63]. PD is caused by a mutant alpha synuclein that encodes for 
PARK1. This causes dysfunction and death of motor neurons in the substantia nigra 
which results in PD-specific motor symptoms. Studies have implicated that alpha 
synuclein is a target, as well as a regulator of autophagy, and that increased alpha 
synuclein led to reduced autophagy by mislocalization of ATG9 [11, 116]. 

In addition to neurodegenerative disorders, increasing evidence suggests 
that neuropsychological disorders such as major depressive disorder (MDD), 
schizophrenia, and stress disorders are also consistent with dysfunctional autophagy. 
Gene expression analysis of the superior dentate gyrus of schizophrenia patients indi-
cated reduced expression of autophagy genes Beclin1 and Atg3 [31]. This reduction 
of autophagy genes was also seen in mouse models of schizophrenia [66], indicating 
that autophagy plays a prominent role in the pathophysiology of the disorder. Stress 
response has been shown to be highly correlated with depressive behaviour, and 
debilitating disorders such as MDD [88]. According to the neurogenic theory of 
depression, defective neurogenesis is one of the causes of depressive disorders [67] 
and aberrant autophagy plays a crucial role in maintaining normal neurogenesis, 
implicating this pathway in stress response. Antidepressants are found to reverse 
behavioural effects of chronic stress in an mTOR-dependent manner [1]. In addition 
to antidepressants, nicotine was found to alleviate stress-induced behavioural effects 
by upregulating autophagy genes such as Beclin1, Lc3, and p62 [120]. Interestingly, 
some stressors exhibit a context-dependent change in autophagy in different regions 
of the brain. Maternal separation led to decreased autophagy in the hippocampus, 
while increasing autophagy in the prefrontal cortex of rat brains [58]. These reports,
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and more, emphasize the importance of maintaining precise autophagy levels in 
different regions of the brain in normal conditions as well as in response to different 
stressors. 

Conclusions and Outlook 

Autophagy is a conserved catabolic pathway that plays a homeostatic role during 
starvation, growth factor deprivation, infection, remodelling of cellular infrastruc-
ture, and protein and organellar turnover. It is proving to be one of the crucial cellular 
processes that modulate early mammalian embryonic development. In the context 
of early mammalian development, autophagy seems to be involved in the regula-
tion of cell division, cell death, and clearance of cell debris during cell fate deci-
sions, as well as in controlling metabolic homeostasis during early neonatal stages. 
The association of autophagy gene mutations with certain diseases emphasizes the 
role of autophagy in various cellular processes. The generation of animal models 
with specific autophagy gene mutations can provide valuable tools to understand 
the underlying mechanisms leading to pathological conditions. CRISPR-Cas9-based 
genome editing has great potential in generating such animal models. It is intriguing 
to note that in mouse knockout models, the loss of different autophagy genes lead 
to a range of phenotypic presentations, pointing towards the unique functions of 
these components in addition to their autophagic role. In somatic cells, some of the 
autophagy proteins have already been implicated in functions that are independent of 
autophagy, e.g., BECLIN1 and FIP200 (reviewed in Subramani and Malhotra [100]). 
These proteins may play characteristic roles in ESCs during embryonic development 
resulting in varied phenotypes. Another possibility is that the autophagy pathway 
performs context-dependent functions at different stages and in different cell types. 
These hypotheses need to be tested to further understand the importance of autophagy 
in mammalian development. 

The rate of autophagic degradation of various substrates is crucial in various situ-
ations. For example, during ESC replication, cells need rapid clearance of damaged 
mitochondria. During differentiation, ESCs are required to clear macromolecules 
that promote pluripotency. In such situations, autophagy is upregulated by mech-
anisms involving enhanced autophagy gene expression or activation of autophagy 
regulators. Tools are available to visualize autophagosomes either through the use of 
dyes that accumulate within the autophagosome, or fluorescently tagged LC3 protein 
which gets incorporated into the autophagosome membrane. While these tools are 
suitable for cells with high cytoplasm to nuclear ratio, in the case of ESCs which 
have low cytoplasm to nuclear ratio, visualization of autophagosomes using these 
tools is challenging. Better visualization methods with high resolution are an abso-
lute necessity to study autophagosome turnover in ESCs. Similarly, reporter systems 
that will allow tracking of autophagy induction and inhibition in response to various 
stimuli experienced by ESCs would be useful. This will expand our understanding of
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the array of stimuli and signals that change the autophagic status in ESCs in different 
situations. 

Neurons are post mitotic cells and require precise regulation of cellular pathways 
for normal homeostasis. Autophagy plays a role not only during embryonic and 
adult neurogenesis, but also during the lifetime of the neuron to maintain a steady 
turnover of macromolecules, and also in response to various positive and negative 
stimuli. Understanding the exact role of autophagy in NSCs and NPCs becomes 
essential given the fact that a delicate balance of autophagy levels is required for 
normal neural function. Decreased autophagy leads to a reduction in the neuro-
genic potential of NSCs and aggregate formation in mature neurons that further 
leads to neurodegenerative diseases; while aberrant activation of autophagy leads to 
autophagic cell death which is detrimental to neuronal functions. In this background, 
molecules that regulate autophagy are promising putative therapeutic agents to either 
increase or decrease autophagy in a context-dependent manner with an aim to combat 
autophagy-mediated neural disorders. 

Autophagy and its components are becoming attractive targets for the treatment 
of various disorders linked to the pathway and mutations in autophagy genes. For this 
purpose, understanding the regulation and function of autophagy and its interaction 
with other cellular processes is critical. Putting the pieces of this puzzle together 
will allow looking at the bigger picture of how this conserved catabolic pathway can 
be exploited to design better therapeutic strategies for targeting autophagy-related 
diseases and disorders. 
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27. Gstrein T, Edwards A, Přistoupilová A, Leca I, Breuss M, Pilat-Carotta S, Hansen AH, Tripathy 
R, Traunbauer AK, Hochstoeger T et al (2018) Mutations in Vps15 perturb neuronal migration 
in mice and are associated with neurodevelopmental disease in humans. Nat Neurosci 21:207– 
217



3 Autophagy in Embryonic Stem Cells and Neural Stem Cells 79

28. Ha S, Jeong S-H, Yi K, Chung KM, Hong CJ, Kim SW, Kim E-K, Yu S-W (2017) Phos-
phorylation of p62 by AMP-activated protein kinase mediates autophagic cell death in adult 
hippocampal neural stem cells. J Biol Chem 292:13795–13808 

29. Ha S, Ryu HY, Chung KM, Baek S-H, Kim E-K, Yu S-W (2015) Regulation of autophagic 
cell death by glycogen synthase kinase-3β in adult hippocampal neural stem cells following 
insulin withdrawal. Mol Brain 8:30 

30. Hirai H, Karian P, Kikyo N (2011) Regulation of embryonic stem cell self-renewal and 
pluripotency by leukaemia inhibitory factor. Biochem J 438:11–23 

31. Horesh Y, Katsel P, Haroutunian V, Domany E (2011) Gene expression signature is shared 
by patients with Alzheimer’s disease and schizophrenia at the superior temporal gyrus. Eur J 
Neurol 18:410–424 

32. Hu Y-X, Han X-S, Jing Q (2019) Autophagy in development and differentiation. In: Qin Z-H 
(ed) Autophagy: biology and diseases: basic science. Springer, Singapore, pp 469–487 

33. Inaguma Y, Matsumoto A, Noda M, Tabata H, Maeda A, Goto M, Usui D, Jimbo EF, Kikkawa 
K, Ohtsuki M et al (2016) Role of class III phosphoinositide 3-kinase in the brain development: 
possible involvement in specific learning disorders. J Neurochem 139:245–255 

34. Isakson P, Lystad AH, Breen K, Koster G, Stenmark H, Simonsen A (2013) TRAF6 mediates 
ubiquitination of KIF23/MKLP1 and is required for midbody ring degradation by selective 
autophagy. Autophagy 9:1955–1964 

35. Ji C, Zhao H, Li D, Sun H, Hao J, Chen R, Wang X, Zhang H, Zhao YG (2020) Role of 
Wdr45b in maintaining neural autophagy and cognitive function. Autophagy 16:615–625 

36. Jiang P, Mizushima N (2014) Autophagy and human diseases. Cell Res 24:69–79 
37. Jung S, Choe S, Woo H, Jeong H, An H-K, Moon H, Ryu HY, Yeo BK, Lee YW, Choi 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 

38. Jung S, Jeong H, Yu S-W (2020) Autophagy as a decisive process for cell death. Exp Mol 
Med 52:921–930 

39. Kao L-P, Wolvetang E (2018) Mitophagy during differentiation of human embryonic stem 
cells. FASEB J 32:653.1 

40. Ke X-X, Zhang D, Zhu S, Xia Q, Xiang Z, Cui H (2014) Inhibition of H3K9 methyltransferase 
G9a repressed cell proliferation and induced autophagy in neuroblastoma cells. PLoS One 
9:e106962 

41. Kempermann G, Song H, Gage FH (2015) Neurogenesis in the adult hippocampus. Cold 
Spring Harb Perspect Biol 7:a018812 

42. Kim M, Sandford E, Gatica D, Qiu Y, Liu X, Zheng Y, Schulman BA, Xu J, Semple I, Ro 
S-H, et al (2016) Mutation in ATG5 reduces autophagy and leads to ataxia with developmental 
delay. eLife 5 

43. Kobayashi T, Piao W, Takamura T, Kori H, Miyachi H, Kitano S, Iwamoto Y, Yamada M, 
Imayoshi I, Shioda S et al (2019) Enhanced lysosomal degradation maintains the quiescent 
state of neural stem cells. Nat Commun 10:5446 

44. Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, Tanida I, Ueno T, Koike M, Uchiyama 
Y, Kominami E et al (2006) Loss of autophagy in the central nervous system causes 
neurodegeneration in mice. Nature 441:880–884 

45. Komatsu M, Waguri S, Ueno T, Iwata  J,  Murata S, Tanida I, Ezaki J, Mizushima  N,  Ohsumi  
Y, Uchiyama Y et al (2005) Impairment of starvation-induced and constitutive autophagy in 
Atg7-deficient mice. J Cell Biol 169:425–434 

46. Korolchuk VI, Menzies FM, Rubinsztein DC (2010) Mechanisms of cross-talk between the 
ubiquitin-proteasome and autophagy-lysosome systems. FEBS Lett 584:1393–1398 

47. Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, Yoshimori T, Ohsumi Y, Tokuhisa 
T, Mizushima N (2004) The role of autophagy during the early neonatal starvation period. 
Nature 432:1032–1036 

48. Kuo T-C, Chen C-T, Baron D, Onder TT, Loewer S, Almeida S, Weismann CM, Xu P, 
Houghton J-M, Gao F-B et al (2011) Midbody accumulation through evasion of autophagy 
contributes to cellular reprogramming and tumorigenicity. Nat Cell Biol 13:1214–1223



80 D. Puri et al.

49. Laplante M, Sabatini DM (2012) mTOR signaling in growth control and disease. Cell 
149:274–293 

50. Lavoie S, Conway KL, Lassen KG, Jijon HB, Pan H, Chun E, Michaud M, Lang JK, Gallini 
Comeau CA, Dreyfuss JM et al (2019) The Crohn’s disease polymorphism, ATG16L1 T300A, 
alters the gut microbiota and enhances the local Th1/Th17 response. eLife 8 

51. Lee HJ, Gutierrez-Garcia R, Vilchez D (2017) Embryonic stem cells: a novel paradigm to 
study proteostasis? FEBS J 284:391–398 

52. Leeman DS, Hebestreit K, Ruetz T, Webb AE, McKay A, Pollina EA, Dulken BW, Zhao X, 
Yeo RW, Ho TT et al (2018) Lysosome activation clears aggregates and enhances quiescent 
neural stem cell activation during aging. Science 359:1277–1283 

53. Levine B, Kroemer G (2008) Autophagy in the pathogenesis of disease. Cell 132:27–42 
54. Levine B, Kroemer G (2019) Biological functions of autophagy genes: a disease perspective. 

Cell 176:11–42 
55. Li H, Zhang Y, Liu S, Li F, Wang B, Wang J, Cao L, Xia T, Yao Q, Chen H et al (2019) Melatonin 

enhances proliferation and modulates differentiation of neural stem cells via autophagy in 
hyperglycemia. Stem Cells 37:504–515 

56. Li M, Lu G, Hu J, Shen X, Ju J, Gao Y, Qu L, Xia Y, Chen Y, Bai Y (2016) EVA1A/TMEM166 
regulates embryonic neurogenesis by autophagy. Stem Cell Rep 6:396–410 

57. Liang Q, Luo Z, Zeng J, Chen W, Foo S-S, Lee S-A, Ge J, Wang S, Goldman SA, Zlokovic 
BV et al (2016) Zika virus NS4A and NS4B proteins deregulate Akt-mTOR signaling in 
human fetal neural stem cells to inhibit neurogenesis and induce autophagy. Cell Stem Cell 
19:663–671 

58. Liu C, Hao S, Zhu M, Wang Y, Zhang T, Yang Z (2018) Maternal separation induces different 
autophagic responses in the hippocampus and prefrontal cortex of adult rats. Neuroscience 
374:287–294 

59. Liu K, Zhao Q, Liu P, Cao J, Gong J, Wang C, Wang W, Li X, Sun H, Zhang C et al 
(2016) ATG3-dependent autophagy mediates mitochondrial homeostasis in pluripotency 
acquirement and maintenance. Autophagy 12:2000–2008 

60. Liu P, Liu K, Gu H, Wang W, Gong J, Zhu Y, Zhao Q, Cao J, Han C, Gao F et al (2017) 
High autophagic flux guards ESC identity through coordinating autophagy machinery gene 
program by FOXO1. Cell Death Differ 24:1672–1680 

61. Lum JJ, DeBerardinis RJ, Thompson CB (2005) Autophagy in metazoans: cell survival in the 
land of plenty. Nat Rev Mol Cell Biol 6:439–448 

62. Lv X, Jiang H, Li B, Liang Q, Wang S, Zhao Q, Jiao J (2014) The crucial role of Atg5 in 
cortical neurogenesis during early brain development. Sci Rep 4 

63. Shibata M, Lu T, Furuya T, Degterev A, Mizushima N, Yoshimori T, MacDonald M, Yankner 
B, Yuan J (2006) Regulation of intracellular accumulation of mutant Huntingtin by Beclin 1. 
J Biol Chem 281:14474–14485 

64. Martello G, Smith A (2014) The nature of embryonic stem cells. Ann Rev Cell Dev Biol 
30:647–675 

65. Martin GR (1981) Isolation of a pluripotent cell line from early mouse embryos cultured in 
medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci USA 78:7634–7638 

66. Merenlender-Wagner A, Shemer Z, Touloumi O, Lagoudaki R, Giladi E, Andrieux A, Grigo-
riadis NC, Gozes I (2015) New horizons in schizophrenia treatment: autophagy protection 
is coupled with behavioral improvements in a mouse model of schizophrenia. Autophagy 
10:2324–2332 

67. Miller BR, Hen R (2015) The current state of the neurogenic theory of depression and anxiety. 
Curr Opin Neurobiol 30:51–58 

68. Mizushima N (2007) Autophagy: process and function. Genes Dev 21:2861–2873 
69. Mizushima N, Kuma A, Kobayashi Y, Yamamoto A, Matsubae M, Takao T, Natsume T, 

Ohsumi Y, Yoshimori T (2003) Mouse Apg16L, a novel WD-repeat protein, targets to the 
autophagic isolation membrane with the Apg12-Apg5 conjugate. J Cell Sci 116:1679–1688 

70. Mizushima N, Levine B (2010) Autophagy in mammalian development and differentiation. 
Nat Cell Biol 12:823–830



3 Autophagy in Embryonic Stem Cells and Neural Stem Cells 81

71. Mizushima N, Yamamoto A, Hatano M, Kobayashi Y, Kabeya Y, Suzuki K, Tokuhisa T, 
Ohsumi Y, Yoshimori T (2001) Dissection of autophagosome formation using Apg5-deficient 
mouse embryonic stem cells. J Cell Biol 152:657–668 

72. Morgado AL, Xavier JM, Dionísio PA, Ribeiro MFC, Dias RB, Sebastião AM, Solá 
S, Rodrigues CMP (2015) MicroRNA-34a modulates neural stem cell differentiation by 
regulating expression of synaptic and autophagic proteins. Mol Neurobiol 51:1168–1183 

73. Mote RD, Mahajan G, Padmanabhan A, Ambati R, Subramanyam D (2017) Dual repres-
sion of endocytic players by ESCC microRNAs and the Polycomb complex regulates mouse 
embryonic stem cell pluripotency. Sci Rep 7:17572 

74. Mote RD, Yadav J, Singh SB, Tiwari M, V LV, Patil S, Subramanyam D (2020) Pluripotency 
of embryonic stem cells lacking clathrin mediated endocytosis cannot be rescued by restoring 
cellular stiffness. J Biol Chem 295:16888 

75. Narayana YV, Gadgil C, Mote RD, Rajan R, Subramanyam D (2019) Clathrin-mediated 
endocytosis regulates a balance between opposing signals to maintain the pluripotent state of 
embryonic stem cells. Stem Cell Rep 12:152–164 

76. Niwa H, Burdon T, Chambers I, Smith A (1998) Self-renewal of pluripotent embryonic stem 
cells is mediated via activation of STAT3. Genes Dev 12:2048–2060 

77. Nixon RA, Wegiel J, Kumar A, Yu WH, Peterhoff C, Cataldo A, Cuervo AM (2005) Extensive 
involvement of autophagy in Alzheimer disease: an immuno-electron microscopy study. J 
Neuropathol Exp Neurol 64:113–122 

78. Ohsumi Y (1999) Molecular mechanism of autophagy in yeast, Saccharomyces cerevisiae. 
Philos Trans R Soc Lond B Biol Sci 354:1577–1580; discussion 1580–1581 

79. Paik J, Ding Z, Narurkar R, Ramkissoon S, Muller F, Kamoun WS, Chae S-S, Zheng H, Ying 
H, Mahoney J et al (2009) FoxOs cooperatively regulate diverse pathways governing neural 
stem cell homeostasis. Cell Stem Cell 5:540–553 

80. Pankiv S, Clausen TH, Lamark T, Brech A, Bruun J-A, Outzen H, Øvervatn A, Bjørkøy 
G, Johansen T (2007) p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of 
ubiquitinated protein aggregates by autophagy. J Biol Chem 282:24131–24145 

81. Petri R, Pircs K, Jönsson ME, Åkerblom M, Brattås PL, Klussendorf T, Jakobsson J (2017) 
let-7 regulates radial migration of new-born neurons through positive regulation of autophagy. 
EMBO J 36:1379–1391 

82. Pickford F, Masliah E, Britschgi M, Lucin K, Narasimhan R, Jaeger PA, Small S, Spencer B, 
Rockenstein E, Levine B et al (2008) The autophagy-related protein beclin 1 shows reduced 
expression in early Alzheimer disease and regulates amyloid beta accumulation in mice. J 
Clin Invest 118:2190–2199 

83. Pohl C, Jentsch S (2009) Midbody ring disposal by autophagy is a post-abscission event of 
cytokinesis. Nat Cell Biol 11:65–70 

84. Puri D, Subramanyam D (2019) Stress-(self) eating: epigenetic regulation of autophagy in 
response to psychological stress. FEBS J 286:447–2460 

85. Qu X, Zou Z, Sun Q, Luby-Phelps K, Cheng P, Hogan RN, Gilpin C, Levine B (2007) 
Autophagy gene-dependent clearance of apoptotic cells during embryonic development. Cell 
128:931–946 

86. Varmazyar R, Noori-Zadeh A, Abbaszadeh HA, Ghasemi Hamidabadi H, Rajaei F, Darabi S, 
Rezaie MJ, Abdollahifar MA, Zafari F, Bakhtiyari S (2019) Neural stem cells neuroprotection 
by simvastatin via autophagy induction and apoptosis inhibition. Bratisl Lek Listy 120:744– 
751 

87. Ravichandran KS (2010) Find-me and eat-me signals in apoptotic cell clearance: progress 
and conundrums. J Exp Med 207:1807–1817 

88. Richter-Levin G, Xu L (2018) How could stress lead to major depressive disorder? IBRO Rep 
4:38–43 

89. Rodriguez-Fernandez IA, Qi Y, Jasper H (2019) Loss of a proteostatic checkpoint in intestinal 
stem cells contributes to age-related epithelial dysfunction. Nat Commun 10:1050 

90. Roidl D, Hellbach N, Bovio PP, Villarreal A, Heidrich S, Nestel S, Grüning BA, Boenisch U, 
Vogel T (2016) DOT1L activity promotes proliferation and protects cortical neural stem cells 
from activation of ATF4-DDIT3-mediated ER stress in vitro. Stem Cells 34:233–245



82 D. Puri et al.

91. Romito A, Cobellis G (2016) Pluripotent stem cells: current understanding and future 
directions. Stem Cells Int 2016:9451492 

92. Saitoh T, Fujita N, Hayashi T, Takahara K, Satoh T, Lee H, Matsunaga K, Kageyama S, Omori 
H, Noda T et al (2009) Atg9a controls dsDNA-driven dynamic translocation of STING and 
the innate immune response. Proc Natl Acad Sci 106:20842–20846 

93. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang B-G, Satoh T, Omori H, Noda T, Yamamoto N, 
Komatsu M et al (2008) Loss of the autophagy protein Atg16L1 enhances endotoxin-induced 
IL-1beta production. Nature 456:264–268 

94. Salemi S, Yousefi S, Constantinescu MA, Fey MF, Simon H-U (2012) Autophagy is required 
for self-renewal and differentiation of adult human stem cells. Cell Res 22:432–435 

95. Sato M, Sato K (2012) Maternal inheritance of mitochondrial DNA: degradation of paternal 
mitochondria by allogeneic organelle autophagy, allophagy. Autophagy 8:424–425 

96. Schäffner I, Minakaki G, Khan MA, Balta E-A, Schlötzer-Schrehardt U, Schwarz TJ, Becker-
vordersandforth R, Winner B, Webb AE, DePinho RA et al (2018) FoxO function is essential 
for maintenance of autophagic flux and neuronal morphogenesis in adult neurogenesis. Neuron 
99:1188-1203.e6 

97. Schink KO, Stenmark H (2011) Cell differentiation: midbody remnants—junk or fate factors? 
Curr Biol CB 21:R958-960 

98. Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F, Erdin S, Erdin SU, Huynh 
T, Medina D, Colella P et al (2011) TFEB links autophagy to lysosomal biogenesis. Science 
332:1429–1433 

99. Sou Y, Waguri S, Iwata J, Ueno T, Fujimura T, Hara T, Sawada N, Yamada A, Mizushima N, 
Uchiyama Y et al (2008) The Atg8 conjugation system is indispensable for proper development 
of autophagic isolation membranes in mice. Mol Biol Cell 19:4762–4775 

100. Subramani S, Malhotra V (2013) Non-autophagic roles of autophagy-related proteins. EMBO 
Rep 14:143–151 

101. Suleiman J, Allingham-Hawkins D, Hashem M, Shamseldin HE, Alkuraya FS, El-Hattab AW 
(2018) WDR45B-related intellectual disability, spastic quadriplegia, epilepsy, and cerebral 
hypoplasia: a consistent neurodevelopmental syndrome. Clin Genet 93:360–364 

102. Suvorova II, Pospelov VA (2019) AMPK/Ulk1-dependent autophagy as a key mTOR regulator 
in the context of cell pluripotency. Cell Death Dis 10 

103. Teyssou E, Takeda T, Lebon V, Boillée S, Doukouré B, Bataillon G, Sazdovitch V, Cazeneuve 
C, Meininger V, LeGuern E et al (2013) Mutations in SQSTM1 encoding p62 in amyotrophic 
lateral sclerosis: genetics and neuropathology. Acta Neuropathol (Berl) 125:511–522 

104. Toralova T, Kinterova V, Chmelikova E, Kanka J (2020) The neglected part of early embryonic 
development: maternal protein degradation. Cell Mol Life Sci 77:3177–3194 

105. Tra T, Gong L, Kao L-P, Li X-L, Grandela C, Devenish RJ, Wolvetang E, Prescott M (2011) 
Autophagy in human embryonic stem cells. PLoS One 6:e27485 

106. Tsukamoto S, Hara T, Yamamoto A, Kito S, Minami N, Kubota T, Sato K, Kokubo T (2014) 
Fluorescence-based visualization of autophagic activity predicts mouse embryo viability. Sci 
Rep 4:4533 

107. Tsukamoto S, Tatsumi T (2018) Degradation of maternal factors during preimplantation 
embryonic development. J Reprod Dev 64:217–222 

108. Vázquez P, Arroba AI, Cecconi F, de la Rosa EJ, Boya P, Pablo FD (2012) Atg5 and Ambra1 
differentially modulate neurogenesis in neural stem cells. Autophagy 8:187–199 

109. Vega-Rubín-de-Celis S (2019) The role of Beclin 1-dependent autophagy in cancer. Biology 
9 

110. Vilchez D, Simic MS, Dillin A (2014) Proteostasis and aging of stem cells. Trends Cell Biol 
24:161–170 

111. Vitillo L, Kimber SJ (2017) Integrin and FAK regulation of human pluripotent stem cells. 
Curr Stem Cell Rep 3:358–365 

112. Wang C, Chen S, Yeo S, Karsli-Uzunbas G, White E, Mizushima N, Virgin HW, Guan J-L 
(2016) Elevated p62/SQSTM1 determines the fate of autophagy-deficient neural stem cells 
by increasing superoxide. J Cell Biol 212:545–560



3 Autophagy in Embryonic Stem Cells and Neural Stem Cells 83

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

114. Wang M, Liang X, Cheng M, Yang L, Liu H, Wang X, Sai N, Zhang X (2019) Homocysteine 
enhances neural stem cell autophagy in in vivo and in vitro model of ischemic stroke. Cell 
Death Dis 10:1–14 

115. Wang Y, Zhou K, Li T, Xu Y, Xie C, Sun Y, Zhang Y, Rodriguez J, Blomgren K, Zhu C (2017) 
Inhibition of autophagy prevents irradiation-induced neural stem and progenitor cell death in 
the juvenile mouse brain. Cell Death Dis 8:e2694 

116. Winslow AR, Chen C-W, Corrochano S, Acevedo-Arozena A, Gordon DE, Peden AA, 
Lichtenberg M, Menzies FM, Ravikumar B, Imarisio S et al (2010) α-Synuclein impairs 
macroautophagy: implications for Parkinson’s disease. J Cell Biol 190:1023–1037 

117. Wolf E, Gebhardt A, Kawauchi D, Walz S, von Eyss B, Wagner N, Renninger C, Krohne G, 
Asan E, Roussel MF et al (2013) Miz1 is required to maintain autophagic flux. Nat Commun 
4:2535 

118. Wu X, Fleming A, Ricketts T, Pavel M, Virgin H, Menzies FM, Rubinsztein DC (2016) 
Autophagy regulates Notch degradation and modulates stem cell development and neuroge-
nesis. Nat Commun 7:10533 

119. Xi Y, Dhaliwal JS, Ceizar M, Vaculik M, Kumar KL, Lagace DC (2016) Knockout of Atg5 
delays the maturation and reduces the survival of adult-generated neurons in the hippocampus. 
Cell Death Dis 7:e2127 

120. Xiao X, Shang X, Zhai B, Zhang H, Zhang T (2018) Nicotine alleviates chronic stress-
induced anxiety and depressive-like behavior and hippocampal neuropathology via regulating 
autophagy signaling. Neurochem Int 114:58–70 

121. Xin Y, Yu L, Chen Z, Zheng L, Fu Q, Jiang J, Zhang P, Gong R, Zhao S (2001) Cloning, 
expression patterns, and chromosome localization of three human and two mouse homologues 
of GABA(A) receptor-associated protein. Genomics 74:408–413 

122. Xu J, Xia L, Shang Q, Du J, Zhu D, Wang Y, Bi D, Song J, Ma C, Gao C et al (2017) A variant 
of the autophagy-related 5 gene is associated with child cerebral palsy. Front Cell Neurosci 
11 

123. Xu X, Araki K, Li S, Han J-H, Ye L, Tan WG, Konieczny BT, Bruinsma MW, Martinez J, 
Pearce EL et al (2014) Autophagy is essential for effector CD8(+) T cell survival and memory 
formation. Nat Immunol 15:1152–1161 

124. Xu Y, Zhang Y, García-Cañaveras JC, Guo L, Kan M, Yu S, Blair IA, Rabinowitz JD, Yang X 
(2020) Chaperone-mediated autophagy regulates the pluripotency of embryonic stem cells. 
Science 369:397–403 

125. Yazdankhah M, Farioli-Vecchioli S, Tonchev AB, Stoykova A, 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–e1403 

126. Yu S-W, Baek S-H, Brennan RT, Bradley CJ, Park SK, Lee YS, Jun EJ, Lookingland KJ, Kim 
E-K, Lee H et al (2008) Autophagic death of adult hippocampal neural stem cells following 
insulin withdrawal. Stem Cells Dayt Ohio 26:2602–2610 

127. Yue Z, Jin S, Yang C, Levine AJ, Heintz N (2003) Beclin 1, an autophagy gene essential for 
early embryonic development, is a haploinsufficient tumor suppressor. Proc Natl Acad Sci 
USA 100:15077–15082 

128. Zhang X, He X, Li Q, Kong X, Ou Z, Zhang L, Gong Z, Long D, Li J, Zhang M et al 
(2017) PI3K/AKT/mTOR signaling mediates valproic acid-induced neuronal differentiation 
of neural stem cells through epigenetic modifications. Stem Cell Rep 8:1256–1269 

129. Zhang Y, Morgan MJ, Chen K, Choksi S, Liu Z (2012) Induction of autophagy is essential 
for monocyte-macrophage differentiation. Blood 119:2895–2905



Chapter 4 
Autophagy in Germline Stem Cells 

Kaitlin E. Kosinski and Alicia Meléndez 

Abstract Macroautophagy (autophagy) is a catabolic process that delivers intra-
cellular constituents to the lysosome for recycling. Reproduction is an energetically 
expensive process for living organisms, and investing in progeny that has little chance 
of survival is not an effective use of resources. The decision for an organism to invest 
in its offspring or survival thus requires communication between the conditions in 
the environment and the germ line. Autophagy provides a potential mechanism for 
signaling to the germline that conditions require diverting resources for individual 
survival rather than reproduction. Although typically upregulated in response to 
cellular stress conditions, basal levels of autophagy can also function as a quality 
control mechanism that serves to maintain cellular homeostasis in response to devel-
opmental cues. Our current understanding of the role of autophagy and the funda-
mental mechanisms that control autophagy have been elucidated by experiments 
that focus on animal development. In this review, we focus on the role of autophagy 
in germline stem cell proliferation, differentiation and homeostasis in C. elegans, 
Drosophila and mouse development. 

Keywords Autophagy ·Macroautophagy ·Microautophagy · Chaperone mediated 
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POI Primary ovarian insufficiency 
IIS Insulin-like IGF-1 signaling 
AMPK AMP-activated kinase 
TOR Target of Rapamycin 
DILPs Drosophila insulin-like peptides 
CySCs Cyst stem cells 
CC Cyst Cells 
EGFR Epidermal growth factor receptor 
mtDNA Mitochondrial DNA 
CPEB Cytoplasmic polyadenylation element binding protein 

Overview of Autophagy 

Autophagy is an evolutionarily conserved cellular process that delivers intracellular 
constituents, such as long-lived proteins, damaged proteins and/or organelles, to 
the lysosome to promote catabolism. The turnover of cellular components can be 
controlled in response to intracellular and extracellular signals. In higher eukary-
otes, there are several different types of autophagy, including chaperone-mediated 
autophagy (CMA), microautophagy, and macroautophagy. In microautophagy, the 
lysosomal membrane invaginates to internalize cargo in vesicles that pinch off. 
Microautophagy has been mostly studied in yeast, where selective forms that target 
specific cellular components, and non-selective forms of microautophagy have been 
described, such as microautophagy of cytosolic components [13, 60, 71], mito-
chondria [8] peroxisomes [89, 105], endoplasmic reticulum (ER) [91], vacuolar 
membrane proteins [114], and lipid droplets [107]. In mammals, a form of endosomal 
microautophagy (eMI) has been reported where late endosomal membranes generate 
invaginating vesicles that internalize ubiquitinated membrane proteins [87, 90]. In 
Drosophila, a form of eMI has also been documented [68]. In Chaperone-Mediated 
Autophagy (CMA), cytosolic proteins are selected on the basis of a specific pentapep-
tide motif (KFERQ) as they are recognized by hsc70 (heat-shock cognate protein of 
70 kDa), unfolded and translocated to the lysosome for degradation [12, 14]. Trans-
port through the lysosomal membrane requires the multimerization of the lysosome-
associated membrane protein type 2A (LAMP2A) [4], however, orthologs based on 
sequence homology to LAMP2A have not been found in C. elegans nor Drosophila. 
Macroautophagy (hereafter autophagy) is a multi-step process that includes the 
formation of a de novo double-membrane bound organelle (the autophagosome), 
which engulfs bulk cytoplasmic material and fuses with the lysosome to form the 
autophagolysosome. The contents of the autophagosome undergo lysosomal degra-
dation, and macromolecular components are then recycled. Autophagy occurs at 
low or basal levels under normal conditions in the cell, but can be upregulated under
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conditions of stress, such as nutrient starvation, heat stress, oxidative stress, pathogen 
infection or DNA damage [65, 67]. 

The step-wise autophagy process initiates with induction, nucleation, and forma-
tion of an isolation membrane or phagophore (a vesicle containing a continuous 
membrane) [67, 111] (Fig. 4.1). The phagophore then transforms into a cup-shaped 
structure that engulfs a portion of the cytoplasm, and then it expands to become an 
autophagosome, which consists of two separate inner and outer membranes (Fig. 4.1). 
Following fusion with the lysosome and degradation of contents by lysosomal 
hydrolases, autolysosome reformation occurs by tubulation and scission (essentially 
pinching off) of small portions of autolysosome membrane. These small tubules 
become vesicles known as proto-lysosomes that mature will contribute to the lyso-
somal pool. A number of proteins referred to as ATG proteins, and their regulators, 
control the different steps of the autophagic process. Briefly, autophagosome forma-
tion requires the UNC-51/Atg1/ULK kinase complex, the class III phosphatidyli-
nositol 3-kinase (PtdIns3K) VPS-34/Vps34/PI3KC3 complex, two ubiquitin-like 
protein (LGG-3/Atg12 and LGG-1,2/Atg8a,b/LC3) conjugation systems, and the 
transmembrane protein ATG-9/Atg9 and VMP1 [67, 115]. 

Perturbations of autophagic flux (the formation and degradation of autophago-
somes) during development can lead to a wide range of phenotypes, including effects 
on germ cell development (Table 4.1). Autophagy is exquisitely sensitive to environ-
mental changes as cells adapt themselves to external stressors. Germline stem cells 
respond to external signals during development, and autophagy appears to play a role 
in how these signals are transmitted to the stem cell population. In this review, we

Fig. 4.1 Genetic regulation of macroautophagy. A step-wise schematic of autophagy listing the 
genes acting at each step of induction, nucleation, elongation, retrieval and degradation. Only 
genes which have a demonstrated role in GSC development are listed. For a complete list, please 
refer to [50, 77] 
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evaluate the current knowledge on the role of autophagy in regulating the germline 
stem cell niche and the germline stem cell population. Autophagy contributes to 
the maintenance and homeostasis of germline stem cells, as well as playing roles in 
differentiation and programmed cell death of germ cells.

Overview of GSCs in Model Organisms 

The field of C. elegans genetics and its utility in studying germline development 
has provided a wealth of information on germline stem cell biology. This topic has 
been reviewed in-depth [43] but briefly, the model nematode C. elegans provides a 
genetically tractable and rapidly developing germline stem cell system that shares the 
features of stem cell systems in other more complex organisms. Similarities include 
their ability for renewal, differentiation and multipotency, the specific requirements 
of a local stem cell niche, Notch signaling, cycles of quiescence and active division, 
and the cells’ regeneration and depletion with age [43]. C. elegans is a free-living, 
translucent nematode. It has two sexes, males and self-fertile hermaphrodites. The 
hermaphrodite animal is essentially female, but in the last larval stage (L4) produces 
a limited supply of sperm, which migrates to the spermatheca and is available to 
fertilize the oocytes produced in adulthood. Subsequently, germ cell development 
switches from spermatogenesis to oogenesis, with any germ cells that enter meiosis 
after this point in development becoming oocytes. Not all the differentiating cells 
become gametes, some will act to support the development of neighboring oocytes, 
in effect acting as “nurse cells” [33, 116]. These “nurse”-like cells are eventually 
degraded via programmed cell death during meiosis, and their cellular components 
are used to nourish the developing germ cells. Physiological germ cell apoptosis 
is executed via the core apoptotic machinery, which requires CED-3, CED-9, and 
CED-4 [33]. The degradation of germline cell corpses is a process which requires 
autophagy [86]. In addition, autophagy acts together with caspases to promote germ 
cell death after genotoxic stress [110]. 

A unique feature of the C. elegans life cycle is the dauer phase, which is an alter-
nate developmental pathway triggered by harsh conditions, such as starvation, and 
has major effects on the developing germline stem cell population. In the absence 
of food, early larvae will enter the specialized dauer diapause instead of continu-
ously developing third larval stage, and endure changes in behavior, metabolism, 
development, growth, and reproduction, all thought to improve chances of survival 
[10, 32, 84]. Signals from the environment, such as high temperature, limited food 
supply, or high population density (by increasing dauer-inducing pheromone levels) 
influence dauer entry levels. Dauers can live up to several months, but will recover, if 
conditions improve. In dauer animals, the developing germline is reversibly arrested 
[42]. As this alternative dauer developmental arrest is induced by similar triggers as 
that of the autophagy process in cells, that is stress and lack of nutrients, it is not 
unsurprising that dauer morphogenesis is dependent upon the cellular remodeling
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Table 4.1 Autophagy gene activity in germline stem cells 

Gene Name  
(Black=C. elegans; 
Blue=D. melanogaster; 
Green=M. Musculus) 

Function 
(Black=C. elegans;  
Blue=D. melanogaster; Green=M. 
Musculus) 

Reference  
(Black=C. elegans; 
Blue=D. melanogaster; 
Green=M. Musculus) 

unc-51/Atg1/Ulk1, Ulk2 Required for engulfment of cell 
corpses in germ line; Required for 
GSC development; Required for 
programmed cell death of germ 
cells 

Huang et al, 2013; 
Demarco, et al 2020; 
Nezis et al 2010 

atg-3/Atg3/Atg3 Required for GSC proliferation Ames et al 2017 
Atg5/Atg5/Atg5 Sertoli cell-germ cell 

communication; testosterone 
synthesis; GSC development 

Demarco et al 2020; Liu 
et al 2016; Gao et al 
2018;  

bec-1/Atg6/Becn1 Required for GSC proliferation; 
Required for engulfment of cell 
corpses in germ line; Required for 
GSC development; Progesterone 
synthesis 

Ames et al 2017; Huang 
et al, 2013; Demarco et al 
2020 Gawriluk et al 2014;  

atg-7/Atg7/Atg7 Required for GSC proliferation; 
Required for engulfment of cell 
corpses in germ line; Required for 
GSC development; 
Spermatogenesis; testosterone 
synthesis 

Ames et al, 2017; Huang 
et al, 2013; Demarco et al 
2020; Wang et al, 2014; 
Gawriluk et al 2011; Song 
et al, 2015; Gao et al 
2018 

lgg-2/Atg8/Lc3 Required for GSC development Demarco et al, 2020 
atg-9/Atg9/ 
Atg9a, Atg9b 

Required for GSC proliferation; 
Required for GSC development 

Ames et al 2017; 
Demarco et al 2020 

lgg-3/Atg12/Atg12 Required for GSC proliferation; 
Required for GSC development; 

Ames et al, 2017; 
Demarco et al, 2020 

atg-16.2/Atg16/ 
Atg16l1, Atg16l2 

Required for GSC proliferation; 
Required for mitophagy during 
spermatogenesis 

Ames et al, 2017; Zhang 
et al, 2020 

atg-18/Atg18/ 
Wipi1, Wipi2 

Required for GSC proliferation; 
Required for engulfment of cell 
corpses in germ line 

Ames et al 2017; Huang 
et al, 2013 

cup-5/CG42638/Mcoln3 Required for GSC proliferation Ames et al 2017 
epg-1/ 
Atg13/Atg13 

Required for GSC proliferation; 
Required for GSC development 

Ames et al 2017; 
Demarco et al, 2020 

epg-8/Atg14/ 
Atg14L, Barkor 

Required for GSC proliferation Ames et al 2017 

vps-34/Pi3K59F/Pik3c3 
 

Required for GSC development; 
Required for programmed cell 
death of germ cells 

Demarco et al, 2020; 
Nezis et al 2010 
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resulting from autophagy [64]. We will discuss the dauer pathway of development 
and its effects on the germline later in this chapter. 

The germline is the sole stem cell population in C. elegans, and the only actively 
dividing cell population in the adult animal. The germline lineage in the worm arises 
during the first four cell divisions of embryogenesis, when the sole germline blas-
tomere (P4) divides to form the primordial germ cells Z2 and Z3. The somatic gonad 
precursor cells, Z1 and Z4, then migrate to join the other two “Z cells” ultimately 
forming the gonad primordium during late embryogenesis [48, 101]. 

As the embryos hatch and begin the larval stages of development, the primordial 
germline cells (PGCs) first undergo a period of quiescence. This occurs during the 
first half of the L1 phase, but if sufficient food is detected in the environment, and 
the somatic gonad precursor cells are present, the PGCs begin to divide, forming 
the initial pool of germline stem cells, referred to as the proliferative zone. During 
the middle of the L3 phase, the progenitor pool accumulates rapidly to give rise to 
more progenitors, and germ cells that will enter the meiotic pathway [34, 47, 80]. 
This results in the germline adopting its characteristic distal to proximal axis. The 
germline is often described as an “assembly line,” or “factory,” along which germ 
cells progress from the progenitor population at the distal tip of the gonad to the 
proximal end, where meiotic oocytes arrest in the diakinesis stage of Prophase I. 

The distal end of the hermaphrodite germ line is overlaid with a somatic cell 
known as the Distal Tip Cell (DTC) (Fig. 4.2). This specialized cell has an elaborate 
network of projections (a “plexus”) which extend as finger-like projections between 
the germ cells and reach into the first several cell diameters of the distal germline 
[7]. This DTC niche expresses the GLP-1/Notch receptor ligands which maintain 
the progenitor cell population at the distal end by promoting the stem cell fate [3, 
16]. As the PGCs divide, they progress away from the DTC and the Notch signal, 
and thus begin the meiotic program [25]. In animals that carry a loss of function 
mutation in glp-1 (encoding the Notch Receptor), e2141, PGCs enter prematurely 
the meiotic fate and differentiate [3, 17, 79], whereas animals that carry a gain of 
function mutation in glp-1, ar202, display a Tumorous phenotype, where all germ 
cells continuously proliferate and do not differentiate.

The genetic model fruit fly Drosophila melanogaster has also been instrumental 
in the study of germline stem cell (GSC) biology. An in-depth discussion of germline 
development in this animal is beyond the scope of this review, but it has been reviewed 
in detail elsewhere [18]. In Drosophila, GSCs are derived from embryonic pole cells, 
which migrate to meet somatic gonadal precursor cells to form the embryonic gonad 
[18]. This structure consists of roughly ten primordial germ cells which divide and 
remain undifferentiated until the development of the stem cell niche in the anterior 
gonad. This niche, similarly to the distal tip cell in C. elegans, acts as a signaling 
source to maintain the primordial germ cells in their undifferentiated state while they 
remain spatially close to the niche. Adherens junctions develop between the GSCs 
and the niche, which orients cell division by anchoring the germline stem cell to the 
niche. Dividing daughter cells move away from the signals from the niche and they 
begin to differentiate [96].
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Fig. 4.2 Development of the C. elegans germ line. The distal gonad and stem cell niche in the C. 
elegans hermaphrodite. The distal tip cell (DTC) [teal] develops a network of projections which 
promote the stem cell niche. The germline stem cells (GSCs) [purple] divide and move away from 
the DTC and differentiate. In the L4 stage, a small amount of GSCs differentiate into sperm (green), 
whereafter all differentiating GSCs become oocytes (pink). Oocytes are fertilized as they pass 
through the spermatheca and become embryos (yellow). Autophagy genes known to have an effect 
on C. elegans GSCs are listed

In the female fly ovary, structures known as the ovarioles are the functional subunit 
of the ovary. The ovariole resembles pearls on a string, where egg chambers are 
arranged in a linear fashion, with the most mature egg chamber at the posterior. 
The stem cell niche is at the anterior end, within a structure named the germarium. 
The germarium consists of germline stem cells, escort stem cells and somatic stem 
cells, which will eventually develop into follicle cells (Fig. 4.3). The germline stem 
cells can be distinguished by their contact with the cap cells and possession of an 
organelle known as the spectrosome attached to the site of contact with the niche 
[18]. During mitosis, the spectrosome becomes elongated, while connected to the 
mother and daughter cells, before it is unequally divided between the two cells, with 
the mother cell (the stem cell) regaining the majority portion [20].

In the fly testis, the two stem cells that organize spermatogenesis are the GSCs and 
the cyst progenitor cells (Fig. 4.3). Each GSC is encapsulated by two somatic cyst 
cells, which in turn maintain a connection with the hub—the niche. Male GSCs also 
contain the spectrosome structures seen in the ovary, which in both cell types even-
tually become the structure known as the fusome. This germ cell specific structure 
works to coordinate cell divisions in the germline [49]. 

In both Drosophila and C. elegans, the determination of germline stem cell fate 
is regulated by the localization of maternally deposited pole plasm. Pole plasm, or
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Fig. 4.3 The Drosophila GSC niches (ovary and testis). In the testis (left), the cap cells [teal] along 
with the cyst stem cells [yellow] promote the GSC [purple] niche. As the stem cells divide, the 
daughters that move away from the cap cells differentiate [pink]. In the ovary (left) the cap cells 
[magenta] and escort stem cells [teal] maintain the niche for GSCs [purple] until they differentiate 
[tan]. Autophagy genes known to have an effect on Drosophila GSCs are indicated

germ plasm, is cytoplasm containing aggregates of RNA and protein, known as polar 
granules, and the presence of these components in daughter cells is sufficient for the 
determination of germ cell fate [62]. In Drosophila, several components of germ 
plasm have been identified including Oskar (Osk), which initiates the polar granule 
assembly through recruitment of Vasa and Tudor [39, 62]. The RNAs gcl and pgc 
and Piwi are also present in germ plasm and play a role in maintaining GSC fate and 
division through the microRNA pathway [36, 63]. 

In C. elegans, autophagy plays a critical role in the degradation of P granules in the 
early embryo [103, 118, 120, 121]. P granules are a type of protein-RNA aggregate 
[38, 92, 100], (Brangwynne et al. 2009), which contain RNA silencing complexes 
that monitor germline gene expression, essential for germ cell differentiation [46, 
98, 106] The daughter cells destined for the somatic lineage require autophagy for 
the complete degradation of the P granules during embryonic development [123]. 
P granules begin dispersed throughout the cytoplasm during early embryogenesis, 
but eventually localize to the blastomeres that will give rise to the germline via 
asymmetric divisions and their selective degradation in the somatic lineage [123]. 
The formation of the P granules in C. elegans requires the protein SEPA-1, which 
is also required for autophagic degradation of the P granule components PGL-1 and 
PGL-3 [123]. SEPA-1 interacts with both PGL-3 and the autophagy protein LGG-1 
(LC3 in mammals) [123]. This process of autophagic degradation of P granules in 
daughter cells not destined for germline cell fate is regulated by mTORC1 signaling, 
which modulates liquid–liquid phase separation in order to separate and degrade 
P granules [120]. Whether similar requirements exist in higher eukaryotes for the 
autophagic degradation of protein aggregates in cells destined for somatic lineages 
remains to be determined, however, RNA condensates analogous to P granules have 
been found in the Drosophila germ line [78]. Like P granules, nucleoli, stress granules 
and the polar granules of Drosophila all contain distinct phases or compartments [24, 
44, 75, 104], (Little et al. 2015).
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Fig. 4.4 Proposed model of GSC niche in mouse. Left: In XY animals, Sertoli cells [teal] promote 
the GSC niche for the GSCs [purple] while they differentiate into spermatocytes [yellow]. Right: 
XX GSCs in fetal mouse. The current model states female mammalian GSCs (purple) colonize the 
early ovary prior to birth, and then arrest during meiosis as oocytes. Oocyte development continues 
after birth. Autophagy genes known to have an effect on mouse GSCs are listed 

In mammals such as Mus musculus, the germline lineage is also separated from 
somatic lineage early in development (Fig. 4.4). However, whereas the germ cell 
lineage in the prior two systems is through the inheritance of germ plasm, mammals 
specify the germ cell lineage through induction of pluripotent embryonic stem 
cells, known as epigenesis [23]. In mammals, the PGCs are the first germline stem 
cell population, which colonize the developing gonads by active migration [83, 
88]. As opposed to C. elegans and Drosophila, female (XX) GSCs are set aside 
early in development in mammals and arrested in the diplotene stage of prophase 
I of meiosis until fertilization allows entry into the second meiotic division and 
embryogenesis (Fig. 4.4) [37, 97]. PGCs in males (XY) enter a period of quiescence 
in G0/G1 during the final phases of embryogenesis, and begin proliferation in the 
first few postnatal days, with some cells being set aside to become spermatogonial 
stem cells (Fig. 4.4) [99]. For an in-depth review of primordial germ cells in mice, 
see Saitou and Yamaji [88]. 

Perturbed Autophagy Affects Fertility 

Mutations in autophagy genes often result in severe developmental defects or embry-
onic lethality. Through the use of genetic studies with hypomorphic mutant alleles 
and tissue specific knock outs, several essential autophagy genes have been shown to 
regulate different steps of germ cell development (Table 4.1). The autophagy related 
gene Atg7 was shown to affect both oogenesis and spermatogenesis in mice. In male 
mice, Atg7 was shown to regulate the formation of the acrosome in spermatozoa
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[110]. Compromised autophagy through the loss of Becn1 (or even a dose reduc-
tion in heterozygote animals), or germ cell specific loss of Atg7 in female mouse 
ovaries, led to a dramatic reduction in the germ cell population [30, 95]. Germ cell 
specific knockout of Atg7 in female mice resulted in a loss of oocytes during post-
natal starvation conditions [95]. This effect mimics the human condition of primary 
ovarian insufficiency (POI), in which there is a premature loss of ovarian follicles 
in women, and is often a cause of infertility. In fact, recent exome sequencing of 
patients affected by POI suggested links to Atg7 and Atg9 insufficiency [19]. In the 
mouse testis, the Sertoli cells play a similar role to the cyst stem cells in Drosophila, 
providing support and nourishment through physical contact with the dividing germ 
cells in the niche. The junction between the Sertoli cells and the developing spermatid 
is a highly dynamic process that requires precise control of the cytoskeleton [5]. The 
specific disruption of autophagy through knockout of Atg5 and Atg7 in the Sertoli 
cells leads to reduced fertility due to aberrant spermatocyte morphology resulting 
from impaired Sertoli cell-germ cell communication [61]. The authors found that 
autophagy was required for the degradation of PDLIM1, a negative regulator of 
cytoskeleton organization [61]. 

BEC-1 in C. elegans is a critical regulator of autophagy and is evolutionarily 
conserved from yeast (Atg6/Vps30) to mammals (Beclin1/Becn1) [64]. It is required 
both for the formation of the autophagosome, and fusion with the lysosome [9]. Loss 
of function mutations of bec-1/Beclin1 result in sterility, with no surviving offspring 
and a 50% reduction in the number of stem cells in the proliferative zone of the 
distal gonad [1]. In addition to the reduced proliferative zone, loss of bec-1/Beclin1 
also resulted in disorganized membranes within the developing germline [1]. Other 
autophagy related genes in this study similarly displayed a reduction in the germline 
stem cell pool, including atg-7, atg-3, atg-16.2, and atg-18. RNAi depletion of the 
lysosomal biogenesis gene cup-5 also results in a decrease in the stem cell pool, 
suggesting that degradation is required to establish the stem cell population in adult 
hermaphrodites. 

Autophagy and Signaling in GSCs 

Autophagy is important for the cellular response to nutrient starvation. Germline 
proliferation responds to nutritional signals in the Drosophila ovary; female flies 
supplied with a nutritionally poor source of food showed a 60-fold reduction in the 
rate of oogenesis [22]. This reduction in fertility was not due to a reduced number 
of the stem cell population, but a reduced rate of division of germline stem cells and 
an increased programmed cell death in later stages of oogenesis [22]. 

Several signaling systems involved in responding to environmental nutrient condi-
tions are highly evolutionarily conserved. Insulin-like IGF-1 signaling (IIS), AMP-
activated Kinase (AMPK), and Target-of-Rapamycin (TOR) kinase are major respon-
ders to nutrient conditions and all act to modulate autophagy. Insulin signaling has 
been shown to regulate the proliferation of germline stem cells via the niche in
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Drosophila. The niche is located in the anterior germarium of each ovariole in the 
fly ovary and is composed of cap cells, terminal filament cells and escort cells [49]. 
As in the distal gonad of C. elegans, the niche provides physical contact and signals 
with GSCs to maintain the stem cell microenvironment. Germline stem cell division 
was shown to be regulated by Drosophila insulin-like peptides (DILPs) produced by 
neural cells [22, 52]. GSC maintenance likewise requires insulin signaling, as loss 
of the Drosophila insulin receptor (dinr) in female flies resulted in ovaries which 
contained fewer germline stem cells and underwent rapid stem cell loss through 
differentiation [40]. Mosaic analysis revealed that insulin signaling acts non-cell 
autonomously to maintain the germline stem cell niche [40]. It was later shown that 
insulin signaling controls the competence of the niche to respond to Notch ligands 
in cap cells, in turn promoting the germline stem cell niche environment [40]. 

Poor nutritional conditions also lead to quiescence of the germline in C. elegans 
hermaphrodites [42]. During dauer diapause, widespread cell cycle arrest halts the 
expansion of the germline stem cell pool (Narbonne and Roy 2006). Insulin signaling 
is required for this stem cell expansion in the L3 and L4 stages of development, as 
reduction of insulin-like IGF-1 receptor DAF-2(INR/IIR) function leads to entry 
into the alternative dauer pathway even in the presence of food [58]. The DAF-
2/IIR pathway initiates an intracellular signaling cascade upon the activation of the 
receptor by insulin-like peptides, leading to recruitment of the phosphoinositide 
protein-kinases (PI3K), and activation of serine/threonine kinases (PDK-1, AKT-2, 
AKT-2) which phosphorylate transcription factors, including DAF-16/FoxO, HSF-1 
and SKN-1/Nrf [69, 70] DAF-2/IIR signaling regulates longevity via repression of 
the pro-longevity transcription factor DAF-16/FOXO, the sole member of the FOXO 
family of transcription factors in C. elegans [58]. DAF-2/IIR signaling also promotes 
the proliferation of germline stem cells during development, and it acts independently 
of GLP-1/Notch [66]. 

In C. elegans, the interaction between the role of autophagy in germline develop-
ment and DAF-2/IIR signaling is complex and remains to be fully investigated. The 
lifespan extension seen in daf-2/IIR mutants requires autophagy genes [64]. In the 
germline, BEC-1/Beclin 1 required DAF-18/PTEN and SKN-1/Nrf for the promo-
tion of germline stem cell proliferation but acts independently of DAF-16/FOXO 
[1]. This interaction is similar to the starvation-induced germline cell cycle arrest in 
G2 phase seen in early larvae (L1), which requires DAF-18/PTEN but not DAF-
16/FOXO [26]. Loss of bec-1, atg-18, and atg-16.2 in C. elegans resulted in a 
delay in the cell cycle with a prolonged G2 phase [1]. However, the effects ATG-
16.2/ATG16L and ATG-18/WIPI1/2 on the germline required both DAF-16/FOXO 
and DAF-18/PTEN [1]. DAF-18/PTEN has been shown to antagonize germline 
development in C. elegans and is required for the regulation of germline proliferation 
in response to nutrient replete conditions [72]. Interestingly, ATG-7 was found to act 
with the TGF-β homologue DAF-7 to promote germline development [1]. These 
results suggested that autophagy genes potentially regulate germline proliferation 
through autophagy-dependent and autophagy-independent mechanisms [2]. 

In Drosophila, TOR signaling has also been shown to act on the germline. Loss 
of Tor leads to decreased proliferation of germline stem cells resulting from slower
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progression of GSCs through G2 [53]. This regulation of G2 by Tor was independent 
of insulin signaling [53]. This study also illustrated that Tor was required for the 
maintenance of GSCs in aging female flies, with Tor mutant females losing GSCs 
more rapidly. Tor is a known regulator of autophagy, but inhibition of autophagy via 
Atg7 mutation did not ameliorate this effect, suggesting that the loss is not due to 
Tor-mediated autophagic death [53]. 

Tor signaling in C. elegans development has also been thoroughly reviewed in C. 
elegans, [6], but briefly, Tor is proposed to play several roles during germline devel-
opment. During starvation-induced diapause in L1 larvae, it is thought that AMP-
activated kinase (AMPK) negatively regulates TOR leading to germline develop-
mental arrest, although parallel pathways independent of TOR signaling may also be 
active in this process [27]. TOR also acts to positively regulate cell cycle progression 
in larval germline development, although this activity is independent of DAF-2/IIR 
function [51, 66]. It is unknown so far how Tor-mediated autophagy functions in 
these roles. 

The loss of AMPK has major effects on germline development. The quiescence of 
GSCs in the dauer diapause in C. elegans is dependent upon AMPK, and its absence 
results in the failure of the GSCs to arrest. This leads to overproliferation and failure 
to regain fertility upon the resumption of normal growth in post-dauer development, 
due to oocytes failing to progress to diakinesis during meiosis [45]. This disruption of 
normal GSC development was linked to abnormal chromatin modifications in dauer 
germ cells, which were then preserved as the germ cells developed post-dauer. Inter-
estingly, these effects were regulated through the endogenous small RNA pathway, 
and found to act in a partially non-cell-autonomous manner [45]. In Drosophila, 
AMPK plays diverse roles in oogenesis in that its activity has diet-dependent and 
diet-independent functions as well as cell-autonomous and cell non-autonomous 
functions [56]. AMPK was required cell-autonomously for the reduction in the rate 
of GSC and follicle cell proliferation resulting from poor nutritional conditions in 
the ovary, but surprisingly was not required in the germline, but instead only in the 
follicle cells for the regulation of growth [56]. Additionally, this work showed that 
AMPK regulated follicle cell encapsulation of cysts in the germarium, which was 
previously shown to be diet-independent [22, 56]. 

Autophagy, Lipid Metabolism, and Germline Stem Cells 

Reproduction is an energy-intensive process that is affected by the overall metabolic 
functioning of the organism. Fat metabolism has been linked to germline stem cell 
proliferation in many model organisms, including C. elegans. Temperature sensitive 
GLP-1/Notch mutants, such as e2141 mutant, experience a loss of proliferating stem 
cells due to premature differentiation (when shifted to the non-permissive tempera-
ture). They also display altered lipid storage levels, suggesting that germ cells them-
selves modulate lipid storage and mobilization during development and adulthood 
[109]. As previously mentioned, autophagy genes are required for the lifespan exten-
sion seen in DAF-2/IIR mutants, and are required for many of the metabolic and
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physiologic changes associated with the dauer phenotype [54, 64]. Indeed, BEC-
1/Beclin 1/Becn1 and other autophagy genes were required for the normal storage 
of lipids during development, as well as the increase in lipid storage seen in glp-1 
and daf-2 loss of function mutants [55]. However, it is not clear if these changes in 
lipid storage directly affect germline development in autophagy mutants. 

In the Drosophila testis, two stem cell populations are located at the apical tip, the 
germline stem cells and the somatic cyst stem cells (CySCs), which surround somatic 
support cells, referred to as the hub. The germline stem cells divide asymmetrically to 
self-renew and to give rise to daughter gonialblast, which then undergoes four rounds 
of mitotic, transit amplification divisions with incomplete cytokinesis to generate a 
cyst of 16 interconnected spermatogonia. The spermatogonia will then mature into 
spermatocytes and differentiate through meiosis to produce 64 haploid spermatids 
and then mature sperm [28, 35]. Division of the somatic cyst stem cells (CySCs) 
maintains the somatic stem cell population giving rise to somatic cyst cells (CCs) 
that differentiate in close contact with the germ line and during spermatogenesis will 
encapsulate the developing germ cells and provide signals for self-renewal as well as 
differentiation [113]. Interestingly, basal levels of autophagy were found to be active 
in somatic cyst stem cells (CySCs) and in the early somatic cyst cells (CCs) to support 
stem cell maintenance and regulate progenitor cell differentiation [102]. A reduction 
of autophagy resulted in loss of CySCs, and aberrant spermatogonial transit amplifi-
cation divisions, which mimicked the effect of reduced EGFR signaling. Disruption 
of autophagy in this population of cells in the Drosophila testis leads to aberrant 
lipid metabolism and mobilization, visualized by significant accumulation of lipid 
droplets [102]. Since the reduction in the germline stem cell population phenotypi-
cally resembled the effects of reduced EGFR signaling, further investigation revealed 
that autophagy was activated in the somatic CySCs, and CCs, in response to EGFR 
signaling through AP-1/Fox [102]. The authors also found that TOR signaling is 
required for the suppression of autophagy, which allows the CySC cells to differen-
tiate into cyst Cells [102]. Thus, CySCs and their daughter CC cells, which initiate 
differentiation, may have distinct metabolic needs, and the metabolic remodeling 
provided by autophagy may be required for this transition. The lipid accumulation 
may be due to defects in lipophagy, a selective form of autophagy that is involved in 
lipid catabolism [93] or a consequence from the lack of fatty acid oxidation due to 
damaged mitochondria [59, 74, 117, 120]. 

Building evidence suggests that autophagy plays an important role at the junc-
ture of metabolic and reproductive functions. Autophagy appears to regulate lipid 
metabolism to maintain the germline stem cell niche, which in turn is required for 
the promotion of correct germline stem cell development and differentiation. In 
mice, autophagy is active in the Leydig cells and is required for proper cholesterol 
metabolism to maintain sufficient testosterone levels to support reproduction [29]. 
Conditional knockout of Atg7 or Atg5 in the Leydig cells of mice leads to the down-
regulation of scavenger receptor class B, type I (SR-BI) due to accumulation of its 
negative regulator NHERF2, which is usually degraded via the autophagy-lysosome 
pathway to facilitate proper cholesterol uptake [29]. Additionally, Becn1 deficiency in 
the murine ovary leads to insufficient progesterone production, resulting in pregnancy
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loss, further implicating autophagy in the regulation of steroidal metabolism, which 
largely depends on lipid homeostasis [31]. Autophagy’s role in lipid metabolism is 
currently an exciting area of investigation. Further exploration into additional mech-
anisms of action should provide insights into autophagy’s role in modulating lipid 
metabolism to sustain germline stem cell function. 

Autophagy and Organelle Homeostasis in GSCs 

Autophagy also plays a critical role in the management of organelle homeostasis in 
the cell, selectively degrading damaged or aging organelles, such as mitochondria. 
Mitophagy is the targeted degradation of damaged or aged mitochondria through 
the autophagic pathway. The proper function of mitochondria in the germline stem 
cell environment is required for proper germ cell development in C. elegans [11]. 
Autophagy has been shown to be important for the degradation of paternal mitochon-
dria to ensure proper inheritance of maternal mitochondria in the embryos of worms, 
flies and mice [94]. In C. elegans and others, the autophagy receptor SQSTM1/p62 
accumulates near sperm mitochondria and binds to LC3/LGG-1, targeting paternal 
mitochondria for degradation [21]. Degradation of both paternal cellular struc-
tures and mitochondrial DNA immediately after fertilization in the embryo require 
LC3-dependent autophagy [82]. 

In Drosophila, Lieber et al. has shown that a form of mitophagy is involved in 
the selection against deleterious mitochondria DNA mutations [57]. This selection 
appears to be germline specific and only in female flies. The mtDNA selection occurs 
early in oogenesis, during germline cyst differentiation. Interestingly, the develop-
mentally regulated fragmentation of cyst mitochondria was found to be needed so 
that mitochondria possessing mutant mtDNA can be selected through a mitophagy 
process that involves Atg1 and the NIX/BNIP3L ortholog (CG5059), but not Atg8 
or Parkin, a mechanism similar to the one involved in the clearance of mitochondria 
during red blood cell maturation [108, 119, 121]. 

Mitophagy has recently been shown to be required during spermatogenesis in 
mice [122]. A novel gene, Spata33, was shown to act as a testis-specific mediator for 
mitophagy [122]. Spata33 was required to promote mitophagy in mouse testis cells 
through its interaction with both the mitochondrial outer membrane protein VDAC2 
and the autophagy protein ATG16L1, targeting these mitochondria for degradation 
through the lysosomal-autophagic pathway [122]. These results suggest that selective 
autophagy plays an indispensable role during the development and differentiation of 
germline cells in male mice, with the autophagy mediator SPATA33 being required 
for the maintenance of mitochondrial homeostasis through mitophagy. Further iden-
tification of tissue specific mediators of autophagy will provide more insight into the 
role it plays in germline development. 

Selective autophagy, such as chaperone-mediated autophagy (CMA) has also 
been shown to be important in the regulation of embryonic stem cells in mammalian 
systems, with low levels of CMA promoting stemness, and elevated levels of CMA
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promoting differentiation [112]. Selective autophagy is another field that is currently 
very actively investigated and should provide additional insight into the role of 
autophagy in germline stem cell development. 

Autophagy in Programmed Cell Death and Germline 
Development 

The physiologic programmed cell death of germline cells is an important process 
in gametogenesis. In C. elegans, a population of the germline stem cells that have 
entered meiosis will undergo programmed cell death, a process which is depen-
dent on the caspase protein CED-3, along with other core machinery EGL-1 and 
CED-4 [15]. This pathway leads to the activation of CED-3, which in turn mediates 
numerous effectors which enact the cell death program, resulting in the degradation 
of DNA and eventual engulfment and degradation of the dying cell by a neighboring 
cell [15]. The cell corpse is contained in a phagosome, which is delivered to the 
lysosome, degraded, and the cellular components recycled to feed the developing 
germ cells [33]. Autophagy contributes to this process of programmed cell death. 
Inactivation of numerous autophagy genes acting at different steps of autophagy, 
including bec-1, unc-51, atg-7, atg-18, and others, leads to the accumulation of 
cell corpses in the gonad [86]. Transmission electron microscopy analysis of the 
germ cell corpses and their surroundings found several examples of dying germ 
cells completely engulfed by gonadal sheath cells, but not digested. Corpse clear-
ance defects have also been observed in bec-1 mutant embryos, and were rescued 
by BEC-1 expression in the engulfing cells [41]. Bec-1 mutant enhanced corpse 
clearance defects with simultaneous mutations in the engulfing genes ced-1, ced-6, 
and ced-12 suggest that autophagy proteins function in parallel to known pathways 
involved in corpse removal [41]. 

Similarly, autophagy plays an important role in the later stages of oogenesis in 
Drosophila by mediating the programmed cell death of nurse cells [73]. The egg 
chambers which make up the Drosophila ovary each contain the oocyte, nurse cells, 
and follicle cells, with the latter two normally degraded during the maturation of the 
oocyte [81]. Nurse cells deficient in autophagy genes atg1 or vps34 failed to degrade 
the Drosophila inhibitor of apoptosis (IAP) dBruce, which results in nurse cell nuclei 
with fragmented DNA persisting in the egg chambers [73]. Thus, autophagy regu-
lates programmed cell death of germ cells in Drosophila via regulation of DNA 
fragmentation in nurse cells [73]. 

Autophagy also appears to be tightly regulated during the initial phases of oogen-
esis in Drosophila. The Orb protein, the homolog of human Cytoplasmic polyadeny-
lation element binding protein (CPEB), acts in translational regulation via interaction 
and alteration of mRNA poly(A) tails [85]. Orb functions to regulate autophagy by 
interacting with the Atg12 mRNA, which restricts autophagy induction during the 
transition to meiosis and oogenesis, with loss of Orb function leading to abnormally
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high levels of cell death [85]. Orb was also shown to interact with Atg1/unc-51/Ulk 
and Atg7 in ovarian extracts, which suggests that Orb regulation of autophagy plays 
a critical role in oogenesis [85]. 

Conclusions 

There is a developing body of evidence that autophagy plays a vital role in the main-
tenance of the germline stem cell niche, and is required for the proper development 
of germline cells across metazoans. There remain many questions to answer in deter-
mining the specific activities which require autophagy in germline stem cells. For 
example, we do not know whether stem cell quiescence requires autophagy. It is 
known that many of the mediators of autophagy, such as TOR and insulin, act during 
cell quiescence. In C. elegans, insulin signaling was found to act during the transition 
from L1 quiescence to resumption of development through the re-initiation of the 
cell cycle [76]. It is not yet known what role autophagy may play in this interaction. 
Additionally, it is still unknown whether selective autophagy plays other roles in 
germline stem cell homeostasis, in addition to the regulation of mitophagy. The field 
of lipid metabolism continues to develop and will undoubtedly uncover additional 
roles of autophagy for the maintenance of the lipid pool in germline stem cell devel-
opment. This work will continue to provide insight into the pathological mechanisms 
of infertility, as well as into the carcinogenesis of germline stem cell derived-tumors. 
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Chapter 5 
The Role of Autophagy in the Regulation 
of Hematopoietic Stem Cells 

Pallavi Budgude, Prajakta Teli, Anuradha Vaidya, and Vaijayanti Kale 

Abstract Hematopoietic stem cells (HSCs) reside in the bone marrow and replenish 
the blood cells as per the physiological requirement of the body, thereby maintaining 
homeostasis. The intrinsic mechanisms within the HSCs and the extrinsic mecha-
nisms exerted by the bone marrow (BM) microenvironment play an important role 
in the critical regulation of the HSC stem cell fates, such as quiescence, self-renewal, 
and differentiation. An imbalance in the intrinsic and extrinsic regulatory mecha-
nisms of the HSCs contributes towards the development of different types of blood 
cancers. Autophagy, a conserved catabolic process, is also involved in the intrinsic 
and extrinsic programming of HSCs throughout the various developmental stages of 
the hematopoietic system, right from the yolk sac to the BM. We begin this chapter by 
giving an introduction to different types of autophagy and its mechanisms, followed 
by discussing the role of autophagy in regulating different types of stem cells. The 
major part of the chapter is focused on understanding how autophagy plays an impor-
tant functional role in normal hematopoiesis and the regulation of different HSC 
fates. We have also given an overview of how autophagy regulates the ontogeny of 
the hematopoietic system, and how dysregulation of the autophagy mechanism leads 
to the development of hematological malignancies. In the end, we discuss how the 
modulation of autophagy could enhance our knowledge of HSC-associated diseases 
and perhaps augment the development of efficient treatment strategies. 
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Introduction 

For decades, hematopoietic stem cells (HSC) have sparked interest due to their proven 
therapeutic potential. The scarcity of HSCs has always been a significant obstacle 
to the widespread clinical use of HSC-based therapies [42]. Therefore, by compre-
hending the biology of HSCs, attempts are being made to develop strategies to enrich 
HSC numbers or boost their repopulating potential in vivo following transplantation 
[54]. Autophagy has long been known as a fundamental process for cells to generate 
energy during nutritional deprivation, respond to cellular stress, and eliminate old or 
damaged organelles as a quality control mechanism [17]. The role of autophagy in the 
maintenance and differentiation of HSCs has recently become evident. Autophagy 
is one of the crucial metabolic pathways involved in the progression of leukemias 
[50]. This chapter, therefore, aims to provide an overview of the types of autophagy 
and their role in stem cell biology, with a special focus on HSC fate determination 
and hematopoietic malignancies. 

Autophagy 

The term autophagy was derived from the Greek meaning “self-eating” and was 
coined by Christen de Duve in 1963 at the Ciba Foundation Symposium on Lyso-
somes, where he described the process of self-eating [47]. Autophagy was named 
so after observing single membrane vesicles of rat hepatic cells containing cyto-
plasm and organelles such as mitochondria and endoplasmic reticulum [5]. It is a 
highly conserved process that plays a crucial role in cell survival and maintenance 
of homeostasis by degrading unwanted or damaged proteins, macromolecules, and 
cell organelles [74]. 

Autophagy delivers the unwanted or damaged components of the cells to the 
lysosomes to degrade and recycles them into a form that can be reused by the 
cells [20]. Based on the pathways used to deliver the cargos to the lysosomes, 
autophagy is broadly divided into three types: Microautophagy, Macroautophagy, 
and Chaperone-mediated autophagy (CMA) [76]. Even though all three types of 
autophagy ultimately deliver the targeted cargos to the lysosome for degradation, they 
are mechanistically different from each other [111]. Microautophagy uses lysosomal 
membrane invagination or protrusions to capture and invade targeted cargos inside 
the lumen [61]. CMA uses chaperones containing pentapeptide motifs, which iden-
tity and bind to unfolded proteins, and translocate them to the lysosomal membrane 
[44]. Macroautophagy is a unique and extensively studied process, as compared 
to microautophagy and CMA. It involves sequestration of cargos by forming a 
double membrane structure called the autophagosome, which fuses with the lyso-
some for degradation [22]. Microautophagy and macroautophagy can be selective or 
non-selective, whereas CMA is non-selective. Selective autophagy is used to clear 
specific targets like damaged organelles, including peroxisomes and mitochondria,
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ubiquitinated proteins, and invasive microbes. Each process under microautophagy 
involves a core set of machinery and distinct components, and accordingly is iden-
tified with a unique name such as mitophagy for selective removal of mitochondria, 
pexophagy for removal of peroxisomes, and xenophagy for removal of microbes 
[28]. Non-selective autophagy is used under starvation conditions for turnover of 
bulk cytoplasmic components [46]. 

Types of Autophagy 

Microautophagy 

In microautophagy, the lysosomal membrane engulfs the cytoplasmic content by 
forming a tube-like structure. It helps in the formation and budding of vesi-
cles containing cytoplasmic content into the lysosomal lumen [89]. In the early 
stages of microautophagy, the membrane expands into the surface of the lysosome 
by excluding transmembrane proteins and segregating lipids. Invagination moves 
rapidly and extends laterally, which further specializes into a tubular structure called 
“autophagic tubes.” Cytoplasmic content captured by the tube is degraded by the 
hydrolases present in the lumen. This lateral extension and tube formation are 
ATP-dependent [71]. 

In 2011, Sahu et al. studied selective microautophagy and showed the presence 
of a microautophagy-like process that transfers cytoplasmic content to the vesicles 
of late endosome/multivesicular bodies (MVBs) (Fig. 5.1a). This process is called 
endosomal microautophagy, as it uses the molecular components used in endocytic 
pathways. The internalization of cytosolic cargos into the vesicles relies on endo-
somal sorting complexes required for the transport (ESCRT) I and III, and protein 
cargo delivery relies on chaperones like Heat shock cognate 70 (HSC 70) [89]. Even 
though chaperones mediate this process, it is different from CMA as it delivers cargos 
to late endosomes.

Chaperone-Mediated Autophagy (CMA) 

CMA is a highly specific process, unlike microautophagy and macroautophagy, 
which can non-specifically engulf bulk cytoplasm. CMA plays an essential role 
in eliminating damaged proteins and regulating cellular proteostasis [44]. It also 
balances the cellular energetics by recycling targeted proteins into amino acids, 
which can be utilized by the cells. Targeted proteins are translocated to the lyso-
somal lumen, where they are cleaved into amino acids by luminal proteases called 
cathepsins. CMA is highly specific because of its ability to recognize and bind to the 
targeted proteins. This binding occurs because the pentapeptide motif biochemically
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related to the KFERQ motif, which is present on all CMA substrates [2]. According 
to analysis, around 30% of cytoplasmic proteins contain this sequence [18]. 

The constitutively expressed HSC70 recognizes KFERQ motifs on the target 
proteins. The chaperone HSC70 and co-chaperones like heat shock protein (hsp)A8 
bind to the targeted proteins and deliver them to the lysosomal membrane. This 
protein-chaperone complex binds to a lysosomal monomeric single-span membrane 
protein called lysosomal-associated membrane protein type-2A (LAMP2a) [32]. 
After association, LAMP2a initiates multimerization with the help of lysosomal resi-
dent HSC70. The target protein is unfolded as per the requirement of translocation 
machinery and internalized into the lysosomal compartment, where HSC70 regulates 
the proteolysis of proteins into amino acids with the help of luminal proteases like 
cathepsins. After degradation, translocation assembly is disassembled by luminal 
HSC70 returning LAMP2A to its monomeric form to initiate subsequent translo-
cation [15] (Fig. 5.1b). Regulation of translocation process is rate-limiting and is 
regulated by HSC70 and other factors like hsp90, mechanistic target of rapamycin 
complex (mTORC) and the kinase AKT [4]. 

Macroautophagy 

Macroautophagy is commonly expressed at a basal level in all cells, but it gets upreg-
ulated during various stress conditions. However, too much self-degradation can lead 
to cell death; and hence, the process needs to be kept in check. Accordingly, multiple 
inputs regulate the induction of macroautophagy [48]. These include intracellular 
sensors that respond to extrinsic and intrinsic changes, such as the presence or absence 
of reactive oxygen species (ROS), growth factors, glucose, amino acids, and nitrogen. 
Macroautophagy and its molecular mechanisms have been mostly studied in yeast 
model systems. Over 30 autophagy-related genes (ATG) were identified by screening 
yeast mutants [60]. Among the ATG protein complexes, an Unc-51-like kinase (ULK) 
complex is a primary group of components. It is one of the initial ones that dictate 
the site of autophagosome formation, called pre-autophagosomal structure (PAS). In 
contrast, other complexes participate in the later phases of autophagosome formation. 
Interestingly, autophagosome formation is accomplished through sequential events 
such as induction, nucleation, elongation, and fusion (Fig. 5.1c) [22]. 

Induction 

Induction of autophagosome formation in macroautophagy is regulated by activa-
tion of ULK family either by ULK1 or ULK2. Following activation, ULK phos-
phorylates other autophagy factors like ATG13 and scaffold protein called RB1-
inducible coiled-coil 1/Focal adhesion kinase family interacting protein of 200 kD 
(RB1CC1/FIP200), thus resulting in the assembly of the ULK1-ATG13-RB1CC1-
ATG101 complex. This initiation complex is stable and forms regardless of nutrient
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status. On the other hand, the MTORC1 is influenced by the nutrient status of the 
cell, which regulates its association/dissociation with the induction complex [82]. 
When MTORC1 is associated with induction complex, it phosphorylates ULK1/2 and 
ATG13, thereby inactivating them and inhibiting induction of autophagy. However, 
upon rapamycin treatment or when the cells are undergoing nutrient starvation, 
MTORC1 dissociates from the induction complex, resulting in dephosphorylation 
of the induction complex and leads to induction of macroautophagy. Moreover, the 
induction complex is also responsible for activating another essential autophagy 
protein complex, the phosphatidylinositol 3-kinase (PI3K) complex, required for 
nucleation events of autophagosome formation. 

Nucleation 

The ATG14-containing class III PI3K complex is the next complex recruited at 
the site of autophagosome formation. This complex is involved in the nucleation 
of the phagophore and consists of phosphoinositide 3-kinase catalytic subunit 
3 (PIK3C3/VPS34), phosphoinositide 3-kinase regulatory subunit 4 (PIK3R4/p150), 
and Beclin (BECN1) [110]. The PI3K complex produces PI3P, which is required for 
macroautophagy, and its regulation occurs primarily through proteins that interact 
with BECN1. Importantly, BCL2 (anti-apoptotic protein) binds BECN1 and prevents 
its interaction with PIK3C3, thereby inhibiting macroautophagy [45]. Furthermore, 
Autophagy and Beclin 1 Regulator 1 (AMBRA1) and Bax-interacting factor 1 (Bif-
1) are two positive regulators of the PI3K complex that interact with BECN1 directly 
to induce macroautophagy. 

Elongation 

There are two conjugation structures consisting of ubiquitin-like (UBL) proteins 
responsible for expanding the phagophore. The first system involves forming the 
ATG12–ATG5-ATG16 complex [30]. Initially, ATG12 binds to ATG5, and this 
binding is dependent on the E1 and E2-like activating enzymes called ATG7 and 
ATG10, respectively. Furthermore, ATG16L1 non-covalently binds to ATG5 of 
the ATG12–ATG5 complex. It further dimerizes and allows its association with 
the phagophore promoting elongation of the membrane. A microtubule-associated 
protein 1A/1B-light chain 3 (LC3) conjugation complex makes up the second UBL 
system involved in phagophore expansion [58]. ATG4 processes LC3 to reveal a 
C-terminal glycine of ATG8 (LC3-I). Further, ATG7 activates LC3-I and transfers 
it into ATG3. The C-terminal glycine of ATG8 is covalently attached to the lipid 
phosphatidylethanolamine (PE). The ATG12–ATG5–ATG16L1 complex functions 
as an E3 ligase in the conjugation of PE to LC3-I, resulting in LC3-II, which binds to 
the phagophore [30]. LC3-II can subsequently be cleaved by ATG4 to release LC3, 
leading to deconjugation, an essential step in macroautophagy because defects in 
cleavage result in partial autophagic dysfunction.
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Fusion 

The expanding phagophore eventually matures to form a completed autophago-
some, which fuses with the lysosome, becoming an autolysosome. Microtubules 
are responsible for the trafficking of autophagosomes to lysosomes [108]. Fusion 
of autophagosomes with lysosomes involves the protein UV-radiation resistance-
associated gene (UVRAG), which can associate with the PI3K complex and activate 
the GTPase RAB7. Upon fusion, lysosomal acidic hydrolases degrade the unwanted 
cargo carried by autophagosome and recycle them back to the cytoplasm to be 
reused by the cells [9]. 

Autophagy and Stem Cells 

Stem cells are defined as cells that have the ability to self-renew and differentiate 
into specific cell types. There are different types of stem cells like embryonic stem 
cells (ESCs), tissues specific stem cells (hematopoietic, neural, and muscle stem 
cells), mesenchymal stem cells (MSCs), and induced pluripotent stem cells (iPSCs). 
Autophagy also plays an important role during embryonic development and in adult 
stem cells and is important for maintaining cell survival. There are multiple pieces of 
evidence that demonstrate the essential role of autophagy, primarily macroautophagy 
(Fig. 5.1c) in the maintenance and function of all types of stem cells [12]. 

Hematopoietic Stem Cells 

Hematopoiesis is defined as the formation of blood cell components, and the stem 
cells that give rise to blood cells are called as Hematopoietic stem cells (HSCs). 
Hematopoiesis occurs during embryonic development and throughout adulthood to 
produce and replenish the blood system. Quiescent HSCs exhibit low oxidative phos-
phorylation levels, whereas activation of HSCs leads to high oxidative phosphoryla-
tion [111]. Studies demonstrate that autophagy plays an essential role in removing 
activated mitochondria as a mechanism for controlling oxidative metabolism in order 
to maintain HSCs’ quiescence and self-renewal. Therefore, upon deletion of Atg12 in 
the HSCs, an increased mitochondrial content accompanied by an activated metabolic 
state was observed, which enhanced myeloid differentiation (aging-like phenotype). 
The role of autophagy in the regulation of HSCs is explained in the latter part of the 
chapter.
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Neural Stem Cells 

Neural stem cells (NSCs) reside in distinct niches of the adult brain, and their progen-
itor cells differentiate into neurons, astrocytes, and oligodendrocytes. The NSCs in 
the adult mammalian brain are quiescent, which is necessary for long-term stem cell 
pool maintenance. Studies have identified lysosome-mediated autophagy as a key 
pathway for maintaining cellular proteostasis, which retains quiescence and prevents 
senescence in NSCs [24]. Moreover, to maintain quiescence, rapid degradation of 
epidermal growth factor receptors by lysosome is required. Therefore, lysosomal 
activity is more in quiescent NSCs as compared to cycling NSCs. Hence, inhibi-
tion of this lysosomal activity leads to the exit of NSCs from a quiescent state [49]. 
Furthermore, studies have also shown that when quiescent NSCs age, they acquire 
more protein aggregates in their lysosomes, while a decrease in the abundance of these 
aggregates causes aged quiescent NSCs to rejuvenate [59]. In addition, autophagy 
has also shown to promote survival and prevent cell death in the NSCs. Yazdankhah 
et al. demonstrated that the autophagic proteins AMBRA1 and BECN1 are involved 
in the early stages of autophagosome formation and are highly expressed in adult 
NSCs. Hence, their downregulation causes a decrease in NSC proliferation, with 
an increase in basal apoptosis and DNA-damage-induced death [109]. Additionally, 
studies have also shown that deletion of Atg5 in cycling neural progenitor cells of the 
adult brain results in their death, thereby suggesting that autophagy is also crucial 
for the survival of proliferating neural progenitor cells [107]. Overall, these studies 
demonstrated the importance of autophagy in survival and clearances of protein 
aggregate formation, thereby maintaining quiescence in NSCs. 

Muscle Stem Cells 

Muscle stem cells, also known as satellite cells, mediate muscle homeostasis 
and regeneration in skeletal muscle tissues. Short-term caloric restriction in mice 
enhanced satellite cell number, muscle regeneration, and satellite cell transplanta-
tion efficiency, suggesting that autophagy induced by nutrient deprivation in satellite 
cells may promote muscle stem cell activity [11]. Moreover, quiescent satellite cells 
derived from young mice exhibited robust levels of autophagic flux, which was 
reduced in aged muscle cells in an age-dependent manner. This demonstrates that 
aged muscle cells express impaired autophagy levels. Moreover, as determined by 
transplantation and engraftment assays, inducing autophagy in aged satellite cells 
improved stem cell function and prevented their aging-induced entry into senes-
cence [25]. Altogether, these studies indicate that induction of autophagy prevents 
stem cell senescence and may enhance muscle stem cell function with respect to 
aging.
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Induced Pluripotent Stem Cells 

The breakthrough discovery of iPSCs has allowed scientists to obtain pluripo-
tent stem cells without the controversial use of embryos, providing a novel and 
powerful method to “de-differentiate” cells whose developmental fates are tradition-
ally assumed to be determined. In 2006, the pioneering work of Shinya Yamanaka 
demonstrated that differentiated adult somatic cells can be genetically reprogrammed 
into undifferentiated cells that resemble embryonic stem cells. These manipulated 
cells were termed induced pluripotent stem cells (iPSCs). The ectopic expression of 
pluripotency transcription factors including Oct4, Sox2, Klf4, and c-Myc, triggers 
somatic cells to revert to an undifferentiated state [95]. Interestingly, autophagy 
has revealed its importance in maintaining the efficiency of somatic cell repro-
gramming. Autophagy is enhanced during the initial stages of reprogramming by 
inhibiting mTOR signaling [103]. Consequently, activation of mTOR impeded the 
efficiency of the reprogramming process, while mTOR inhibitors such as rapamycin 
enhanced the reprogramming process [14]. These data suggested that early upregula-
tion of autophagy is an essential, but transient event, and its downregulation is essen-
tial to complete the reprogramming process, as inhibition of mTOR at later stages 
was found to inhibit reprogramming [103]. Moreover, stem cells, in general, have 
fewer mitochondria as compared to differentiated cells. Hence, numerous autophagy 
and mitophagy genes are involved in mitochondrial homeostasis and clearance of 
somatic mitochondria during reprogramming, autophagy facilitates mitochondrial 
remodeling [36]. 

Cancer Stem Cells 

Cancers are primarily curable by conventional treatments when they are diagnosed 
at an earlier stage. However, when diagnosed at later stages, they become progres-
sive and metastasize to other organs. Even if cancer is detected and treated early, 
some residual cells survive and, over time, become a cause of tumor recurrence and 
metastasis [84]. These residual cells are responsible for causing therapeutic resis-
tance, as they possess stem cell-like properties and functions such as self-renewal and 
differentiation into multiple cell types known as the cancer stem cells (CSCs) [73]. 
Interestingly, autophagy plays a controversial role in cancer as evidence suggests that 
autophagy can both prevent and promote tumorigenesis. On the one hand, autophagy 
prevents oncogenic stresses such as oxidative stress and DNA damage, thereby 
impeding chromosomal instability and tumorigenesis. It also triggers inflammatory 
responses and protects cells from undergoing necrotic cell death. On the other hand, 
cancer cells upregulate basal autophagy expression when the cells are subjected to 
hypoxia or nutrient starvation to promote their survival deconvoluting the context-
dependent role for autophagy in cancer [106]. Therefore, an increase in levels of 
autophagy in cancer cells can also prevent the efficacy of anticancer treatment.
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Autophagy and Hematopoiesis 

Hematopoiesis 

HSCs are present in both early embryonic and adult hematopoietic organs. They 
maintain life-long hematopoiesis by producing all lineages of hematopoietic cells 
after transplantation. HSCs are characterized as either long-term HSCs (LT-HSCs), 
which can engraft into an irradiated recipient, or short-term HSCs (ST-HSCs), which 
have a limited ability for self-renewal and are unable to maintain hematopoiesis for 
a prolonged period. LT-HSCs differentiate into ST-HSCs and multipotent progen-
itors (MPPs), capable of producing all lineages but lack the self-renewal capacity 
needed for long-term engraftment. The MPPs further differentiate into the lymphoid 
or myeloid lineage. The common myeloid progenitor (CMP) can generate all 
myeloid cells, either through the granulocyte–macrophage progenitor (GMP) or the 
megakaryocyte–erythroid progenitor (MEP), while the common lymphoid progen-
itor (CLP) can generate B-and T-lymphocytes as well as natural killer (NK) cells. 
Hence, HSC transplantation (HSCT) leverages the use of HSCs as a curative therapy 
for various hematological disorders due to their potential to repopulate the entire 
immune system of a host [92]. 

Role of Autophagy in the Ontogeny of the Hematopoietic 
System 

The development of HSCs is distinct from that of the other types of stem cells because 
of their migration to different organs during different stages of development. In the 
vertebrate embryo, hematopoietic development unfolds in waves, with each succes-
sive wave producing cohorts of cells with greater blood lineage complexities. The 
first wave of hematopoiesis in mammals occurs outside the embryo, in the blood 
islands of the yolk sac [10]. The first wave, also known as the primitive wave, is 
responsible for the formation of unipotent blood cell types. The primary hematopoi-
etic product of the yolk sac is the large primitive nucleated erythrocytes, with the 
sporadic presence of primitive macrophages and megakaryocytes. A definitive wave, 
which generates multipotent HSPCs, follows the first wave. Although HSCs in the 
yolk sac may play a role in adult hematopoiesis, definitive hematopoiesis in mice 
occurs around E10.5 in the aorta-gonad mesonephros (AGM) [10]. In the AGM, 
definitive HSCs develop alongside non-self-renewing hematopoietic progenitor cells. 
Definitive HSCs can be serially transplanted and have long-term engraftment ability. 
HSCs then travel to the fetal liver and spleen before establishing in the BM [100]. 
Autophagy has pleiotropic effects on HSC features throughout the formation and 
progression of the hematopoietic system (Fig. 5.2), but its involvement in HSC self-
renewal and differentiation at different stages of development is unknown. Adult 
HSCs seldom divide, but embryonic and neonatal HSCs divide rapidly to replenish
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Fig. 5.2 Autophagy-mediated regulation during the development of the hematopoietic system: 
The illustration depicts the role of autophagy-related genes in regulating hematopoiesis during the 
a Embryonic, b Fetal, c Neonatal, and d Adult stages 

the maturing hematopoietic system. Transitioning from embryonic to neonatal to 
adult hematopoiesis necessitates significant metabolic changes, which are partially 
controlled by autophagy [31]. Determining the stage-specific role of autophagy in 
the development of the hematopoietic system is therefore vital for reproducing and 
tailoring the process of HSC generation in vitro for translational applications. 

Autophagy in Embryonic Hematopoietic Stem Cells 

Autophagy has been linked to embryonic development and survival in animal 
models. Early embryonic or perinatal mortality is observed in mouse models 
lacking essential autophagy genes such as Atg3, Atg5, Atg7, Atg9, Atg16l1, Ambra1, 
Rb1cc1/Fip200, and Becn1 [67]. In embryonic HSCs, autophagy is required to main-
tain the balance between quiescence, self-renewal, and differentiation. However, 
the role of autophagy during embryonic hematopoiesis is still uncertain. Embry-
onic hematopoiesis is initially observed in the blood islands of the yolk sac during 
mouse embryogenesis [10] (Fig. 5.2a). Hematopoietic precursors called heman-
gioblasts have a restricted potential for self-renewal and can only differentiate into 
specific cell lineages, such as endothelial cells, nucleated red blood cells (RBCs), and 
macrophages. The removal of organelles such as mitochondria is, required, for the 
differentiation of yolk sac-derived embryonic erythroid cells. Mitophagy is, there-
fore, enhanced during this period, and degraded mitochondrion can be seen in the 
lysosomes [96]. Blood is produced in the fetal spleen and liver as the embryos develop 
further. ULK1-dependent ATG5-independent autophagy engulfs and digests mito-
chondria in fetal definitive reticulocytes in the liver [34]. These findings suggest 
that autophagy is necessary for reticulocyte formation during the early phases of 
embryonic growth.
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Autophagy in Fetal and Adult Hematopoietic Stem Cells 

After the embryo matures fully, definitive (fetal and adult) hematopoiesis occurs in 
the AGM areas (Fig. 5.2a), subsequently moving to the fetal liver (Fig. 5.2b), spleen, 
and BM (Fig. 5.2c, d) [10]. True HSCs with self-renewal and long-term repopulating 
capacity form at these stages. HSCs divide asymmetrically in the bone marrow, where 
they maintain themselves and also differentiate into hematopoietic progenitor cells 
(HSPCs). These HSPCs eventually give rise to MPPs, which provide the blood cell 
lineages required for rapid growth and development in the fetus [100]. 

In contrast to adult HSCs, which require quiescence to preserve stem cell poten-
tial, fetal liver HSCs sustain stem cell potential while undergoing proliferation. 
Fetal HSCs have more mitochondria with increased bioenergetic function and are 
rapid cycling than adult HSCs [72]. Mitochondrial metabolism is necessary for fetal 
HSC expansion, increasing mitochondrial membrane potential (ΔΨmt) and oxygen 
consumption [31]. Autophagy helps HSCs to maintain their metabolic state by main-
taining a sufficient number of healthy and functional mitochondria. The FIP200 is 
an autophagy factor that influences cellular activities such as cell growth, prolifera-
tion, and migration in conjunction with ULKs. FIP200 is crucial for maintaining fetal 
HSCs [63]. FIP200 is involved in the initiation of autophagosome nucleation. FIP200 
provides fetal HSCs with long-term multilineage reconstitution capabilities, and its 
loss impairs the maintenance and stemness of fetal HSCs by increasing mitochondrial 
mass and generating reactive oxygen species (ROS). HSC-specific deletion of Atg5 
and Atg7 during the fetal stage causes a change in mitochondrial status, weight loss, 
severe anemia, and a reduction in the HSC population in mice, leading to mortality. On 
the contrary, fetal liver Atg7-deficient HSCs can save lethally irradiated recipients, 
implying that Atg7 is dispensable for fetal HSC function [93, 97, 101]. 

Late in gestation, HSCs shift to the BM and reside there permanently [10]. 
Within 4 weeks after birth, HSCs attain cell cycle quiescence [56]. Environmental 
factors such as oxidative stress, nutritional stress, and microbial infection signifi-
cantly impact fetal and neonatal development during the perinatal period. Although 
fetal life develops in hypoxic environments, it offers a rich environment for organ 
development. The transplacental nutrition supply ceases upon birth, putting neonates 
in a stressful environment of starvation until milk feeding. Additionally, the fetal-
to-neonatal transition might result in hyperoxia. Oxidative stress occurs in neonatal 
tissues in both of these conditions. Autophagy protects HSCs from harsh conditions 
in the early neonatal stage and is necessary for effective long-term hematopoiesis in 
adults [53, 75]. 

The cell cycle and metabolic status of neonatal HSCs differ from those of adult 
HSCs. HSCs from neonates multiply rapidly, have a high mitochondrial metabolism, 
and a reduced efflux capacity. In adult HSCs, excessive proliferation is inversely 
linked with their long-term reconstitution (LTR) potential, yet in spite of being highly 
proliferative, neonatal HSCs exhibit an intense LTR activity. Hashimoto et al. found 
that neonatal HSCs have more autophagy activity than adult HSCs, implying that the 
autophagy mechanism in neonatal HSCs is more active compared to the adult ones. 
They also determined that at the neonatal stage, Atg7 deficiency had a minor impact
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on hematopoiesis and metabolic status of actively dividing HSCs. The LTR activity in 
Atg7-deficient neonatal HSCs was comparable to wild-type neonatal HSCs. During 
the transition from neonatal to the adult stage, Atg7-deficient mice show an excess of 
cell divisions and are unable to maintain a quiescent state. The increased mitochon-
drial metabolism in Atg7-deficient mice further results in BM failure at the adult 
stage [31]. In neonatal HSCs, autophagy is thus dispensable for stem cell activity 
and hematopoietic homeostasis, however, it affects the adult HSCs. 

Adult HSCs are distinguished by their phenotypic diversity, multipotency, and 
self-renewal abilities, as well as their capacity to direct migration to hematopoietic 
tissues. As a result, adult HSCs have a different metabolic state from those in the 
fetal and neonatal stages. Autophagy is, therefore, perceived as a crucial mecha-
nism in adult HSCs for metabolic regulation. For example, autophagy is initiated 
quickly in adult HSCs during starvation via the Forkhead box O 3a (FoxO3a)-driven 
gene expression mechanism, which keeps HSCs functioning [104]. Autophagy also 
degrades active healthy mitochondria, allowing HSCs to retain a low metabolic state 
and quiescence. Mitophagy helps adult HSCs sustain their stemness by reducing 
their mitochondrial potential and lowering ROS levels, which prevents them from 
entering the cell cycle [13, 33, 70]. When Atg5 is knocked out in HSCs, the clearing 
of damaged mitochondria becomes aberrant, and the ability of HSCs to regenerate is 
reduced [41]. Atg12 plays a role in the expulsion of mitochondria from HSCs, and 
deletion of Atg12 in HSCs results in an increase in active mitochondria with a high
ΔΨmt [33]. Likewise, loss of Atg7 causes reduced HSC function and exhaustion 
and an increase in mitochondrial counts and levels of ROS [70, 26]. Furthermore, 
conditional knock-out of Atg12 reduces HSC reconstitution capacity and causes 
premature aging of HSCs [33]. Autophagy deficiency in adults reduces HSC quies-
cence by inducing stress-like hematopoiesis. In adult HSCs, autophagy is, therefore, 
crucial for the maintenance of LTR activity. 

Role of Autophagy in Hematopoietic Stem Cell Fates 

Adult HSCs have self-renewal capacity and are either multipotent or unipotent, and, 
thus, are capable of producing differentiated progeny. They can exist in a quies-
cent state or enter the cell cycle as and when required. Adult HSCs divide either 
symmetrically to generate two identical stem cells, or asymmetrically, to produce two 
daughter cells—one destined for self-renewal and the other for differentiation. More-
over, autophagy has emerged as an important mechanism that regulates the fate of 
HSCs at an extrinsic and intrinsic level (Fig. 5.3) [50].
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Fig. 5.3 Autophagy-mediated regulation of HSC fate: The illustration depicts the role of 
autophagy-related genes in regulation of HSC fates such as quiescence, self-renewal and differ-
entiation a intrinsically and b extrinsically 

Autophagy in HSC Quiescence 

Quiescence is a critical characteristic that preserves HSC potency throughout life, 
despite their incredible in vivo repopulation potential. It maintains the flow of mature 
blood cells while also ensuring that HSCs are not depleted during an individual’s 
lifespan. Under a steady state condition, most HSCs remain quiescent, and only a 
small number enters the cell cycle. LT-HSCs are predominantly found in the BM 
in a hypoxic niche distant from the blood circulation. The majority of these LT-
HSCs are in a quiescent G0/G1 reversible phase of the cell cycle. The low oxygen 
concentration in the BM niche maintains HSCs in a quiescent state [21]. Quies-
cence is interconnected to cellular metabolism, which is significantly influenced by 
HSC commitment. The maintenance or exit of HSCs from a quiescent state is often 
linked to the metabolic changes that occur in response to their surroundings. Quies-
cent HSCs suppress mitochondrial respiration and rely primarily on glycolysis for 
their maintenance. HSCs switch to mitochondrial metabolism and become metabol-
ically active as they migrate to a more oxygen-rich environment in the bloodstream. 
As a result, mitochondria are engaged in maintaining homeostatic HSC function, 
whereas lysosomal breakdown and clearance of mitochondria via mitophagy, a kind 
of selective autophagy, is essential for the maintenance of the HSC quiescence. 
Mitochondrial defects during oxidative phosphorylation (OXPHOS) increase ROS 
levels, causing HSCs to differentiate. Because of its role in mitophagy and selective
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mitochondrial breakdown, autophagy is crucial at this stage. Mitophagy regulates 
ROS levels, which govern the transition of HSCs from a dormant to an active state. 
Mitophagy dysfunction in HSCs leads to increased ROS levels, rapid HSC cell divi-
sion, loss of quiescence, proliferation and eventually loss of stemness. Therefore, 
myeloproliferative diseases develop in mice lacking autophagy [27]. 

Mitochondrial function and autophagy are both regulated by factors including 
FOXO3 and TSC1. By restricting cellular mitochondrial content and activity, the 
transcription factor FOXO3 maintains HSCs in a state of quiescence. FOXO3 regu-
lates HSCs by directing the autophagy proteins Atg4b, Lc3b, and BCL2 Interacting 
Protein 3 (Bnip3) (Fig. 5.3a). It also controls stress-induced autophagy in HSCs, 
which is required for HSC survival during aging and starvation. TSC1-mediated 
regulation of the mTOR pathway, which promotes autophagy by suppressing mito-
chondrial biogenesis and ROS generation, also contributes to HSC quiescence [86]. 
Autophagy also contributes to the maintenance and regulation of the cell cycle of 
HSPCs in a nutrient-dependent manner. Autophagy activation promotes cell cycle 
entry under physiologic or nutrient-rich environments, loss of Atg7 thus results in 
HSPC cell cycle elimination. Furthermore, inhibition of early, but not late, autophagy-
signaling processes accelerated the G1/S transition under low nutritional circum-
stances. Therefore, autophagy has a dual function in nutrient-dependent regulation 
of cell cycle activation and the G1/S transition of HSPCs. By controlling cyclin 
D3, autophagy maintains a healthy cell cycle in HSPCs and normal hematopoiesis in 
adults [35]. Hence, autophagy in HSCs is required to maintain the cells in a quiescent 
state. 

Autophagy in HSC Self-renewal 

HSCs can be maintained throughout an organism’s lifespan by striking the right 
balance between self-renewal and differentiation. Autophagy is indispensable during 
the self-renewal of HSCs (Fig. 5.3a). Numerous signaling pathways, including 
the Bmi1 and Wnt pathways, have been discovered to control HSC self-renewal, 
which also involves autophagy activation. Autophagy inhibition by pharmacolog-
ical compounds or targeted knockdown of ATG5 causes human adult HSCs to lose 
their colonogenic capacity [78]. Reduced LT-HSC self-renewal and function, as well 
as a bias toward differentiation into the myeloid lineage, are associated with loss 
of Atg12 within the hematopoietic system [75]. Mice lacking ataxia-telangiectasia 
mutated kinase (ATM), a protein that is indirectly implicated in autophagy, demon-
strate a dysfunction in HSC self-renewal. ATM is found in the cytoplasm, where 
it works as a ROS sensor and can communicate via LKB1, AMPK, and TSC2 to 
deactivate mTORC1, thereby inducing autophagy [1]. 

Tie2+ HSCs have a remarkable capacity for self-renewal and reconstitution. The 
induction of mitophagosome formation and up-regulation of Parkin and Pink1 plays 
a vital role in maintaining the stemness of Tie2+ HSCs. Additionally, defective 
mitophagy impairs the self-renewal of Tie2+ HSCs [37]. Loss of Atg7 in the HSCs
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causes mitochondrial accumulation which leads to increased ROS, enhanced prolif-
eration, and DNA damage in them. Furthermore, the absence of the critical autophagy 
genes Atg7 or Atg5 affects HSC function, resulting in lethal anemia accompanied 
by lymphopenia, severe myeloproliferation, and BM failure. HSCs lacking Atg7 and 
Atg5 lose their LTR ability following transplantation, confirming the importance of 
autophagy in self-renewal and maintenance [37, 104]. 

Autophagy in HSC Differentiation 

Autophagy is critical for the differentiation function of HSCs (Fig. 5.3a) because 
of the enormous rearrangement of intracellular organelles and macromolecular 
protein complexes that must be coordinated during HSC maturation. Additionally, 
the amount of ROS produced by HSCs as a result of their metabolic status can also 
influence their fate [50]. 

Primitive HSCs have low ROS levels in their quiescent state, whereas progenitor 
cells with short-term repopulation potential and a propensity for myeloid differen-
tiation have higher ROS levels. In the cell, mitochondria are the chief generator of 
ROS. Severe mitochondrial malfunction results in excessive ROS production, which 
triggers the induction of mitophagy. ROS production is associated with a paucity of 
mitophagy-related ATG proteins. ATG7 deficiency, for example, leads to an increase 
in ROS levels in HSCs due to mitochondrial generation of superoxide anions [70]. 

The elimination of mitochondria in developing RBCs is one of the most well-
studied examples of autophagy’s function in HSC differentiation. RBCs degrade 
organelles and proteins as they mature, leaving only hemoglobin behind, which 
allows them to pass through even the finest capillaries. Interestingly, autophagy is 
responsible for the elimination of mitochondria during the maturation and enucle-
ation stages of RBCs. During erythroid development, programmed mitophagy targets 
normal functioning mitochondria with intact membrane polarization. NIX(BNIP3L), 
a BH3-only outer mitochondrial membrane (OMM) stimulates mitophagy by 
recruiting LC3/GABARAP proteins during terminal erythroid lineage differentia-
tion a step critical during programmed mitophagy [19, 87, 90]. Moreover, deletion 
of autophagy genes including Ulk1 [55], Bnip3L [90], Fip200 [63], or Atg7[69], 
the molecules required for autophagosome elongation, results in erythroid differ-
entiation defects and anemia. Additionally, GATA-1 is a transcription factor that 
regulates mitophagy during erythropoiesis and is essential for normal erythro-
poiesis. GATA-1 upregulates autophagy genes such as ATG8 homologs, ATG4B, and 
ATG12, Atp6v0e, Clcn7, Ctsb, Neu1, and Lamp1 as well as BNIP3L in early human 
erythroblasts by direct transcriptional regulation. GATA-1 is, therefore, regarded as 
a master regulator of programmed mitophagy in the differentiation of erythroid cells 
[43]. Hence, autophagy facilitates RBC differentiation, which necessitates extensive 
remodeling to meet specialized cellular functions.
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Autophagy reduces apoptosis during HSC differentiation by limiting ROS produc-
tion, endoplasmic reticulum (ER) stress, and DNA damage. HSCs differentiate into 
monocytes, which further differentiate into macrophages or dendritic cells. Mono-
cytes, on the other hand, are programmed to perish in the absence of stimuli. The 
onset of monocyte-macrophage differentiation not only promotes cellular changes 
but also inhibits monocyte apoptosis. When monocytes are stimulated to differen-
tiate, autophagy is activated. A differentiation signal activates JNK, which releases 
Becn1 from Bcl-2 and prevents Atg5 cleavage, inducing autophagy. The induction 
of autophagy is, therefore, essential for monocyte survival and differentiation [112]. 

Neutrophils, a type of granulocytes, are the most ubiquitous and short-lived 
immune cells in the body, and deficits in their quantity or function have been related 
to severe immunological disorders. The transition from glycolysis to OXPHOS 
during normal granulocyte differentiation necessitates lysosomal lipid breakdown 
for mitochondrial fatty acid oxidation. This transition to OXPHOS is followed 
by an autophagy-dependent reduction in lipid droplets in mature granulocytes. 
Lipophagy dysfunction in Atg7-deficient granulocytes hinders the metabolic tran-
sition to OXPHOS essential for neutrophil maturation, leading to lipid droplet 
deposition [85]. 

Autophagy activity is thus required not only for HSC self-renewal but also for 
controlling the terminal differentiation of various blood cell types in order to maintain 
hemostasis. 

Role of Autophagy in HSC Aging 

In animals, aging is a complex process that causes changes in tissue structure as well 
as a decrease in numerous functions and activities. Proteostasis is required for the 
majority of biological activities, including genetic replication, catalysis of metabolic 
reaction, and immunological response. Proteostasis failure can result in aggrega-
tion of toxic undesired proteins, causing cellular dysfunction. Protein homeostasis 
impairment and stem cell exhaustion are two main mechanisms involved in the loss of 
regenerative capacity as a result of age-related damage accumulation [91]. HSCs lose 
their regenerative abilities as they age, and they also exhibit an autophagy deficit. 
Autophagy deficit leads to the deposition of macroautophagy vesicles, increased 
intracellular p62 protein levels, increased LC3II expression, and ubiquitin-positive 
inclusions [64]. Furthermore, nearly 30% of aged HSCs showed significant levels 
of basal autophagy, retaining a low metabolic state and great long-term regenera-
tion potential, similar to young HSCs [83]. The basal levels of autophagy ensure 
HSC function during aging and under conditions of intense regenerative stress. 
The residual population of aged HSCs, on the other hand, exhibits autophagy loss, 
resulting in an activated metabolic state, rapid myeloid differentiation, and reduced 
HSC self-renewal activity and regenerative potential. As a result, transplantation of 
HSCs defective in autophagy genes including Atg12 and Atg5 from adult and aged 
mice results in a substantially accelerated age-related decrease in donor chimerism.
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These recipients exhibit premature blood aging in the adult stage, including increased 
cellularity, a skewed ratio of circulating myeloid vs lymphoid cells, and a phenotype 
similar to the myeloid bias HSCs as seen in aged mice [64]. 

In adult HSCs, altered mitophagy causes an accumulation of ROS, which causes 
premature aging and senescence. Young HSCs with the Atg12 mutation have 
metabolically active mitochondria, increased OXPHOS, higher protein synthesis 
rates, and enhanced cell cycle activity, all of which are linked with aged HSCs 
and result in the loss of HSC quiescence and acceleration of myeloid differentiation. 
In addition, autophagy-deficient HSCs facilitate irregular changes in fate decisions 
as a result of epigenetic reprogramming that affects gene expression in HSCs [64]. 

Role of Autophagy in Niche-Mediated Regulation 
of Hematopoietic Stem Cells 

HSCs reside within a heterogeneous milieu in the BM. The primary components of the 
HSC niche are MSCs and MSC-derived progenies such osteoblasts and adipocytes, 
which are known to regulate HSC quiescence, self-renewal, and differentiation in 
the BM. HSC functioning is affected by extrinsic changes in the composition and 
function of different HSC niche cells (Fig. 5.3b). For example, as MSCs age, they 
gain increased AKT signaling, which results in a decrease in autophagy-related 
genes such as Lc3a, Lc3b, Becn1 and Atg7 in them. MSCs regulate HSCs in a 
paracrine manner by secretion of microvesicles (MVs) and exosomes. Reduction of 
autophagy in MSCs also reduces the autophagy-related genes in the MSC-derived 
MVs. Additionally, partitioning of miRNAs like miR-17 and 32b, which are nega-
tive regulators of autophagy-related mRNAs, into their exosomes increases [51]. This 
leads to the aging of HSCs, as they not only receive the MVs which are deficient 
in autophagy-inducing mRNAs but additionally, also receive exosomes containing 
miRNAs that degrade autophagy-inducing mRNAs. This niche-mediated aging of 
HSCs involving the autophagy process underscores the importance of autophagy in 
HSC functionality. 

Endothelial cells (ECs) are another type of accessory cells that aid hematopoiesis 
in the BM niche by delivering essential signals such as colony-stimulating factor-1 
(CSF-1) that regulates HSCs. The autophagy status of ECs influences their capacity 
to support hematopoiesis via modulation of the Beclin-1 pathway. The capacity of 
ECs to promote hematopoiesis is significantly reduced when autophagy is suppressed 
by the deletion of BECN1. Furthermore, rapamycin-treated ECs activate autophagy 
via BECN1 overexpression, thus restoring their ability to support HSCs [65]. 

Hence, it is crucial to examine the niche-mediated (extrinsic) function of 
autophagy in the regulation of HSCs to develop effective strategies for HSC-based 
interventions.



5 The Role of Autophagy in the Regulation … 125

Role of Autophagy in Hematological Disorders 

Dysregulation of the fine balance between quiescence, self-renewal, and differen-
tiation can lead to the progression of a variety of blood disorders and malignan-
cies. The significance of autophagy in cancer cell death and survival is currently 
debated. Autophagy may appear to be a dichotomy at first look because of its 
tumor-suppressive and tumor-promoting qualities. The deletion of genes involved 
in the autophagy process could either increase or decrease the mortality rate of 
cancer cells. Basal autophagy is thought to act as a tumor suppressive mechanism 
by preventing cancer from developing. Moreover, autophagy assures the removal of 
damaged organelles, such as mitochondria, which can produce increased levels of 
ROS, as well as protecting cells from genomic instability and inflammation, which 
can lead to cancer. Increased DNA damage, elevated ROS levels, aneuploidy, and 
abnormal accumulation of p62/SQSTM1 and ER chaperones have all been linked 
to an altered autophagic process, highlighting the critical function of autophagy in 
tumor prevention [81]. 

Autophagy, on the other hand, can contribute as a pro-survival mechanism after the 
onset of cancer. Cancer cells subjected to stress stimuli, such as nutrient deprivation, 
hypoxia, DNA damage, chemotherapy, and radiation, show a significant increase 
in autophagy. Here, the autophagic response helps cancer cells adapt to metabolic 
stress and acquire resistance to chemotherapeutic drugs, promoting tumor growth 
and survival [16]. Autophagy is, therefore, an intriguing therapeutic target in this 
example, and medicines that selectively block this metabolic process may improve 
chemosensitivity and tumor cell death. Hence, the only autophagy inhibitors autho-
rized for clinical use by the US Food and Drug Administration are chloroquine and 
hydroxychloroquine at the moment [77]. 

Acute Myeloid Leukemia (AML) 

Acute leukemias are a heterogeneous category of malignant hematological diseases 
defined by the uncontrolled growth of clonal neoplastic cells of the myeloid or 
lymphoid lineages. Acute leukemias are distinguished by their fast progression and 
inevitable BM failure, which results in severe anemia, leukopenia, and thrombo-
cytopenia. When compared to nonleukemic cells or AML cells induced towards 
differentiation, primary AML blasts have reduced autophagy gene levels [40, 105]. 
Additionally, during neutrophil differentiation in acute promyelocytic leukemia 
(APL) cells, enhanced expression of autophagy receptor SQSMT1/p62 has been 
observed, which prevents ubiquitinated protein accumulation. SQSMT1/p62 func-
tions as a prosurvival cellular pathway during the terminal differentiation of APL 
cells and is also required for cell proliferation and mitochondrial integrity. Defects 
in SQSMT1/p62 hinder myeloid leukemia development and mitophagy in this kind 
of malignant tumor [66].
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Autophagy’s function in leukemia progression differs depending on the kind of 
oncogene involved in the disease progression. A major kinase in AML is the RET 
proto-oncogene, which is a tyrosine kinase [88]. RET pathway activation reduces 
autophagy and the stability of leukemia-causing proteins such as mutant FMS-like 
tyrosine kinase 3 (FLT3). Hence, RET inhibition reduces FLT3 levels via autophagy. 
Protease inhibitors, on the other hand, promote FLT3 internal tandem duplication 
(FLT3/ITD) degeneration via autophagy. Inhibition of the FLT3-ITD mutation in 
AML cells, on the other hand, promotes a high level of basal autophagy by affecting 
autophagy-dependent proliferation. The amount of ATF4 transcription determines 
the degree of FLT3-ITD-dependent autophagy [57]. 

In leukemic mice, inhibiting autophagy by deleting ATG7 increases ROS produc-
tion, which leads to a decrease in leukemia-initiating cells (LICs), as well as an 
increase in mitochondrial activity, cell death, and improved survival. As a result of 
enhanced apoptosis, the number of blasts in the peripheral blood falls. In mixed-
lineage leukemia–eleven nineteen lysine-rich leukemia (MLL-ENL) animal model, 
suppression of autophagy by deletion of ATG7 or ATG5 resulted in more aggressive 
leukemia. Furthermore, reduced autophagy in MLL-ENL cells results in abnormal 
mitochondrial activity, including proliferation and transformation [94]. 

Because AML is such a diverse illness, autophagy may both promote and inhibit 
tumor growth depending on the subtype. 

Myelodysplastic Syndrome (MDS) 

MDS is a multifaceted disease caused by defective and inefficient hematopoiesis, 
aging, clonal hematopoiesis expansion, and a higher risk of secondary AML trans-
formation. HSCs develop a sequence of recurrent genetic alterations prior to disease 
onset, giving them a proliferative edge over healthy HSCs. MDS pathogenesis is 
associated with autophagy and mitochondrial dysfunction. In high-risk MDS, muta-
tions in autophagy genes are more common. The deletion of Atg7 in HSCs causes 
an MDS-like phenotype [68]. In addition, HSPCs from MDS patients frequently 
contain mitochondrial DNA abnormalities and abnormal mitochondrial respiration, 
which contributes to their susceptibility to normoxia. MDS is characterized by 
anemia, which is the most prevalent symptom [102]. As an ultrastructural indicator 
of improved mitophagy, erythroblasts from individuals with low-risk MDS have 
more autophagosomes and lysosomes containing mitochondria. In high-risk MDS, 
however, there is a buildup of irregularly structured, larger, and malfunctioning mito-
chondria, as well as mitochondrial iron deposits. In individuals with high-risk MDS, 
nuclear RBCs have lower LC3B levels and more mitochondrial inadequacy; more-
over, lower LC3B levels in these patients are associated with lower hemoglobin levels 
[39]. ATG3 expression is also lower in MDS patients than in healthy individuals, and 
overexpression of ATG3 in the SKM-1 MDS cell line promotes caspase-dependent 
autophagy and cell death [113]. In erythroid precursor cells from high-risk MDS 
patients, NIX expression is reduced, which is linked to increased mitochondrial



5 The Role of Autophagy in the Regulation … 127

mass, loss of mitochondrial membrane potential, increased ROS, downregulation of 
ULK1 and AMPK, and activation of mTOR signaling. 

Chronic Myeloid Leukemia (CML) 

CML is characterized by the displacement of t(22;9) (q34;q11) and expression 
of the Breakpoint cluster region protein–Abelson murine leukemia viral oncogene 
homolog 1 (BCR-ABL) fusion protein, which has excessive tyrosine kinase activity, 
accounting for 15% of all forms of leukemia in adults. BCR-ABL1 promotes cell 
transformation by inducing MAPK15-dependent autophagy [79]. Several Atg genes, 
including the ATG4 family members, ATG5, and BECN1, are upregulated in CML 
CD34+ HSC and HSPCs. BIM1 inhibition increases the expression of Cyclin-G2 
(CCNG2) and reduces the tumor suppressor response in autophagy, which speeds 
CML progression to acute stages [7]. Lys05, a second-generation autophagy inhibitor, 
causes CML stem cells to go into dormancy and slows their proliferation. When 
used in combination with a tyrosine kinase inhibitor, Lys05 or PIK-III (PI3P class 
III inhibitor) decreases the number of primary CML LSCs [6]. 

Lymphoid Malignancies 

Lymphomas are neoplastic diseases of the B-cell, T-cell, or NK-cell lineage that orig-
inate in the bone marrow from lymphoid progenitor cells. Acute lymphoid leukemia 
(ALL) mainly occurs in B-cell and thymocyte precursors. 

The ETV6-RUNX1 (or TEL-AML1) fusion protein is seen in 25% of pediatric 
patients with B-cell precursor acute lymphoblastic leukemia and is the initial event 
in leukemogenesis. Although autophagy can help cells survive under stressful situa-
tions, it can also lead to cell death due to cellular consumption. Vps34, Beclin-1, and 
Vps15 make up the core autophagy-regulating complex. ETV6-RUNX1 was shown 
to activate and upregulate Vps34, an essential autophagy regulator, in ETV6-RUNX1-
positive leukemic cells. In these cells, deletion of Vps34 significantly decreased 
proliferation and survival [80]. Autophagy is required for survival and leukemic 
transformation in hematopoietic cells expressing the BCR-ABL kinase. BCR-ABL 
cells had modest basal levels of autophagy in a study by Altman et al. but they 
were overly dependent on it for survival [3]. These cells rapidly underwent apop-
tosis when autophagy was impaired by Atg3 deletion or treatment with pharmaco-
logic autophagy inhibitors. In addition, Atg3 deletion reduced BCR-ABL-mediated 
leukemogenesis in vivo experiments [3]. Autophagy has also been demonstrated to 
play a pro-survival effect in CLL cells. Suppression of autophagy in CLL patients’ 
peripheral blood mononuclear cells (PBMCs) utilizing RNA interference targeting 
critical autophagy genes or chloroquine or by using 3-methyladenine reduced CLL
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cell survival. On the contrary, Gade et al. found that inhibiting death-associated 
protein kinase 1 (DAPK1), an autophagy-associated gene, decreases autophagy and 
increases CLL proliferation [23]. 

Final Remarks 

Autophagy is an evolutionarily conserved cellular process that, under normal phys-
iological conditions, plays an essential role in the maintenance of homeostasis and 
stemness in embryonic as well as in adult stem cells. It also plays an important 
role in the initiation and progression of human diseases that have been shown to be 
associated with maintenance of disease-specific stem cell compartments [25, 115] It  
is widely recognized that autophagy is a critical regulator of metabolic reprogram-
ming during normal hematopoiesis from its development to aging [13, 53]. It is not 
surprising, therefore, that dysregulated autophagy is a common feature of several 
cancers and developmental disorders related to HSCs [16]. 

The intrinsic and extrinsic mechanisms regulate quiescence, self-renewal and 
differentiation of HSCs [8, 99, 114]. The intrinsic mechanisms include intracel-
lular signaling pathways, epigenetic mechanism, factors that cause DNA damage, 
etc., whereas, the BM niche consisting of MSCs, ECM and other secretory factors, 
etc., constitute the extrinsic mechanisms [99, 114]. Several reports have pointed out 
that along with these mechanisms, autophagy also plays a very important role in 
governing the fate of HSCs [51]. Expanding our understanding of how autophagy, 
whether directly or indirectly, exploits the intrinsic and extrinsic mechanisms to cause 
aging or dysregulation of HSCs is, therefore, imperative. Hence, HSC fate regulation 
via autophagy modulation is a major focus of research interest for several groups 
[8, 51, 52, 65, 98]. 

Till now, several rejuvenation strategies involving the use of cell cycle inhibitors, 
signaling pathway inhibitors, epigenetic modifiers, NO donors [38, 51, 62], etc., 
that focus on modulating either the intrinsic or the extrinsic mechanisms of HSCs 
have been explored. These strategies either rejuvenate aged and dysregulated HSCs or 
rejuvenate their tissue microenvironment [38, 51, 62]. A recent report has shown that 
mere rejuvenation of aged HSCs does not protect them from the deleterious effects 
of the aged niche [29]. Thus, a combinatorial strategy that targets both the intrinsic 
and extrinsic mechanisms—ultimately translating into a “combinatorial rejuvenating 
stem cell therapy” that simultaneously rejuvenates both the HSCs and the microenvi-
ronment in which they reside seems promising. Such an approach would aid in devel-
oping and optimizing strategies that perhaps also rewires the autophagic machinery, 
having tremendous implications on improving the health span of people from birth 
until old age. 
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Chapter 6 
Autophagy in Muscle Stem Cells 

Shulei Li, Romina L. Filippelli, Alice Jisoo Nam, and Natasha C. Chang 

Abstract Muscle stem cells, also known as satellite cells, are responsible for the 
regenerative capacity of adult muscle tissue in response to stress and injury. Upon 
regenerative stimuli, satellite cells are activated and undergo myogenic commitment. 
Myogenic progenitors, which are termed myoblasts, undergo rapid proliferation, 
propagation, and differentiation into myocytes, which then fuse with each other to 
form new myotubes or to a pre-existing myotube. This process of myogenic differen-
tiation is metabolically demanding and involves cellular remodeling of organelles and 
cellular architecture. Autophagy, a catabolic mechanism involving the sequestration 
of cellular contents into double membrane autophagosome vesicles, is strongly impli-
cated at various stages during myogenesis; from the satellite stem cell to the mature 
muscle tissue. Moreover, aberrant autophagy (both the overstimulation and inhibition 
of autophagy) in both satellite cells and mature muscle cells can be detrimental for 
muscle health and physiology. This chapter outlines the importance of autophagy 
in maintaining skeletal muscle tissue homeostasis and satellite cell regenerative 
capacity. 

Keywords Autophagy ·Muscle stem cell ·Myoblast ·Myogenesis · Satellite 
cell · Skeletal muscle 

Abbreviations 

AICAR 5-Aminoimidazole-4-carboxamide ribonucleotide 
AMPK AMP-activated protein kinase

Shulei Li, Romina L. Filippelli, Alice Jisoo Nam: These authors contributed equally to this work. 

S. Li · R. L. Filippelli · A. J. Nam · N. C. Chang (B) 
Faculty of Medicine and Health Sciences, Department of Biochemistry, McGill University, 
Montréal, Québec, Canada 
e-mail: natasha.chang@mcgill.ca 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
B. V. Shravage and K. Turksen (eds.), Autophagy in Stem Cell Maintenance 
and Differentiation, Stem Cell Biology and Regenerative Medicine 73, 
https://doi.org/10.1007/978-3-031-17362-2_6 

137

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-17362-2_6\&domain=pdf
mailto:natasha.chang@mcgill.ca
https://doi.org/10.1007/978-3-031-17362-2_6


138 S. Li et al.

BAG3 BAG cochaperone 3 
CASA Chaperone-assisted selective autophagy 
DM1 Myotonic dystrophy type 1 
ECM Extracellular matrix 
ER Endoplasmic reticulum 
FACS Fluorescence-activated cell sorting 
HSPA8/HSC70 Heat shock 70 kDa protein 8 
LD Lipid droplet 
LSM Lipid storage myopathy 
MFN1/2 Mitofusin 1/2 
miRNA MicroRNA 
mTOR Mammalian target of rapamycin 
mTORC1 MTOR complex 1 
NAF-1 Nutrient-deprivation autophagy factor-1 
NMJ Neuromuscular junction 
p62/SQSTM1 Autophagy receptor p62/sequestome 1 
PGC-1α Proliferator-activated receptor-γ coactivator-1α 
ROS Reactive oxygen species 
SIRT1 Sirtuin-1 
TALEN Transcription activator-like effector nuclease 
T tubules Transverse tubules 

Introduction 

Skeletal muscle is a highly organized contractile tissue making up roughly 40% of 
human whole body lean mass [106]. The human musculoskeletal system is respon-
sible for allowing movement, the maintenance of posture, body position and body 
temperature [43]. While both skeletal and cardiac muscle are forms of striated muscle, 
cardiac muscle functions as a self-stimulating and non-fatiguing group of muscle cells 
[102]. In contrast, the motor activity of skeletal muscle is voluntary and the tissue 
itself exhibits fatigue and has high energy requirements [102]. 

Skeletal Muscle Architecture 

Skeletal muscles are supported by the cytoskeleton network composed of bundles of 
fascicles, which consist of bundles of muscle fibers, termed myofibers [102]. Single 
myofibers are multinucleated and are of variable lengths and shapes containing 
several myofibrils arranged in parallel and units of sarcomere, the basic contractile 
unit of muscles, arranged in series [129]. Single myofibers are encased by the 
sarcolemma, which acts as the muscle plasma membrane and is directly involved
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in synaptic transmission, action potential propagation, and excitation–contraction 
coupling in response to stimulation [43]. The sarcolemma is connected to the extra-
cellular matrix (ECM) that surrounds skeletal muscle fibers and is encapsulated 
by the basal lamina, an outer membrane layer that defines the anatomical length 
and boundary of a myofiber [43]. The sarcoplasmic reticulum, which is the main 
area of calcium storage in skeletal muscles, forms a network with transverse (T) 
tubules that surrounds the myofibrils [128]. The connection between T tubules 
and the sarcoplasmic reticulum is critical for the release of calcium leading to 
muscle contraction in response to the action potential generated by motor neurons 
[128]. The ECM surrounding the muscle fibers is composed of various types of 
collagens, laminins, fibronectin, and proteoglycans, providing mechanical support 
to the myofibers during contraction [128]. 

Satellite Cells: Muscle-Resident Stem Cells 

Adult skeletal muscles are stable under normal conditions and have remarkable 
capacity for regeneration after injury due to the presence of satellite cells, which are 
muscle resident somatic stem cells accounting for 3–6% of total myonuclei [165]. 
Satellite cells were first discovered in 1961 by Alexander Mauro upon examination 
of the peripheral region of myofibers dissected from the tibialis anterior muscles of 
the frog by electron microscopy [95]. Notably, while fused myonuclei are scattered 
across the myofibers, satellite cells reside along host myofibers directly above the 
sarcolemma and under the basal lamina [95, 102]. Satellite cells can be identified by 
their unique anatomical location with electron microscopy, which also reveals their 
morphological characteristics: a large nuclear-to-cytoplasmic ratio, few organelles, 
small nucleus, and condensed interphase chromatin [95, 136]. This morphology 
supports the notion that most satellite cells in healthy, unstressed muscles are mitot-
ically quiescent and transcriptionally inactive [165]. Satellite cells can also be iden-
tified by immunofluorescence using antibodies specific to satellite cell markers such 
as the paired box transcription factor, PAX7 [136, 138]. In situ hybridization analyses 
in skeletal muscle tissues demonstrated that Pax7 mRNA is expressed exclusively in 
satellite cells [138]. Moreover, Pax7 is expressed in proliferating myoblasts derived 
from the satellite cell lineage and its expression is downregulated during myogenic 
differentiation [138]. 

Cell surface protein markers such as ITGA7, ITGB1, caveolin1, CD34, M-
cadherin, CXCR4, N-CAM, syndecan -3 and -4 and VCAM-1 can be used for iden-
tifying satellite cells [35]. Fluorescence-activated cell sorting (FACS) is a widely 
used method to isolate satellite cells from freshly harvested muscle [90]. Using 
Pax7-zsGreen transgenic reporter mice, FACS with the cell surface markers ITGA7, 
ITGB1, CXCR4, and CD34 were shown to allow for successful prospective isolation 
of Pax7-expressing satellite cells [90]. A combination of CD34 and ITGA7 enables 
the isolation of a more restricted, namely quiescent, subset of satellite cells [90].
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In contrast, VCAM-1 is expressed in satellite cells from young and old mice during 
quiescence and upon injury, and may be used for isolating activated satellite cells [87]. 

The Role of Satellite Cells 

Satellite cells are responsible for postnatal growth of skeletal muscles [49]. During 
this period, satellite cells differentiate and contribute to muscle growth at varying 
rates; they exist in heterogenous pools comprised of 80% fast-dividing and 20% 
slow-dividing populations [135]. The slow-dividing population spends more time in 
G0-phase between divisions and serves as a source for resident stem cells [135]. Flow 
cytometry analyses assessing various myogenic markers through stages of postnatal 
development demonstrated that postnatal growth is accompanied by waves of satel-
lite cell commitment and differentiation [49]. Specifically, by assessing markers of 
a cycling signature PAX7+/Ki67+, non-cycling PAX7+/Ki67−, and the quiescence 
marker CD34, it was found that the levels of cycling satellite cells is highest in 
the early postnatal stage and becomes less prevalent as the muscles develop until 
adulthood when cycling satellite cells are absent and satellite cells express CD34 [49]. 

While satellite cell contribution to muscle is most apparent during early 
muscle development, satellite cells continue to contribute to muscle throughout 
life [71]. Genetic lineage tracing experiments have demonstrated that satellite 
cells in adult muscles contribute to muscle homeostasis in sedentary condi-
tions [71]. Pax7-expressing satellite cells were labeled upon tamoxifen induction 
in Pax7CreERT2:RosamTmG mice, allowing visualization of membrane-bound GFP 
following Cre-mediated recombination [71]. All myofibers examined over a 12- or 
20-month period were GFP-positive indicating that satellite cells have contributed 
to these myofibers despite the lack of muscle injury or stress [71]. These results 
demonstrate that satellite cells actively participate in maintaining normal steady-state 
muscle homeostasis. 

Myogenesis: Quiescence, Activation, Proliferation, 
Differentiation, and Self-renewal 

In resting muscles, satellite cells are kept in a G0-quiescent and mononucleated 
state within their niche [165]. Maintenance of the quiescent state is highly regu-
lated and dependent on the expression of specific quiescence genes and post-
transcriptional regulation of differentiation genes (Fukada et al. 2007). Indeed, 
microRNA (miRNA) pathways play a critical role in maintaining the quiescent state 
[30]. Microarray analysis of quiescent satellite cells revealed 22 highly expressed 
quiescence-specific miRNAs [30]. Specifically, miRNA-489 retains satellite cell



6 Autophagy in Muscle Stem Cells 141

quiescence by supressing activation and its overexpression inhibited muscle regen-
eration [30]. Additionally, microarray analysis of quiescent satellite cells revealed 
507 genes, including cell cycle down-regulators and myogenic inhibitory factors that 
were highly expressed in the quiescent state [45]. Analysis of histone modifications 
via chromatin immunoprecipitation followed by sequencing have demonstrated that 
quiescent satellite cells are primed for rapid activation rather than staying strictly 
dormant [86]. An overwhelming majority of genes in quiescent satellite cells are 
marked by tri-methylated histone H3 lysine K4 (H3K4), a marker of active tran-
scription, while only a few are marked with tri-methylated histone H3 lysine K27 
(H3K27), a marker of gene repression, at the transcription start site [12, 86, 161]. 

Further to maintaining muscle homeostasis, satellite cells are responsible for 
the regenerative capacity of adult muscle tissue in response to stress and injury 
[165]. Using Pax7CreERT2 mice to genetically label satellite cells and characterize 
their response to muscle injury, Murphy and colleagues found that all regenerated 
muscle arose from Pax7-expressing satellite cells [105]. Importantly, genetic abla-
tion of satellite cells via Cre-mediated expression of diphtheria toxin A results in 
a complete and irreversible loss of muscle regeneration [105]. Similar conclusions 
were drawn using an alternative mouse model with a different Pax7CreERT2 allele 
[82]. In a separate and complementary approach to deplete satellite cells that were 
genetically engineered to express the human diptheria toxin receptor following local 
intramuscular injection of diptheria toxin, it was confirmed that elimination of satel-
lite cells resulted in loss of muscle tissue and a failure to regenerate damaged muscle 
[131]. Moreover, expression of Pax7 in satellite cells is required for satellite cell 
function and regenerative myogenesis [157]. These studies altogether corroborate 
that satellite cells and Pax7 expression are essential for muscle regeneration. 

Following stress or injury to the muscle, satellite cells become activated and are 
recruited to the cell cycle [124]. Activated satellite cells undergo commitment to 
become myogenic progenitors, known as myoblasts, that are capable of undergoing 
rapid proliferation, propagation, and differentiation [115]. Myoblasts may fuse with 
pre-existing muscle fibers or fuse with each other to form new myotubes [115]. 
The activation and commitment of satellite cells to myogenesis are dependent and 
regulated by a hierarchy of transcription factors including PAX7 and the myogenic 
regulatory factors (MRFs), which include MYF5, MYOD, MRF4, and myogenin [57, 
138]. Notably, Myf5 is transcribed in quiescent satellite cells but Myf5 transcripts 
are sequestered within mRNP granules along with their antagonist miRNA-31 [33]. 
Upon activation, mRNP granules dissociate and release Myf5 mRNA, thus allowing 
its translation and the rapid accumulation of MYF5 protein to promote myogenesis 
[33]. Myod mRNA in quiescent satellite cells is regulated by the mRNA decay 
factor tristetraprolin which binds to the 3’ UTR of the transcript, promoting its 
decay [55]. Upon activation, Myod transcripts are stabilized by the inactivation of 
tristetraprolin by the p38α/β MAP kinase [55]. Thus, unlike satellite stem cells, 
myoblast progenitors are characterized by their abundant expression of MYF5 and 
MYOD transcription factors [165]. MYF5 drives proliferation while MYOD drives 
early differentiation [130]. During myoblast differentiation, MYF5 and MYOD are
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downregulated, followed by enhanced expression of myogenin and MEF2, while 
MRF4 expression marks terminally differentiated and fused myotubes [165]. 

Recent studies indicate that the satellite cell population within the adult muscle 
exists as a heterogeneous population where some satellite cells are in a more 
committed state compared to others in a more stem cell-like state [150]. Upon exam-
ination of isolated satellite cells from Myf5-nLacZ mice it was found that 13% of 
quiescent satellite cells are β-Gal−, and do not express Myf5 in comparison to the 
majority of β-Gal+/Myf5+ satellite cells [77]. Upon activation, these Myf5− satellite 
cells undergo either symmetric expansion, wherein two identical Myf5− daughter 
cells are generated, or undergo asymmetric division, yielding one Myf5− satellite 
cell and one committed Myf5+ satellite cell [77]. Satellite cell heterogeneity can 
also be characterized by differential PAX7 expression where satellite cells with high 
levels of PAX7 are less primed for differentiation and require more time for activa-
tion in comparison to satellite cells that express low levels of PAX7 [126]. Similarly, 
satellite cells vary in their expression of CD34, as quiescent satellite cells with low 
levels of CD34 exist in a more committed state compared to those with high levels 
of CD34 that exist in a more stem cell-like state [48]. 

Satellite Cells Contribute to Muscle Health 

Muscle satellite cells are critical for both muscle homeostasis in the resting state 
as well as muscle regenerative capacity upon injury [165]. Disruptions in satellite 
cell functions are associated with impairments in the ability of the muscle to launch 
an effective regenerative response as observed in muscle wasting during aging and 
disease [14]. Age-related muscle deterioration, known as sarcopenia, is characterized 
by a decrease in muscle mass and strength and contributes significantly to a decrease 
in the quality of life and morbidity in the elderly [69]. During aging, muscle stem 
cells are numerically and functionally compromised while their niche also becomes 
less supportive [11]. Immunofluorescence staining against PAX7 in freshly isolated 
myofibers harvested from young and old mice indicated an age-associated decrease 
in satellite cell number [140]. Moreover, aged satellite cells break quiescence under 
homeostatic conditions, further depleting the muscle resident satellite cell pool [23]. 
In addition to aging, satellite cell function is altered in muscle degenerative diseases 
such as Duchenne muscular dystrophy (DMD), which is a progressive and fatal 
neuromuscular disease resulting from the loss of dystrophin [40, 166]. In contrast to 
aging, satellite cell numbers are elevated in dystrophic muscles, however, defective 
regulation of stem cell commitment and other cellular abnormalities contribute to 
the reduced regenerative capacity of dystrophic satellite cells [26, 75]. 

Maintenance of the satellite stem cell population is essential to sustain muscle 
homeostasis and tissue plasticity in response to movement, exercise, injury, stress, 
aging, and disease. One well known cellular pathway that contributes to the health
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and fitness of tissues and cells is autophagy. Autophagy is a catabolic program that is 
responsible for the degradation and recycling of cellular components in a lysosome-
dependent manner [97]. Macroautophagy, one of the main types of autophagy, 
involves the sequestration of cytoplasmic constituents into double membraned struc-
tures known as autophagosomes [97]. Autophagosomes subsequently fuse with lyso-
somes, where their contents are broken down by lysosomal enzymes and the resulting 
macromolecules are released back to the cytoplasm for utilization [97]. In this chapter, 
we highlight the contribution of autophagy in muscle health and satellite stem cell 
function. 

Autophagy in Skeletal Muscle 

The daily voluntary movements of skeletal muscle place a high demand for energy 
production on the mitochondria of muscle cells [134]. Muscle contractions cause 
mechanical and metabolic alterations of proteins and organelles within muscle cells 
[134]. Additionally, this process results in an accumulation of reactive oxygen species 
(ROS), such as peroxidases, superoxides, and hydroxyl radicals [106, 118]. The 
presence of such ROS not only inhibits the phosphatidylinositol-3-kinase/Protein 
kinase B and the mammalian target of rapamycin (mTOR) signaling pathway, 
thereby suppressing protein synthesis, but may also result in the damage of cellular 
components [106, 118]. Thus, the skeletal muscle machinery is equipped with 
a waste removal mechanism to eliminate misfolded proteins and dysfunctional 
organelles [134]. Autophagy contributes to this quality control assurance in skeletal 
muscle through the sequestration of aberrant entities within autophagosomes that are 
subsequently delivered to the lysosome for degradation [134]. 

Basal Autophagy is Required to Maintain Muscle Mass 

Autophagy occurs at basal levels in all eukaryotic cells [83]. With respect to skeletal 
muscle, autophagy is required to clear dysfunctional organelles and other forms of 
cellular waste, as their accumulation leads to the activation of catabolic pathways, 
resulting in muscle atrophy and consequential muscle weakness [94]. The role of 
autophagy in skeletal muscle has been examined through the deletion of autophagy 
genes in mouse models. As shown in mice harboring a muscle-specific deletion of 
Atg7, an essential autophagy gene, the loss of autophagy causes an accumulation 
of abnormally large mitochondria and a dilated sarcoplasmic reticulum [94]. Ulti-
mately, this leads to an unfolded protein response, which suppresses protein synthesis 
alongside a simultaneous production of ROS from the dysfunctional mitochondria 
and, finally, cell death via apoptosis [94]. Phenotypically, disrupting autophagy in 
muscle manifests as a loss of muscle mass and muscle strength [94]. Similarly, in 
a model of attenuated autophagy via reduced expression of Atg16l1, a gene that
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is important for autophagosome biogenesis, muscle fibers of hypomorphic Atg16l1 
mice were smaller than their wild-type counterparts [109]. Moreover, the recovery 
and regeneration from a muscle injury is significantly slower in Atg16l1 mice [109]. 

On the other hand, the loss of a negative autophagy regulator, which results in 
enhanced constitutive autophagy, also has detrimental effects on skeletal muscle 
health. Nutrient-deprivation autophagy factor-1 (NAF-1, also known as CISD2) is 
an endoplasmic reticulum (ER) BCL-2 interacting protein that promotes the ability 
of BCL-2 to antagonize Beclin 1-dependent autophagy [24, 25]. Of note, homozy-
gous mutations of NAF-1 cause Wolfram syndrome type 2, an autosomal reces-
sive neurodegenerative disease [1]. The skeletal muscles of Naf-1 null mice exhibit 
signs of degeneration, a dramatic reduction in force-generating capacity, dysregu-
lated calcium flux, and elevated levels of autophagy [24, 29]. Furthermore, the mito-
chondria of Naf-1 deficient muscle tissue and myoblasts are enlarged, suggesting an 
adaptative response to augmented autophagy [24, 51]. The brain and muscle tissues 
of Naf-1 knockout mice exhibit mitochondrial breakdown and dysfunction as well as 
autophagic cell death [29]. The mitochondrial dysfunction in Naf-1 null mice exac-
erbates with age and is accompanied by increased autophagy, which is characteristic 
of premature aging, thus implicating NAF-1 as a longevity factor [29]. 

Altogether these studies demonstrate that both the inhibition and augmentation of 
basal autophagy in skeletal muscle contribute to myofiber damage and may underlie 
certain muscle disorders [94]. Thus, maintaining a critical level of autophagy is 
essential for muscle homeostasis and health. 

Role of Selective Autophagy in Muscle Homeostasis 

In addition to general macroautophagy, selective autophagy has also been shown to 
play critical roles in maintaining muscle homeostasis. Chaperone-assisted selective 
autophagy (CASA) is a form of macroautophagy that mediates the specific degra-
dation of ubiquitinated protein aggregates [70]. CASA involves encapsulation of 
protein aggregates within autophagosomes via chaperones and cochaperones that 
interact with the autophagy receptor p62/sequestosome 1 (SQSTM1) [70]. BAG 
cochaperone 3 (BAG3) and heat shock 70 kDa protein 8 (HSPA8/HSC70) chaper-
ones induce CASA through direct binding of protein aggregates [70]. Mutations in 
BAG3 (Starvin in Drosophila), which colocalizes with the Z-disk marker α-actinin in 
adult fly muscle fibers, are associated with childhood muscle dystrophy [3]. BAG3, 
together with the dual-function co-chaperone/ubiquitin ligase CHIP, p62, HSC70 and 
the small heat shock protein HSPB8, promote the degradation of damaged Z-disk 
protein components including filamin to preserve muscle integrity [3]. Impairment of 
CASA-mediated proteostasis leads to Z-disk disintegration and progressive muscle 
weakness [3]. These findings demonstrate that CASA, which contributes to cellular 
proteostasis, is required for Z-disk maintenance in muscle [3].
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Lipophagy is the selective autophagic degradation of lipid droplets (LDs), a 
eukaryotic intracellular lipid organelle responsible for the storage of triacyclglyc-
erols, cholesterol esters, and retinyl esters [76]. The lipids stored within LDs are 
utilized for the synthesis of macromolecules, lipid membrane components such as 
phospholipids, and, most relevantly, for energy production [76]. Upon energetic 
demand, lipids can be accessed via lipolysis which is the degradation of lipids within 
LDs by cytosolic lipases [76]. Lipophagy is another method for the cell to access LD 
content using one or more cargo adaptors, such as p62 [76]. Lipid accumulation is 
characteristic of a variety of pathologies related to metabolic disorders [76]. Notably, 
lipid storage myopathy (LSM) is a group of clinically heterogenous diseases that 
are characterized by an accumulation of LDs in skeletal muscle, often adjacent to 
the mitochondria [2]. Lipophagy is critical in reducing this accumulation in LSM 
patients [2]. Interestingly, a major consequence of the treatment for insulin resistance, 
such as bariatric surgery, is the disappearance of LDs from skeletal muscle [81, 152, 
168]. While the mechanism behind the reduction in LDs is unknown, it has been 
proposed that p62-mediated lipophagy is responsible for the breakdown of LDs [79]. 

Given the high energetic demands of skeletal muscle tissue, maintenance of mito-
chondrial homeostasis is critical for ATP biogenesis and muscle function [151]. 
Mitophagy, the selective autophagic degradation of mitochondria, helps to maintain 
the mitochondrial pool in muscle cells while releasing a relatively low amount of 
ROS [151]. Upon signs of mitochondrial dysfunction, such as high ROS production, 
loss of membrane potential, or respiratory impairment, mitochondria are targeted for 
degradation within the lysosome [151]. This degradative process is balanced with 
mitochondrial biogenesis, allowing for efficient organelle turnover that maintains 
the metabolic needs of muscle tissue [60, 151]. Thus, forms of selective autophagy, 
including CASA, lipophagy and mitophagy, contribute to muscle maintenance and 
health. 

Autophagy in Muscle Regeneration and Exercise 

Exercise training throughout life has numerous benefits for the body. During exercise, 
cellular remodeling of the muscle tissue is activated to meet the exercise-induced 
elevation in energy demands [153]. This remodeling process involves the synthesis 
of new organelles and proteins to replace cellular components that may have become 
oxidized and damaged during exercise [153]. Specifically, this includes the activation 
of both of the major cellular proteolytic programs: the ubiquitin proteasome and 
autophagy pathways [153]. Autophagy is triggered by metabolic stresses including 
nutrient insufficiency, oxidative stress, and calcium imbalance [98, 123, 153]. These 
stresses are caused inadvertently as by-products of exercise, which may explain why 
exercise triggers autophagy [9, 153]. A singular instance of endurance training can 
change protein turnover markers in a training level-dependent manner [133]. On a 
cellular level, an elevated production of ROS, higher NAD + levels, and a general 
increase in the AMP-to-ATP ratio activate AMP-activated protein kinase (AMPK)
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in response to exercise [18, 54, 153]. AMPK induces autophagy in part by activating 
ULK1, a key player within the autophagy induction complex that is responsible for 
autophagosome formation [72, 153]. 

Interestingly, recent work has shown that the induction of autophagy in response 
to exercise and other forms of stress may proceed in two distinct phases [117, 153]. 
The first phase involves a rapid increase in autophagic flux within minutes or hours of 
exposure to the stressor and is mediated by post-translational protein modifications 
of stress-responsive factors already present within the cell [117]. Contrastingly, the 
second phase is delayed and relies on transcription factors, such as p53, NF-kB, and 
STAT3, that activate transcriptional programs to synthesize stress-responsive factors 
that ensure long-term adaptation to stress [117]. 

Importantly, not only does physical exercise induce autophagy, but autophagy is 
essential to support muscle plasticity in response to exercise as it ensures exercise-
induced metabolic responses and skeletal muscle adaptation to exercise training, 
allowing for an improvement in physical performance [85, 133]. BCL-2, which regu-
lates Beclin 1-dependent autophagy, also controls autophagy induced by exercise [56, 
111]. Mutant Bcl2 mice that are deficient in autophagy activation exhibit impaired 
endurance and glucose metabolism during exercise [56]. These results suggest that 
the beneficial metabolic effects of exercise may be due in part to exercise-induced 
autophagy. Of note, nutritional availability is important as it has direct effects on 
autophagy, and thus exercise-induced autophagy is more evident when exercise is 
performed in a fasted state [133]. 

During acute exercise, the transcriptional coactivator peroxisome proliferator-
activated receptor-γ coactivator-1α (PGC-1α) orchestrates mitochondrial biogenesis 
to aid skeletal muscle energetically [154]. PGC-1α, which regulates muscle oxida-
tive capacity, also promotes exercise-induced autophagy [53]. Additionally, exercise 
increases the phosphorylation of the mitochondrial fission protein DRP1, indicating 
an increase in mitochondrial fission, which triggers mitophagy [63, 146]. Thus, mito-
chondrial biogenesis and muscle homeostasis are balanced by mitochondria and 
protein turnover during exercise. Disruptions in this equilibrium, which is evident 
in muscle disuse and aging, have negative impacts on cellular mitochondrial health 
[60, 73, 93, 151, 169]. 

Autophagy also plays an important role in the regeneration of skeletal muscle 
tissue that follows strenuous exercise or muscle injury, during which damage to 
proteins and organelles occur [17]. Autophagic flux increases during muscle regen-
eration [17]. This indicates that myotubes acquire a higher metabolic capacity as 
they differentiate and suggests that autophagy is required to mediate remodeling 
of the mitochondrial network during regeneration [17, 34, 163]. After injury, two 
phases of mitochondrial remodeling occur: the first phase consists of mitochondrial 
degradation, where mitochondria appear fragmented and there is a clear absence of 
mitochondria around contractile units of the muscle, while the second phase involves 
reorganization of the mitochondrial network, where the network becomes reinstated 
despite the total mitochondrial content still being lower than the pre-injury state [17]. 
As shown in Ulk1 knockout mice, Ulk1 is not only required for mitophagy but also



6 Autophagy in Muscle Stem Cells 147

for mitochondrial remodeling during the maturation phase of regeneration as Ulk1-
deficient mice exhibited delayed mitochondrial remodeling after induced injury [17, 
78]. Despite the importance of autophagy in muscle regeneration, it is also possible 
that autophagy alone does not adequately clear the abundance of damaged proteins 
and organelles which result from muscle damage [16]. This creates an autophagy 
“bottleneck” wherein autophagosomes accumulate in injured skeletal muscle cells 
[16]. This effect is not exclusive to skeletal muscle, as it has also been reported 
in cardiomyocytes [89]. The accumulation of autophagosomes within the tissue 
have been proposed to have a negative effect on satellite cells and their regenerative 
potential and could contribute to muscle pathologies [16]. 

Autophagy in Muscle Health 

Autophagy is under the tight regulation of many signaling pathways in skeletal 
muscle, where it is essential for both energy production and consumption, as well 
as for the clearance of waste products and the turnover of macromolecules [162]. 
Autophagy is critical for maintaining skeletal muscle integrity under physiological 
and stress conditions, as a basal level of autophagy is necessary for muscle home-
ostasis [162]. However, both deficient and excessive autophagy disturb this home-
ostasis which may contribute to cell damage, muscle weakness, and muscle atrophy 
[162]. Moreover, mutations in genes that mediate autophagy underlie several muscle 
pathologies [162]. Thus, autophagy is necessary for muscle health. 

The loss of skeletal muscle throughout the course of aging, known as sarcopenia, 
is well-documented and inevitable [19, 110]. Initially, sarcopenia was thought to 
result from a general decline in the synthesis of proteins alongside an enhance-
ment of protein degradation [19]. Sarcopenia manifests phenotypically as muscle 
fiber atrophy and degeneration, muscle weakness, dysfunctional mitochondria, and 
increased oxidative stress [19, 21]. For this reason, the elderly population experiences 
a lowered quality of life as they are pre-disposed to an increased risk of morbidity, 
disability, and mortality [19, 156]. Interestingly, this degeneration is not attributable 
to the loss of motor neurons in the brain or spinal cord [19, 22, 100]. Rather, during 
aging, the interaction between neuromuscular junctions (NMJs) and myofibers is 
altered, ultimately leading to a loss of muscle innervation [19, 22, 155]. Studies in 
aged mice show that aged NMJs exhibit axonal swelling, sprouting, synaptic detach-
ment, withdrawal of axons from postsynaptic sites, and fragmentation of the postsy-
naptic specialization [155]. Furthermore, autophagy also declines during aging [19]. 
As observed in Atg7−/− autophagy-deficient mice, aged mice show higher levels 
of muscle atrophy, centrally-nucleated fibers, and inflammation when autophagy is 
inhibited [19]. Remarkably, the NMJs of Atg7 knockout mice are more fragmented 
and unstable than age-matched control mice [19]. Atg7 knockout mice also exhibit 
elevated levels of mitochondrial dysfunction and, consequentially, oxidative stress 
[19]. Therefore, autophagy, which declines with age, is required for proper muscle 
and nerve function, and maintenance of the integrity of NMJs [19].
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Mitofusin 2 (MFN2), alongside mitofusin 1 (MFN1), are proteins located at 
the outer mitochondrial membrane that are important mediators of mitochondrial 
dynamics (i.e., fusion and fission), mitochondrial network architecture, and mito-
chondrial metabolism [4, 139]. MFN2 also regulates autophagy, mitophagy, the 
unfolded protein response, oxidative metabolism, and general cell proliferation [28, 
52, 103, 107, 139]. During aging, MFN2 protein expression decreases [139]. Further, 
Mfn2 deficiency in young mice impairs autophagy and reduces mitochondrial quality, 
leading to an aggravated state of premature sarcopenia and metabolic deficiency 
[139]. Similarly, muscle-specific loss of AMPK, which normally activates both 
autophagy and mitophagy, resulted in exacerbated age-related myopathy and mito-
chondrial dysfunction [15]. These studies suggest that inducing autophagy via the 
activation of AMPK may act to prevent mitochondrial disease, hypoglycemia, and 
myopathy during aging [15]. 

Overall, there is a clear contribution between impaired autophagy and the decline 
of skeletal muscle mass and function during aging. For this reason, it is not surprising 
that re-establishing autophagy in muscles is a potential treatment for sarcopenia both 
by pharmacological and exercise-induced modulation [68, 110, 167]. A partial inhi-
bition of mTOR complex 1 (mTORC1), using rapamycin-related drugs known as 
rapalogs, counteracts sarcopenia in rats, as evidenced by an increase in muscle 
mass and fiber cross-sectional area [68]. Moreover, treatment with rapalogs led 
to enhanced levels of autophagy and the downregulation of senescence markers 
p16INK4a and p21CIP1 [68]. Further, exercise-induced autophagy, such as through 
treadmill and resistance exercise, suppressed muscle mass loss, and enhanced mito-
chondrial function and AMPK phosphorylation to better modulate autophagic flux 
[167]. 

Another example that illustrates the importance of a regulated autophagy program 
in muscle health is Pompe’s disease. Pompe’s disease is a highly heterogeneous 
and devastating disorder caused by deficiencies in the GAA gene which encodes 
for alpha-glucosidase, a lysosomal enzyme that breaks down glycogen to glucose 
[122]. Pompe’s disease manifests in both infants and adults, the former being the 
most severe form with symptoms including cardiomegaly, hypotonia, and death by 
cardiorespiratory failure within the first year of life [74, 122]. Pompe’s disease also 
affects the autophagic pathway [122]. Muscle fibers isolated from the knockout 
mouse model of Pompe’s disease exhibit large amounts of autophagic accumulation, 
especially in type II fibers [122]. Enzyme replacement therapy is now available 
to Pompe’s disease patients [122]. It utilizes a recombinant human GAA and has 
allowed infantile patients to survive significantly longer than untreated patients and 
has improved cardiac function [122]. However, only a small percentage of clinical 
trial patients saw improvements in mortality and skeletal muscle function [122]. 
Moreover, Pompe’s disease type II fibers are more therapeutically resistant than 
their wild-type counterparts [120, 122]. Interestingly, and conversely to sarcopenia, 
muscle-specific genetic suppression of autophagy in Pompe’s mice mitigates the 
enhanced presence of autophagosomes that is characteristic of Pompe’s muscle fibers 
[121].
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To conclude, both the excess of autophagy, as is the case in Pompe’s disease, and 
impaired autophagy, which causes a gradual decrease in skeletal muscle mass during 
aging, result in muscle pathology. Thus, maintaining a balanced and homeostatic 
control of autophagy is crucial for skeletal muscle health. 

Autophagy in Muscle Stem Cells 

Muscle satellite cells are key players in maintaining muscle tissue homeostasis and 
facilitating regeneration [124]. These tissue resident stem cells are kept in a quies-
cent state until stimulated by stress or damage to activate, enter the cell cycle, and 
either expand, differentiate, or self-renew [31, 32, 99, 165]. Satellite cells main-
tain their quiescence through cytoprotective and cellular quality control mechanisms 
that inhibit irreversible withdrawal from the cell cycle; these mechanisms are lost in 
advanced age, during which satellite cells switch to a senescence-like state [145]. As a 
result, the number and function of satellite cells decline with age and the regenerative 
capacity of the skeletal muscle is profoundly compromised [13, 62, 119]. 

Homeostatic Maintenance of Muscle Stem Cells 

Satellite cell quiescence is preserved via active regulation of organelle and protein 
homeostasis, implicating basal autophagy as a cellular quality control mechanism 
in satellite stem cells [47]. By enabling the recycling of macromolecules to provide 
energy-rich metabolites as well as eliminate damaged proteins, organelles, and toxic 
compounds, autophagy allows cells and tissues to continually adapt to stress [67, 
92]. Thus, the contribution of autophagy in satellite cells parallels the importance of 
autophagy in muscle tissue, which is essential for maintenance of muscle mass and 
integrity [134]. As autophagic activity declines with age or due to genetic impairment, 
toxic cellular waste accumulates and satellite cell functions are disturbed, accompa-
nied by perturbations in mitochondrial function and ATP production, as well as entry 
into senescence [47, 147]. As with muscle tissue, a critical balance in the levels of 
basal autophagy is essential for satellite stem cell integrity, as excessive autophagy 
can also lead to stem cell defects [38]. 

Transcriptomic analysis of quiescent satellite cells compared to activated satel-
lite cells uncovered that autophagy is the most prevalent pathway during quies-
cence and autophagic genes are downregulated in association with aging [47]. Aged 
satellite cells display common traits of deficient autophagy, including formation 
of p62 aggregates, accumulation of autophagic vesicles, ubiquitin-positive inclu-
sions, and reduced accumulation of LC3-II upon treatment with bafilomycin A1 
(an autophagy-flux inhibitor which prevents lysosomal degradation), which alto-
gether indicate reduced capacity for autophagosome formation [47]. The block in 
autophagic flux increases progressively with age in mice from young (3 months)
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to old (20–24 months) to geriatric (over 28 months) [47]. Geriatric satellite cells 
exhibited increased co-localization of p62 and ubiquitin aggregates in non-degraded 
autophagosomes, thus indicating a block in autophagosome clearance [47]. 

Genetic impairment of autophagy in young mice by specific deletion of Atg7 in 
quiescent satellite cells severely reduced satellite cell numbers, while the remaining 
satellite cells exhibited signs of premature aging such as induction of senescence 
genes p16INK4a, p21CIP1, and p15INK4b, as well as evidence of DNA damage [47]. 
Young Atg7-deficient satellite cells and aged satellite cells shared similar phenotypes, 
including accumulation of mitochondria, lysosomes, and p62 and ubiquitin-positive 
aggregates, and a lower proportion of healthy mitochondria [47]. These results indi-
cate that basal autophagy is required for maintaining satellite cell integrity and fitness 
and to preserve the pool of quiescent satellite cells [47]. Following muscle injury, 
satellite cells from these mice displayed reduced activation and proliferation capacity, 
evidence of cell-intrinsic regenerative failure, as well as accelerated entry into senes-
cence [47]. Thus, the decline in autophagy in satellite cells may underlie the physical 
loss and functional exhaustion of muscle satellite cells associated with aging. These 
findings also implicate defective autophagy as a cause of senescence, rather than a 
consequence arising from senescence. 

In addition, enhanced levels of ROS and mitochondrial dysfunction are a common 
phenotype observed in both geriatric satellite cells as well as Atg7-deficient satel-
lite cells [47]. Notably, ROS inhibition in geriatric satellite cells with Trolox, a 
vitamin E analogue, prevented the induction of senescence markers and induced 
autophagic flux, resulting in a reduction of ubiquitin and p62 aggregates as well as 
mitochondria-ROS colocalization [47]. Moreover, treatment with Trolox restored 
satellite cell expansion, and rescued satellite cell defects in proliferation and 
regenerative capacity [47]. 

The reinstatement of basal autophagy using either genetic or pharmacological 
approaches in geriatric mice reversed senescence in satellite cells and rescued regen-
erative function [47]. Reactivation of autophagy with the mTOR inhibitor rapamycin 
or ectopic expression of Atg7 in geriatric satellite cells prior to transplantation into 
pre-injured muscles of young recipient mice restored their capacity for expansion and 
engraftment and prevented senescence [47]. Of note, similar defects in protein and 
organelle clearance were observed in aged human satellite cells, alongside increased 
ROS levels and markers of senescence [47]. Restoration of autophagy and organelle 
homeostasis in aged human satellite cells with rapamycin was able to rescue cells 
from entering senescence, prevent abnormal mitochondrial content and ROS levels, 
as well as protein aggregation [47]. Thus, inducing autophagy may serve as a ther-
apeutic avenue to improve aged satellite cell function and to prevent age-related 
regenerative decline in muscle. 

Autophagy in Satellite Cells is Under Circadian Regulation 

The day–night oscillation of genes that maintain tissue homeostasis have been 
observed in numerous tissues, suggesting that adult stem cells are subject to circadian
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control [64]. Circadian rhythms segregate cellular functions throughout the 24-h day 
to minimize potential exposure to harmful situations and maximize cellular perfor-
mance and energetic efficiency [64]. Gene ontology analysis of whole transcriptome 
gene expression data from satellite cells revealed that adult quiescent satellite cells 
expressed many transcripts required for homeostasis in an oscillatory manner, such as 
myotube differentiation and cell proliferation [143]. This “rhythmic transcriptome” 
encompasses genes within the transforming growth factor-beta/bone morphogenetic 
protein and fibroblast growth factor signaling pathways, which regulate maintenance 
of satellite cell quiescence and readiness for activation [143]. Additionally, tran-
scripts involved in DNA double-strand break repair, including Rad23a, Ercc4, and 
Xpa, were rhythmically expressed, consistent with previous findings indicating that 
quiescent satellite cells compared to differentiated muscle cells, are more predisposed 
to repairing this type of damage [37, 143]. Intriguingly during aging, the oscillatory 
transcriptome of satellite cells is dramatically reprogrammed [143]. Aged satellite 
cells exhibited a distinct program of oscillatory genes, including those involved in 
mitochondrial DNA repair, cytokine production, and inflammation [143]. 

Interestingly, Solanas et al. found that the expression of key autophagy-related 
genes, including Becn1, Flcn, Atg13, and Svip, was under rhythmic control in adult 
satellite cells [143]. The expression of these genes peaked late at night or early in 
the morning, resulting in higher levels of autophagic activity during the day [143]. 
In comparison, autophagy genes in aged satellite cells were not under circadian 
control and consequently, autophagy levels were significantly reduced throughout 
the day [143]. These findings suggest that aged satellite cells lose their capacity 
to rhythmically recycle damaged cellular components that are produced in the cell. 
Thus, the age-associated loss of rhythmic regulation of autophagy leads to an overall 
decline in autophagy, ultimately impairing the cell’s intracellular quality control 
mechanism to sustain organelle and protein homeostasis, maintain quiescence, and 
preserve stemness [47, 143]. 

Quiescent Satellite Cells Exist in Two Distinct Metabolic States 

Molecules and pathways responsible for regulating cellular energy status and 
metabolism, such as the nutrient sensing mTOR pathway, have been shown to influ-
ence different aspects of stem cell function, including pluripotency, differentiation, 
proliferation, and self-renewal [27, 41, 104, 132]. The downstream targets of these 
metabolic pathways include those relevant to the autophagic process and can act to 
induce autophagy during conditions of increased energetic demand and stress. 

Satellite stem cells within the quiescent state can exist in two functional phases; 
G0 and GAlert [127]. Cells in GAlert are considered to be in an intermediate “alert” 
phase while still in quiescence [127]. Metabolically, these cells have higher mito-
chondrial activity, larger cellular volumes, enhanced differentiation kinetics, and a 
higher propensity to cycle than those in G0 [127]. The mTOR pathway, which inhibits 
autophagy, has been shown to be required for the transition of satellite cells from G0
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to GAlert [127]. Thus, autophagy in this context may contribute to a “deeper” quies-
cent satellite cell, while the transition to Galert requires active mTOR and concomitant 
inhibition of autophagy. 

Contribution of Autophagy in Satellite Cell Activation 

As stem cells activate and exit quiescence, different bioenergetic requirements exist 
during the differentiation process [41]. Quiescent stem cells initiate the activation 
process from a position characterized by low mitochondrial content and activity, 
metabolism, and translation rates. Thus, during activation, stem cells need to fulfill 
a high demand for energy and nutrients in order to support cellular growth [88]. An 
increase in ATP production is associated with progression through G1 of the cell 
cycle as it is necessary to fuel DNA replication and cellular growth processes [41, 
88]. During muscle regeneration, Fiacco and colleagues reported that autophagy is 
induced upon satellite cell activation following injury and that autophagy levels return 
to baseline by the end of the regeneration process [39]. Pharmacological induction of 
autophagy led to enhanced satellite cell activation and proliferation, while inhibiting 
autophagy resulted in impaired satellite cell regenerative capacity [39]. 

Another study by Tang and Rando found that autophagy in satellite cells was 
induced early during the activation process from quiescence [147]. Autophagy levels 
remained elevated during satellite cell proliferation and were subsequently reduced 
during self-renewal [147]. In contrast to the study conducted by Garcia-Prat and 
colleagues, Tang and Rando did not detect basal autophagic flux in quiescent satellite 
cells [47, 147]. Autophagy was detected in more than half of activated satellite 
cells 1.5 days following muscle injury, which increased to over 80% of activated 
satellite cells by 2.5 days post-injury [147]. These results illustrate the increase in 
autophagic flux required during satellite cell activation upon muscle injury in vivo 
[147]. Examination of single myofiber-associated satellite cells ex vivo revealed that 
autophagy was induced early in activated satellite cells prior to the initiation of DNA 
synthesis [147]. 

The inhibition of autophagy through chemical inhibition with either chloroquine, 
3-methyladenine, or siRNA-mediated knockdown of essential autophagy genes Atg5 
and Atg7, resulted in delayed satellite cell activation [147]. Moreover, the ATP content 
was greatly reduced following autophagy inhibition, suggesting that autophagy 
contributes bioenergetic resources to facilitate satellite cell activation [147]. The 
delay in satellite cell activation was partially rescued upon supplementation with 
exogenous sodium pyruvate [147]. Sirtuin-1 (SIRT1), an NAD-dependent deacety-
lase that responds to changes in cellular metabolism, was required for autophagy 
induction during satellite cell activation [147]. In satellite cells, SIRT1 interacts with 
and deacetylates ATG7 [147]. Chemical inhibition of SIRT1 reduced autophagic flux 
and satellite cell-specific deletion of Sirt1 resulted in delayed satellite cell activation 
[147]. Therefore, autophagic flux is upregulated during satellite cell activation to
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meet the necessary metabolic requirements for satellite cells to proceed through the 
myogenic program. 

Autophagy Prevents Apoptosis in Satellite Cells 

Activated cells whose energetic needs are not met by autophagy become susceptible 
to apoptosis, a form of programmed cell death [65]. During cell fate decisions, young 
satellite cells induce autophagy over apoptosis, whereas aged satellite cells are more 
likely to induce apoptosis [65]. Indeed, autophagy and apoptosis have opposing 
correlations related with satellite cell aging. Unlike autophagy that decreases with 
age, apoptosis is increased across the lifespan [137]. When compared with young and 
middle-aged satellite cells, old and geriatric satellite cells displayed enhanced levels 
of cleaved poly(ADP-ribose) polymerase (PARP), a marker of apoptosis, and were 
progressively positive for TUNEL and annexin V labelling [160]. Moreover, young 
and aged satellite cells exhibited differential susceptibility to apoptosis in the absence 
of autophagy [160]. Upon inhibition of autophagy mediated by Atg5 knockdown, 
apoptosis was not induced in young satellite cells, but was increased two-fold in 
geriatric satellite cells resulting in enhanced cell death [160]. Apoptosis induced by 
the suppression of autophagy occurred via the canonical apoptotic pathway, as a pan-
caspase inhibitor was able to prevent cell death and Bcl2 overexpression reduced the 
onset of apoptosis [160]. Moreover, in young satellite cells, Atg5 depletion delayed 
cell proliferation, while geriatric satellite cells failed to proliferate [160]. 

AMPK regulates autophagy and apoptosis in part through its ability to phospho-
rylate the cyclin inhibitor p27Kip1 and has been shown to play an important role in 
satellite cell-mediated muscle regeneration [44, 84, 149]. p27Kip1 can prevent apop-
tosis by inhibiting the activation of Cdk2 and the activity of the pro-apoptotic factor 
BAX [50, 58]. AMPK-dependent phosphorylation of p27Kip1 at Thr198 promotes its 
stability and cytoplasmic translocation, leading to increased autophagy and decreased 
apoptosis [84, 160]. Both AMPK and p27Kip1 phosphorylation were reduced in 
old mice and to a greater extent in geriatric mice [160]. Restoration of AMPK 
activity using the AMP analog, 5-aminoimidazole-4-carboxamide ribonucleotide 
(AICAR) in geriatric satellite cells prevented cell death [160]. Compared to control 
young satellite cells, which exhibited high transplantation efficiency, satellite cells 
in which AMPK activity was genetically suppressed prior to transplantation, showed 
a significant decline in engraftment [160]. In contrast, geriatric satellite cells, which 
displayed inherently poor transplantation efficiency compared to young cells, exhib-
ited improved engraftment upon constitutive activation of AMPK with AICAR 
[160]. AICAR treatment of geriatric satellite cells led to reduced levels of senes-
cence and expression of the senescence genes p16INK4a and p21CIP1 [160]. Thus, the 
AMPK/p27Kip1 signaling axis controls the autophagy/apoptosis balance in satellite 
stem cells, and activating this pathway may improve aged satellite cell function and 
muscle regeneration.
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Satellite Cell Function and Regenerative Capacity 

Calorie restriction is well known to have a positive effect on the lifespan and prevents 
age-related deterioration [61]. Calorie restriction is also a potent inducer of autophagy 
and is a non-genetic and non-chemical method used to stimulate autophagy in 
animal models [6]. Intriguingly, short-term calorie restriction in both young and 
old mice enhanced satellite cell numbers and improved muscle stem cell function 
[20]. Satellite cells from calorie restricted mice exhibited enhanced mitochondrial 
content, suggesting a switch to fatty acid oxidation and oxidative phosphorylation for 
energy production [20]. Moreover, satellite cells from calorie restricted mice exhib-
ited increased expression of SIRT1 and FOXO3, both of which mediate autophagy 
[20]. Importantly, mice maintained on a calorie restricted diet displayed enhanced 
muscle repair in response to injury and improved satellite cell transplantation and 
engraftment efficiency [20]. 

Metformin is a drug that mimics calorie restriction and is used for the treatment of 
type 2 diabetes [159]. Metformin has been shown to activate autophagy through its 
ability to activate AMPK and inhibit mTOR signaling [141]. Treatment of immortal-
ized C2C12 mouse myoblasts with metformin prevented terminal differentiation and 
permanent exit from the cell cycle [113]. In satellite cells, treatment with metformin 
resulted in a delay in satellite cell activation in association with delayed downreg-
ulation of PAX7 and differentiation [112]. Thus, metformin retains satellite cells 
in a more stem-like and pre-differentiation state. Upon muscle injury, metformin 
treatment delayed activation from quiescence [112]. This effect was attributed to 
a reduction in phosphorylation of ribosomal S6 kinase, a downstream target and 
readout of mTOR signaling, indicating an inhibition in mTOR activity and protein 
synthesis [112]. Altogether, these studies indicate that factors mediating metabolism 
and autophagy play an important role in stem cell function and regenerative capacity. 

The Role of mTOR Signaling in Myogenesis 

Upon the presence of an external stimuli, quiescent satellite cells undergo chronolog-
ical stages of myogenesis; they re-enter the cell cycle and give rise to proliferative 
myoblasts, which subsequently differentiate into myocytes, and fuse to form 
myofibers [10]. Adult myogenesis, which relies on PAX7-positive satellite cells, 
recapitulates many mechanisms present during embryonic muscle development [35, 
125]. Both embryonic and adult myogenesis are highly dependent on mTORC1, 
an established regulator of cellular growth [125]. Inactivation of mTORC1 via 
genetic deletion of Raptor (a component of mTORC1) in mouse embryonic muscle 
progenitors impaired muscle development and resulted in perinatal lethality [125]. 
Raptor-deficient embryos exhibited a 50% reduction in Myf5 expression, indicating 
that the inactivation of mTORC1 directly influences the early stages of myogenesis 
[125]. In adult myogenesis, mTORC1 is activated in satellite cells following muscle
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injury and remains high during the proliferative phase of myogenesis [125]. In 
contrast, myocytes and myotubes do not exhibit phosphorylation of ribosomal S6 
kinase, indicating low mTORC1 activity during late myogenesis [125]. Of note, 
mTORC2 appears to be dispensable for myogenesis [125]. Thus, early stages of 
embryonic and adult myogenesis are highly dependent on mTORC1 and inhibiting 
mTORC1 is detrimental to myogenesis [125]. 

Myotonic dystrophy type 1 (DM1) is a neuromuscular disease caused by mutated 
transcripts of the myotonic dystrophy protein kinase harboring expanded CTG 
repeats that results in the formation of nuclear RNA foci and disturb RNA-binding 
proteins [46, 80, 144]. DM1 manifests phenotypically as muscle atrophy and 
decreased skeletal muscle regeneration [46, 80, 144]. Moreover, DM1 satellite cells 
exhibit reduced proliferative capacity and enhanced levels of autophagy, which are 
thought to contribute to the muscle regeneration defect [144]. Intriguingly, satel-
lite cells differentiated from induced pluripotent stem cells obtained from DM1 
patients that were subsequently edited by transcription activator-like effector nucle-
ases (TALENs) to target the CTG repeats showed reduced levels of autophagy, 
increased levels of phosphorylated mTOR, and enhanced cell proliferation rates 
[144]. Accordingly, this rescue in cell proliferation in DM1 TALEN-edited satellite 
cells was abrogated upon treatment with the mTOR inhibitor rapamycin [144]. Thus, 
the proliferation defect in DM1 satellite cells was rescued via the activation of mTOR 
and inhibition of autophagy [8, 144]. 

Coordination of Myogenic Differentiation and p53-Dependent 
Autophagy 

In addition to the temporal coordination of myogenic proteins during differentiation, 
autophagy during myogenesis is also regulated in a differentiation stage-dependent 
manner [10]. While autophagy levels are reduced during myoblast proliferation, 
autophagy is required during the later stages of myogenic differentiation to protect 
myoblasts from apoptosis during differentiation [96]. The onset of autophagy during 
differentiation is mediated by an initial increase in apoptosis, which induces the 
activation of autophagy to subsequently prevent excessive apoptosis [66]. 

Myocytes, which are fully differentiated myoblast-derived cells that have not yet 
undergone fusion, exhibit decreased autophagic flux [42]. In contrast, autophagy is 
required for myocyte fusion. This is evidenced by an increase in the transcript levels 
of autophagy-related genes and positive immunofluorescent staining for autophago-
some and lysosome proteins during fusion [42]. Moreover, when autophagy is genet-
ically inactivated by siRNA silencing of Beclin 1 in vitro, the nuclear fusion index of 
myotubes, a quantifiable readout for myocyte fusion and thus differentiation effi-
ciency, is reduced by 1.7-fold [42]. Accordingly, myotubes, but not myocytes, exhibit 
accumulated levels of autophagic LC3-II in the presence of lysosomal inhibitors 
[42]. Moreover, chemical inhibition of autophagy during differentiation resulted in
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reduced expression of myosin heavy chain and myogenin, which are markers of 
terminal differentiation, and delayed formation of myotubes [96]. 

p53 is a multifaceted protein which can shuffle between both the nucleus and 
cytoplasm to achieve different outcomes [101, 116]. In addition to its role as a 
tumor suppressor gene, it also acts as an activator or inhibitor of autophagy, depen-
dent on its subcellular localization [91, 101, 148]. When p53 is localized to the 
nucleus, it activates autophagy induced by exogenous stress, leading to either a 
pro-death or pro-survival outcome [91, 148]. In contrast, cytoplasmic p53 inhibits 
autophagy induced by ER stress or nutrient deprivation [91, 148]. Myoblasts derived 
from p53 null mice exhibited a reduction in basal autophagy and impaired ability 
to terminally differentiate into myotubes [42]. Moreover, mitochondrial biogenesis, 
which occurs during myogenic differentiation, is impaired in the absence of p53 [42]. 
Thus, p53-mediated autophagy is required for metabolic remodeling and myoblast 
fusion during differentiation [42]. Interestingly, p53 also imposes a quality control 
mechanism during differentiation and is activated upon genotoxic stress [164]. p53 
binds directly to the myogenin promoter to repress myogenin expression and delay 
differentiation [164]. This ultimately protects terminally differentiated muscle cells 
from post-mitotic nuclear abnormalities [164]. Thus, p53-mediated autophagy and 
differentiation contribute to proper myotube fusion. 

Mitophagy is Required for Mitochondrial Biogenesis 
and Myogenesis 

Mitochondrial dynamics and mitophagy also play critical roles in regulating satellite 
cell quiescence and activation [7, 59]. Satellite cell activation is mediated through 
mitochondrial fragmentation, a process that is negatively regulated by the mito-
chondrial fusion protein optic atrophy 1 (OPA1) [7]. Satellite cell specific deletion 
of OPA1 drives quiescent satellite cells into a Galert state [7]. On the other hand, 
satellite cell deletion of the mitochondrial fission protein dynamin-related protein 
1 (DRP1) prevents satellite cell expansion and inhibits muscle regeneration [59]. 
Thus, mitochondrial dynamics play an integral role in controlling satellite stem cell 
fate. During myogenic differentiation, as myoblasts differentiate into myotubes, the 
mitochondrial network is also altered to adapt to different metabolic needs. Mito-
chondria are remodeled during differentiation, including alterations in their abun-
dance, morphology, and functional properties [158]. Additionally, there is a switch 
from glycolysis, which serves as the main energy source for myoblasts, to oxidative 
phosphorylation at the terminal differentiation stage [158]. Thus, remodeling of the 
mitochondrial network, which includes their degradation and biogenesis, is under 
tight regulation to ensure the proper advancement of differentiation [158]. During 
the early stages of myoblast differentiation, an increase in mitochondrial fragmen-
tation and removal of mitochondria via p62/SQSTM1-mediated mitophagy were
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observed [142]. Mitochondria biogenesis is subsequently upregulated via a PGC-
1α-dependent pathway, resulting in a myotube freshly populated with new mito-
chondria that are better primed for oxidative phosphorylation [142]. Additionally, 
CRISPR-Cas9-mediated deletion of Bnip3, a member of the BCL-2 protein family 
that is upregulated during mitophagy and which modulates mitochondrial membrane 
permeability, impairs myoblast differentiation [5]. 

The E3 ubiquitin ligase Parkin is recruited to mitochondria upon the loss of mito-
chondrial membrane potential to initiate mitophagy in several cell types [108]. Inter-
estingly, inducing Parkin-mediated mitophagy by uncoupling mitochondria during 
in vitro myogenesis resulted in excessive mitophagy and myotube atrophy [114]. 
Loss of Parkin function via siRNA-mediated knockdown resulted in impaired mito-
chondrial turnover as well as myotube atrophy [114]. Similarly, Parkin knockout 
mice exhibit enhanced fibrosis and decreased myofiber cross-sectional area following 
cardiotoxin injury, suggesting an impairment in regeneration [36]. In the absence of 
Parkin, satellite cells exhibit reduced differentiation capacity and increased prolifer-
ation [36]. Altogether, these studies indicate that mitophagy is an important contrib-
utor to the myogenic program to support the differentiation process and meet the 
metabolic needs of the tissue. 

Conclusion 

Autophagy is clearly important for muscle health and contributes to the mainte-
nance of the integrity and plasticity of the muscle tissue as well as the regenerative 
capacity and fitness of muscle stem cells. Constitutive basal levels of autophagy 
are important for the homeostatic maintenance of cells and tissues, while induced 
autophagy mediates cellular response to stress and enhanced metabolic requirements. 
Impaired autophagy has detrimental effects on muscle health and is the underlying 
cause of age-related muscle decline and various myopathies including muscular 
dystrophies. Importantly, muscle stem cells, which contribute to both muscle home-
ostasis and muscle regenerative capacity throughout life, are also dependent on a 
dynamic autophagy program (Fig. 6.1). An interplay of metabolic sensing pathways 
that include regulators such as mTOR and AMPK, thus control autophagy to ensure 
that the level of autophagy is finely tuned to the metabolic needs of the satellite cell 
as it transitions through the myogenic differentiation process (Fig. 6.2). Ultimately, 
the ability of satellite cells to contribute to muscle repair and sustain future rounds 
of regeneration is an important determinant of muscle health.
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Fig. 6.1 Dynamic contribution of autophagy during myogenic differentiation. Basal autophagy is 
required to maintain satellite stem cell homeostasis, preserve stemness, and prevent the accumulation 
of factors that can lead to senescence. Quiescent satellite cells in Galert are metabolically distinct 
from G0 satellite cells, and are dependent on mTORC1, which inhibits autophagy. Following a 
regeneration stimulus, autophagy is upregulated in satellite cells to provide sufficient energy to 
facilitate the transition from quiescence to activation. Myoblasts exhibit low autophagic flux, as cells 
prioritize cell proliferation and growth to expand the progenitor population. Myocyte fusion requires 
autophagy for remodeling of the mitochondria network. Finally, mature muscle cells maintain a basal 
level of autophagy to ensure homeostatic maintenance of muscle mass and health
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Fig. 6.2 Nutrient sensing pathways regulate autophagy. Autophagy is regulated by mTOR and 
AMPK protein kinase complexes. mTOR inhibits autophagy and promotes cell growth, while AMPK 
inhibits mTOR and induces autophagy. Compounds that modulate autophagy include rapamycin 
and rapologs that inhibit mTOR, as well as AICAR and metformin that activate AMPK. In muscle 
cells, autophagy inhibits apoptosis and prevents the accumulation of reactive oxygen species (ROS). 
Autophagy also maintains the mitochondrial network and provides metabolic bioenergetic nutrients 
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Chapter 7 
Autophagy in the Intestinal Stem Cells 

Ebru Goncu 

Abstract Intestinal epithelial cells that are exposed to damage caused by the 
contents of the lumen die, and therefore a continuous and rapid turnover takes 
place in the epithelial cells of the digestive tract to maintain optimal function of 
the intestinal epithelium throughout life. Studies in different animal groups have 
shown that this process is mediated by a population of intestinal stem cells (ISC) 
that can self-sustain over extended periods and potentially differentiate into entero-
cytes, goblet cells, enteroendocrine cells, and paneth cells. More than 300 million 
new epithelial cells must be produced per day in the small intestine to compensate 
for the high cell death rate in the villi, so cell losses in the tissue must be balanced 
by the proliferation of stem cells. While the decrease in the intestinal stem cell 
population causes tissue dysfunction, excessive stem cell proliferation may cause 
tumor formation. Autophagy is an evolutionarily conserved pathway that maintains 
cellular homeostasis by degrading long-lived proteins and damaged organelles in 
the cytosol. At basal levels, autophagy removes damaged components that threaten 
cellular homeostasis. It is also a particularly important mechanism that performs 
functions ranging from providing metabolic nutrients to cells under starvation stress 
to defending against microbial attacks. Autophagic mechanisms are highly active 
in ISCs and are critical for the survival and function of these cells. Deficiencies in 
autophagy in intestinal stem cells are associated with various pathological condi-
tions such as ulcerative colitis, Crohn’s disease, and gastrointestinal cancers. Under-
standing the roles of autophagy in the survival, stemness, proliferation, and differ-
entiation processes of intestinal stem cells is important for elucidating the cellular 
mechanisms of gastrointestinal diseases and for the development of new treatment 
options. 
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Abbreviations 

AKT Protein kinase B 
AMPK 5-AMP-activated protein kinase 
Atg Autophagy-related 
Atg16L Atg16-like protein 
Atg5BD Atg5-binding motif 
CCD Helix-coil domain 
CD Crohn’s disease 
CHK1 Checkpoint kinase 1 
EB Enteroblast 
EC Enterocyte 
EE Enteroendocrine 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
ERK Extracellular signal-regulated kinase 
FIP200 Focal adhesion kinase family interacting protein of 200-kDa 
FLNA Filamin A, alpha 
IBD Inflammatory bowel disease 
IM Isolation membrane 
KEAP1 Kelch-like ECH-associated protein 1 
LC3 Microtubule-associated protein light chain 3 
Lgr5 Leu-rich, repeat-containing G protein-coupled receptor 5 
MDP Muramil dipeptide 
mTOR Mammalian target of rapamycin 
mTORC1 Mammalian target of rapamycin (mTOR) complex 1 
NOD2 Nucleotide- oligomerization domain protein 2 
Nrf2 Nuclear factor (erythroid-derived-2)-like 2 
OXPHOS Mitochondrial oxidative phosphorylation 
PE Phosphatidylethanolamine 
PI3K Class III phosphatidylinositol 3-kinase 
Pre-EE Pre-enteroendocrine 
RAB19 Ras-associated binding 19 
Rheb Ras homolog enriched in brain 
ROS Reactive oxygen species 
S6K S6 protein kinase 
SNX Sorting Nexin 
TA Transit-amplifying 
TSC2 Tuberous sclerosis complex 2 
ULK1 Unc-51 like autophagy activating kinase 1 
WD40 WD40 repeat 
WNT Wingless/Int-1 family of proteins
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Introduction 

The intestine is crucial for performing many vital functions throughout life, such as 
food digestion, nutrient absorption, glucose homeostasis, and energy maintenance. 
The intestinal epithelium consists of two distinct parts, the proliferative crypts of 
Lieberkühn and the long projections called villi. Villi are continuous structures that 
feature a mature epithelial cell and contain a single layer of differentiated cells 
that can no longer divide. Differentiated epithelial cells fill the villi and are classified 
according to their function. Enterocytes absorb nutrients, goblet cells secrete a protec-
tive mucus barrier, and enteroendocrine cells produce gastrointestinal hormones [54, 
98]. Paneth cells, on the other hand, are located in the lower part of the proliferation 
chamber and perform two important functions both by joining the stem cell niche 
and by secreting antibacterial peptides [19, 87, 98]. The proliferative compartment 
contains undifferentiated and highly proliferating cells that populate the Lieberkühn 
crypts. The epithelium in this region is responsible for maintaining the enormous cell 
turnover and providing a protective niche for stem cells. Stem cells exist in a niche of 
these epithelial and mesenchymal cells and extracellular substrates that provide an 
optimal microenvironment for their maintenance, proliferation, and differentiation 
[7, 121]. Paneth cells are in close association with stem cells and are an important 
source of several niche factors, including epidermal growth factor (EGF), WNT, 
Wingless/Int-1 family of protein 3A (WNT3A), and Notch ligand [90]. The amount 
of stem cells in the crypt varies from species to species, but ranges make up 0.4–60% 
of the crypt [61] and are capable of self-renewal and differentiation into mature cell 
types to preserve the integrity of the intestinal epithelium [54]. 

The intestinal epithelium is constantly renewed depending on food content, expo-
sure to toxins, and pathogens [40, 77]. Tissue homeostasis in continuously regener-
ating tissues is regulated by the tightly controlled proliferation and differentiation of 
multipotent somatic stem cells, which have the potential to differentiate into different 
cell types of a given tissue. The critical balance between cell production and cell loss 
must be strictly maintained [71]. In mammals, the monolayer intestinal epithelium is 
renewed every 2–5 days [86]. This regeneration process involves rapid and sustained 
proliferation of epithelial stem cells at the base of the crypt, followed by migration 
of these cells along the crypt-villi axis [98]. Both at the normal homeostatic level and 
under stressful conditions, ISC divisions are regulated by multiple signaling path-
ways [5, 38, 54, 65]. The regulatory mechanism at the stem cell level allows stem 
cells to divide sparingly, maintain their long-term potential, rapidly restore tissue 
homeostasis, and repair injured tissues. 

During regeneration, small populations of ISCs at the base of the crypt regularly 
divide to produce highly proliferating progenitors known as transit-amplifying (TA) 
cells. The newly formed TA cells divide 2–3 times and begin to differentiate into 
absorptive or secretory cells as they migrate upward from the base of the villus. 
When differentiated cells exit the crypt, cell proliferation stops, and these epithelial 
cells then continue to migrate upwards through the villi [6]. The Paneth cell cycle
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is the only exception to this rapid self-renewal. These cells are renewed every 3– 
6 weeks by differentiation from specialized secretory cell progenitors that follow a 
downward migration route from the crypt floor [9, 36]. The first identified marker 
for ISCs was the leu-rich, repeat-containing G protein-coupled receptor 5 (Lgr5). 
This receptor has been identified as a WNT target gene that is selectively expressed 
at the base of adult intestinal crypts. Stem cell-specific expression of Lgr5 has been 
confirmed using mouse models [60]. To maintain intestinal homeostasis throughout 
life, the functional and genomic integrity of Lgr5+ ISCs must be maintained under 
different stress conditions such as infection, physical or chemical stress. Thus, there 
are unique mechanisms to ensure the protection and survival of these cells [96]. The 
fate of adult stem cells depends on several factors such as growth factors, cellular 
niche, metabolic pathways, calcium homeostasis, and autophagy [15]. Growth factors 
are essential signaling molecules that support the proliferation and differentiation of 
adult stem cells. These factors regulate cell–cell contacts and cell–matrix adhesions 
to create a microenvironment that regulates the survival and fate of stem cells [10]. 

Autophagy is a catabolic process involved in the destruction of cells’ own intracel-
lular proteins, lipids, and organelles [66]. Autophagy-mediated recycling of cellular 
components is a critical process in cellular homeostasis and tissue remodeling during 
development [14]. Three basic types of autophagy have been identified in mammalian 
cells: microautophagy, chaperone-mediated autophagy, and macroautophagy [78]. 
The common form of autophagy is macroautophagy and an evolutionarily highly 
conserved catabolic mechanism involved in various physiological processes regu-
lated by cellular signaling pathways, including normal development, growth, and 
immunity. 

More than 30 autophagy-related (Atg) genes have been identified in yeast and 
these genes have also been shown to be evolutionarily conserved in many species. The 
proteins encoded by these genes form a series of complexes that participate in distinct 
stages of the autophagic process, including induction of autophagy, autophagosome 
formation, and autophagosome-lysosome fusion [74, 102]. Autophagy induction is 
regulated by the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) 
[102]. Under starvation conditions, after inhibition of mTORC1, autophagy is acti-
vated by the formation of the ULK complex, which includes Atg13, Unc-51 like 
autophagy activating kinase 1 (ULK1), an interacting protein of the focal adhesion 
kinase family (FIP200) and Atg101. In addition, 5-AMP-activated protein kinase 
(AMPK) is involved in autophagy activation by suppressing mTOR [37]. Class III 
phosphatidylinositol 3-kinase (PI3K) complex I migrates to the endoplasmic retic-
ulum (ER) after the formation of the ULK complex. ULK and PI3K complexes 
promote nucleation of the isolation membrane (IM) to initiate autophagosome forma-
tion. Atg9 is recruited to the IM by the ULK complex to perform its function to 
transport membrane components used for IM expansion. Next, two ubiquitin-like 
conjugation systems, the Atg12 conjugation system (Atg12-Atg5-Atg16) and the 
microtubule-associated protein light chain 3 (LC3) system, allow the IM to expand 
and mature to form autophagosome [26]. Later, the mature autophagosome fuses with
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lysosomes or endosomes to form the autolysosome. The contents of the autophago-
some are digested by lysosomal enzymes and the resulting components are returned 
to the cytoplasm for reuse [102]. 

Autophagy has important roles in maintaining homeostasis and in disease 
processes, including metabolic diseases, cancer, and autoimmune diseases [46, 114, 
115]. There are numerous studies on the role of autophagy in embryogenesis and 
development, as deletion of various Atg genes results in typical phenotypes or death 
[1]. Furthermore, autophagy interacts with important developmental pathways regu-
lated by signals such as Wnt, Sonic hedgehog, transforming growth factor-b, and 
fibroblast growth factor [41, 47, 59, 119]. These findings suggest that autophagy 
may regulate cell fate decisions such as differentiation and proliferation. 

A growing number of studies in recent years have shown that autophagy plays an 
important role in maintaining homeostasis in both embryonic stem cells and adult 
stem cells under physiological conditions [14, 29]. The contribution of autophagy 
to the maintenance, proliferation, and differentiation of stem cells has been studied 
in a variety of adult stem cell types, including ISCs. Autophagic mechanisms are 
highly active in ISC and are critical for the survival and function of these cells, 
as well as in the initiation and progression of pathologies that occur in the gut [3, 
96]. In conclusion, understanding the role of autophagy in maintaining intestinal 
homeostasis in stem cells will make an important contribution to the understanding 
of the pathogenesis of intestinal diseases and the development of treatment strategies. 

The Role of Autophagy in Intestinal Stem Cell Maintenance 
and Proliferation 

Maintaining the survival and functionality of stem cells is a requirement for the 
remaining life of the organism. Therefore, functional quality control of stem cells is 
critical. Because the cellular transformation in the intestinal tissue is rapid, tightly 
controlling the transition between the dormant and active states of the ISC is espe-
cially important in terms of maintaining the dormant state of the stem cells and 
allowing them to re-enter the cell cycle when necessary [81, 99]. Increasing evidence 
suggests that autophagy has a vital role in maintaining stem cell function through 
simultaneous regulation of cell remodeling and metabolism, while also serving as 
an essential quality control mechanism [24]. In addition, autophagy is important in 
regulating the mitochondrial quality of stem cells, protecting them from oxidative 
damage, regulating energy homeostasis, maintaining differentiation potential, and 
controlling proliferation [12, 51]. 

Extensive studies on various stem cells show that their differentiated progeny have 
different metabolic requirements [97]. Similarly, ISCs must efficiently adapt their 
metabolism to meet the energy demands of division and differentiation. The presence 
of a significantly broad mitochondrial network and high mitochondrial membrane 
potential in ISCs suggests that they meet their energy requirements via oxidative
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phosphorylation and electron transport chain. Metabolic analysis of adult intestinal 
Lgr5+ ISCs and Paneth cells revealed the importance of glycolysis in Paneth cells 
and mitochondrial oxidation in ISCs in energy metabolism [83]. The study showed 
that Paneth cells create a metabolic niche to produce lactate, which is converted 
to pyruvate in ISCs and fuels mitochondrial oxidative phosphorylation (OXPHOS) 
during homeostasis. In addition to Paneth cells, lactate can also be produced by 
the microbiota to support ISC proliferation [23]. During mitochondrial OXPHOS, 
besides energy, reactive oxygen species (ROS) are also produced as a by-product. 
Small amounts of mitochondria-derived reactive ROS are required for ISC main-
tenance, proliferation, and differentiation, but excessive ROS production can cause 
oxidative stress, cellular dysfunction, and p53-mediated ISC death [57]. 

Studies have shown that autophagy reduces excess reactive oxygen species for 
the maintenance of ISC. Reducing ROS levels helps maintain the viability of ISCs, 
thereby providing a positive effect on epithelial regeneration because of sudden 
stress conditions such as infection, exposure to food toxins, nutritional factors, and 
xenobiotics [55]. In mouse intestinal epithelium, specific deletion of the autophagy-
related gene Atg5 in Lgr5 ISCs was found to result in increased intracellular ROS 
and decreased ISC number [3]. Atg5 is involved in the early stages of autophagosome 
formation by playing a role in conjugation with Atg12 and the lipidation processes 
of Atg8 (LC3) (Fig. 7.1a). It has been determined to be an important gene, especially 
for development, cell differentiation, maintenance of homeostasis, and regulation of 
immunity [112]. Given that the primary source of intracellular ROS is mitochondria, 
the autophagy defect resulting from the absence of Atg5 has also resulted in various 
cellular dysfunctions associated with the accumulation of damaged mitochondria in 
the ISC [3, 122].

It has also been determined that the guts of these mice have reduced regeneration 
capacity after an injury, due to a lack of intrinsic autophagy in ISCs. In the intestines 
of Atg5-deficient mice, impaired gut regeneration following irradiation has been 
associated with the accumulation of dysfunctional mitochondria and increasing ROS 
levels due to insufficient autophagy in ISCs [3]. The results showed that functional 
autophagy in cells can limit the amount of ROS produced through the removal of 
damaged mitochondria and maintain cellular homeostasis (Fig. 7.1b). 

In addition to all these effects, loss of autophagy function may disrupt cellular 
energy homeostasis, resulting in impaired cellular energy production and decreased 
cell proliferation. 

The role of autophagy in maintaining intestinal stem cells has also been demon-
strated by the function of another autophagy-related gene, Atg7. In different Atg7-
focused studies, autophagy defects have been reported to occur in Atg7-deficient cells 
[17, 49, 105]. Atg7 is a protein involved in autophagosome formation and expan-
sion. The phagophore membrane formed during autophagy is enriched with phos-
phatidylethanolamine (PE), a phospholipid reported to positively regulate autophagic 
activity [82]. PE acts as an anchor for the recruitment of cytosolic Atg8 to the formed 
phagophore membrane. Lipidation of Atg8 with PE is a multistep process driven by 
the E1-like enzymatic activity of homodimeric Atg7. Atg8 is first processed by 
Atg4, a cysteine protease, to expose a glycine residue at its C-terminus. C-terminal
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Fig. 7.1 ATG5 plays a role in the expansion of the autophagosome membrane by forming a complex 
with ATG 12 and ATG16 (a) and ATG 5 deficiency causes reduced ISC number (b)

processed Atg8 is then activated by Atg7 via adenylation and transferred to Atg3 
to be conjugated with PE. After lipidation, Atg8 localizes to both inner and outer 
autophagosomal membranes and is subsequently degraded by autolysosome forma-
tion. Atg7 is also involved in a second autophagy conjugation reaction that promotes 
Atg8 lipidation. During this reaction, Atg12 is adenylated by Atg7, then transferred 
to Atg5 via the E2-like enzyme Atg10, producing Atg5-Atg12 conjugates (Fig. 7.2). 
The resulting complex localizes only to the outer autophagosomal membrane and 
leaves the membrane before autophagosome closure. Atg5–Atg12 promotes lipida-
tion of the complex Atg8, which forms a complex with Atg16L [26]. Studies have 
shown that deletion of Atg7 prevents Atg8 lipidation [42, 53].

Changes in ISCs because of Atg7 deficiency have revealed both autophagy-
independent and autophagy-related roles of the gene [96]. Increasing evidence 
for Atg proteins suggests that they may have functions that do not overlap with 
autophagy, including apoptosis, modulation of cell trafficking, protein secretion, 
transcription, translation, and membrane reorganization [25, 92]. Disruptions in DNA 
repair responses of Lgr5+ ISCs have been reported in Atg7-deficient mice, in contrast 
to differentiated cells and TA progenitors. The long-term presence of stem cells in 
tissues increases the risk of accumulation of mutations in these cells. Therefore, it 
has been suggested that the capacity of stem cells to repair DNA or to resist elimi-
nation when damaged may be greater than that of other cells [103]. Independent of 
its function in autophagy, Atg7 has been reported to regulate p53 activity to ensure 
cell survival by regulating the cell cycle during metabolic stress [52]. It has been 
shown that p53 activation, which occurs because of Atg7 deficiency changing the 
DNA repair mechanism, functions as a protection against the negative effects of
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Fig. 7.2 ATG7 plays a role in both the Atg5–ATG12 conjugation system and the ATG8 lipidation 
process during the expansion and maturation process of the autophagosome

Atg7 inhibition. Subsequent DNA repair processes maintain intestinal homeostasis 
by protecting Lgr5+ ISC. Increased p53 activation induced by Atg7 deficiency may 
also contribute to tumor suppression, whereas loss of p53 promotes DNA damage 
and tumorigenesis in Atg7-deficient Lgr5+ ISC. These results revealed that Atg7 acts 
in conjunction with p53 to maintain Lgr5+ ISC integrity, independent of its function 
in autophagy [96]. 

It has been determined that the autophagy pathway also plays a key role in main-
taining the genomic integrity of Lgr5+ ISC by regulating DNA repair pathways. 
In vitro studies suggest that autophagy can directly control DNA damage repair by 
increasing proteasomal degradation of proteins that mediate homologous recombi-
nation repair, such as checkpoint kinase 1 (CHK1), RAD51, and filamin A, alpha 
(FLNA). It has been shown that loss of Atg7 increases double-strand break formation 
and apoptosis in Lgr5 + ISC, but activation of autophagy induced after 24 h of star-
vation re-increases the DNA repair capacity of Lgr5 + ISC and reduces apoptosis in 
these cells. Autophagy provides DNA damage repair pathways to cells in this process 
[96]. 

Oxidative stress causes aging and death by preventing the proliferation of cells 
[22]. In contrast to differentiated cells and TA progenitors, Atg7-deficient mice have 
been reported to cause a defective antioxidant response in Lgr5 + ISCs, resulting 
in the accumulation of both mitochondrial superoxide and cytoplasmic ROS in stem 
cells. Excessive production of ROS and DNA damage in the absence of Atg 7 resulted 
in the accumulation of cytotoxic damage and death of cells by p53-mediated apop-
tosis. The fact that autophagy is an important mechanism for the maintenance of 
intestinal stem cells by reducing excess reactive oxygen species is also supported by 
the protective role of nuclear factor (erythroid-derived-2)-like 2 (NRF2) in Atg 7-
deficient ISCs [3, 110]. It is thought that NRF2 provides adaptive protection against 
oxidative and proteotoxic stress in cells and plays a role in maintaining cellular home-
ostasis [93]. Under normal conditions, the proteasome pathway degrades NRF2, the
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master regulator of the antioxidant defense system, via an E3 ubiquitin ligase Kelch-
like ECH-associated protein 1 (KEAP1) [45]. An increase in ROS causes the release 
of NRF2 from KEAP1, resulting in the upregulation of the expression of several 
antioxidant genes. It was determined that NRF2 is specifically induced as a result 
of autophagy deficiency, is involved in the regulation of the autophagic process in 
response to the oxidative stress level, and functions in a feedback loop together with 
AMPK [44]. The protective function of NRF2 has been reported to be essential for the 
survival of mice with loss of Atg7. Because both Atg7 and NRF2 deficiency caused 
mice to die rapidly due to damage in the small intestine [111]. All these results 
demonstrate the critical importance of autophagy for the protection of ISCs from 
oxidative damage and the roles of Atg7 in maintaining robust antioxidant defenses 
and DNA repair to minimize the effects of intrinsic and environmental stresses on 
ISC homeostasis [96]. Demonstration of the role of NRF2 in maintaining stem cell 
viability in ATG7 loss [111] reveals its compensatory effect against autophagy loss 
[110]. It has also been determined that NRF2 provides a resistance mechanism in 
cancer cells whose essential autophagy genes have been deleted [95]. In conclusion, 
NRF2 limits ISC damage as a result of autophagy inhibition [110]. 

It has also been shown that the death of Atg7-deficient intestinal stem cells is 
dependent on the microbiota. The microbiota functions as an exogenous source of 
ROS, and excessive ROS production has also been shown to be responsible for 
stem cell death [43]. Paneth cell defects associated with Atg7 loss have not been 
found to affect the niche function of these cells but contribute to apoptosis of Lgr5 
+ ISC through an antimicrobial defense defect, indicating close links between the 
microbiota, Atg7, and Lgr5 + ISC. Treatment of these mice with broad-spectrum 
antibiotics reduces DNA damage and increases the survival rates of stem cells. It 
has been suggested that the production and secretion of an antimicrobial peptide 
thought to be involved in the direct interaction between bacteria and stem cells is 
impaired in Atg7 deficiency, and therefore, the microbiota may also contribute to 
the accumulation of intrinsic stress in Atg7-deficient stem cells. Muramil dipeptide 
(MDP) is an immunoreactive peptide located in the peptidoglycan motif encoding the 
“building blocks” of the bacterial cell wall and providing cytoprotective effects on 
stem cells by directly interacting with the autophagy mechanism through its intra-
cellular receptor, nucleotide- oligomerization domain protein 2 (NOD2). Survival 
rates after delivery of MDP to Atg7-deficient organoids suggest that post-treatment 
autophagy may mediate the cytoprotective response involved in stem cells’ response 
to certain microbial signals and function as an important protective mechanism [96]. 
The changes that occurred in Atg7-deficient ISCs are summarized in Fig. 7.3. All  
these results demonstrate the critical importance of autophagy for the protection of 
ISCs from oxidative damage and the roles of Atg7 to minimize the effects of intrinsic 
and environmental stresses on ISC homeostasis [96].

The function of the MDP-NOD2 signaling pathway in connection with autophagy 
in intestinal stem cells has also been demonstrated in a study by Levy et al. [55]. 
NOD2 has been identified as a component of the innate, nuclear factor-kB (NF-
κB)-dependent, proinflammatory immune response against bacterial pathogens in 
immune cells such as macrophages and dendritic cells. In specific immune cell types
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Fig. 7.3 Atg7 deficiency causes abnormalities in intestinal stem cells in diverse ways

such as dendritic cells, NOD2-mediated MDP can initiate autophagy [18]. Modu-
lation of stem cell viability by MDP, including the NOD2 pathway, is crucial for 
the cytoprotective process associated with ROS production [55, 101]. Similarly, this 
signaling pathway plays a cytoprotective role in ISCs that express high levels of 
NOD2 transcripts [73]. MDP can activate many immunological signaling pathways 
through specific interaction with NOD2. This results in the activation of NF-κB 
a ubiquitous transcription factor that induces the expression of proinflammatory 
cytokines [76]. In the study by Levy et al. [55], they have determined that the MDP-
NOD2 signaling pathway interacts with the autophagy-related protein Atg16L1 in 
ISCs. 

Atg16 is an autophagy-related protein identified through its association with the 
autophagy protein Atg5. In the process of autophagy, Atg5 is covalently conjugated 
to Atg12, and the complex interacts with Atg16. Atg16 is required for the localization 
of the complex to the pre-autophagosome structure, where Atg8 catalyzes its lipi-
dation (Fig. 7.2). The Atg16 protein identified in yeast weighs 17 kDa and consists 
of an Atg5-binding domain and a helix-helix domain. It has been determined that 
the genomes of higher eukaryotes encode larger proteins weighing 55–68 kDa and 
show weak homology with yeast Atg16 at their N-terminus. For this reason, they are 
called Atg16-like proteins (Atg16L) in mammals. Mammalian genomes encode two 
Atg16L proteins, designated Atg16L1 and Atg16L2. Atg16L1 is a core autophagy 
protein that targets the Atg5-Atg12 conjugate to the phagophore and interacts with 
Atg5-Atg12 to form a large multimeric complex that facilitates the conjugation of 
Atg8 proteins to PE [109]. The mammalian homolog of Atg16 was first cloned in mice 
in 2003, data from studies investigating its roles in cellular homeostasis, and the iden-
tification of a Crohn’s disease susceptibility variant of its human homolog, Atg16L1, 
in 2007, have increased interest in this protein. Atg16L1 has been shown to have a 
central role in blocking NF-κB activity and stimulating mitophagy, which selectively
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removes mitochondria [63]. Findings demonstrated that activation of autophagy is 
involved in the MDP-NOD2 cytoprotection pathway and reduces mitochondrial ROS 
production in ISCs via Atg16L1 (Fig. 7.4a). The low survival rates of intestinal 
crypt organoids containing Atg16L1-deficient ISCs revealed the contribution of this 
process to stem cell homeostasis. The importance of MDP in ISC viability in relation 
to autophagy was demonstrated in another study. In this study, the use of MDP after 
irradiation in mice was found to have beneficial effects on autophagy in vivo and 
in vitro. MDP application caused an increase in the viability of stem cells and a 
decrease in the amount of active caspase 3 and mitochondria [62]. 

Slit proteins are highly conserved, secreted glycoproteins that mediate their func-
tion by binding to transmembrane receptors known as Robo-receptors and play a role 
in autophagy in intestinal stem cells [11, 108]. Slit/Robo signaling was first identified 
as an extracellular signature to direct axon guidance, promote axon branching, and 
control neuronal migration. Many reports have suggested that, in addition to axon 
guidance, the Slit/Robo pathway is involved in developmental processes and the regu-
lation of various physiological processes. An abnormal Slit/Robo expression in cells 
can lead to cancer development, progression, and metastasis [94]. Intestinal stem 
cells have been found to express Slit2 and its single-pass type I membrane surface 
receptor Robo1 [120]. It has been determined that ISCs retain their self-renewal func-
tions after sodium sulfate treatment in mice with Slit2 overexpression but reduce ISCs 
in partial Robo1/2 knockout mice. In the analysis of the molecular mechanism of 
this situation, it has been reported that in the presence of Slit2 overexpression, a 
normal autophagy process can occur with a small amount of p62 protein accumula-
tion, while partial Robo1/2 degradation reduces autophagy and causes intense p62

Fig. 7.4 Two different signaling pathways, the MDP-NOD2 (a) and Slit-Robo (b), are involved 
in the regulation of autophagy in ISCs. The MDP-NOD2 signaling pathway induces autophagy 
in ISCs through Atg16L1 (a). ROBO1 deficiency causes p62 accumulation due to inhibition of 
autophagy in ISC (b) 
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accumulation [109]. An autophagy substrate used as a marker of autophagy activity, 
p62 plays a crucial role in targeting ubiquitin-modified proteins to the proteasome or 
autophagic machinery. Activation of autophagy typically decreases protein expres-
sion of p62/SQSTM1, while pharmacological or genetic inhibition of autophagy 
increases intracellular p62/SQSTM1 levels [85]. All these results demonstrated that 
autophagy plays a significant role in maintaining Lgr5 + stem cell proliferation 
through Slit2/Robo1 signaling in ISCs (Fig. 7.4b). 

Changes in nutrient availability and their effect on mTOR activity may play a 
role in ISC proliferation. During the aging process in mice, the number of crypt and 
TA cells decreases due to increased mTOR activation. It has been determined that 
inhibition of mTOR provides partial maintenance of crypt numbers and proliferating 
cells [32]. In experiments with caloric restriction in mice, an increase in ISCs and 
Paneth cell numbers was observed. It has been suggested that the reason for this is 
the increase in cyclic ADP ribose production, which stimulates ISC proliferation, in 
Paneth cells, due to mTORC1 inhibition [113]. Given that ISCs are affected by both 
mitochondrial functions and nutrient availability, autophagy is likely to affect their 
metabolic state. 

Role of Autophagy in Intestinal Stem Cell Differentiation 

In addition to acting as a quality control mechanism in differentiated cells, autophagy 
has also been shown to participate in differentiation as a cell remodeling mechanism 
that promotes morphological and structural changes in stem cells. In the differentia-
tion process of stem cells, autophagy enables cell remodeling by removing unneeded 
cell components and structures and is therefore a necessary alteration factor in cell 
phenotype in the process of cell differentiation [64, 80]. 

Few studies demonstrated the role of autophagy in the differentiation process of 
intestinal stem cells. In one of these studies, it was determined that the ISCs of mice 
with Atg16L1 defects undergo an abnormal differentiation process due to exces-
sive Notch signaling. It is known that the Notch signal has a very important role 
from embryogenesis to adulthood. Notch receptors and ligands are both transmem-
brane proteins. The maturation and activation of Notch require a series of prote-
olytic cleavage steps [50]. Notch signaling in the intestinal stem cell population 
is essential for the maintenance of the normal architecture of the intestinal epithe-
lium [21]. Atg16L1-deficient mice showed impaired notch signaling compared to 
their normal counterparts, with a dramatic reduction in villus length associated with 
abnormal stem cell differentiation (Fig. 7.5). It has been demonstrated that high Notch 
levels in Atg16L1-deficient mice occur due to impaired autophagic degradation of 
Notch1, and that over-activated Notch signaling causes a developmental abnormality 
in intestinal villi [107].
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Fig. 7.5 ATG16L1 is 
involved in ISC 
differentiation 

Insects as Model Organisms in Autophagy Studies 
in Intestinal Stem Cells 

Insects, especially Drosophila melanogaster, are frequently used as model organisms 
in studies on the biology of intestinal stem cells. In Drosophila, intestinal homeostasis 
is maintained as in mammals by tightly controlled ISC proliferation and differentia-
tion [38, 56]. Intestinal stem cells in Drosophila first produce progenitor cells called 
enteroblasts (EBs). Enteroblasts differentiate into enteroendocrine (EE) or enterocyte 
(EC) cell types without further division. Drosophila EE cells perform the functions 
of both EE and Paneth cells of humans [35]. 

In a study in the midgut of Drosophila, the autophagy-related protein Atg16 was 
determined to have a role in the differentiation of enteroendocrine cells from ISCs 
in association with the Slit/Robo pathway involved in developmental events [70]. 
Later studies in mice revealed the existence of a similar regulatory mechanism in 
mammalian intestinal stem cells [108]. Slit/Robo signaling has been identified as a 
key regulator of EE cell differentiation under homeostatic conditions in Drosophila. 
Fully differentiated EE cells secrete Slit, which acts on its receptor Robo2 expressed 
by both ISCs and differentiating precursor cells [8, 116]. Robo signaling in intestinal 
stem cells is also associated with Prospero, an evolutionarily conserved transcription 
factor and homeodomain-related protein with double subcellular localization that is 
involved in initiating the differentiation of progenitors in various tissues [16]. Acti-
vation of Robo signaling represses the homeodomain transcription factor, Prospero, 
leading to differentiation of EBs into ECs rather than EE cells (Fig. 7.6).

In the absence of Slit-Robo signaling, Ras-associated binding 19 (RAB19) protein 
can bind directly to Atg16 to promote gut secretory cell differentiation in Drosophila. 
The RAB family of small GTPases are master regulators of protein and lipid uptake
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Fig. 7.6 Atg16 is involved in the differentiation process of ISCs into enteroendocrine cells in 
Drosophila

into cell locations at precise times. With this negative feedback loop, the number 
of mature EE cells in the gut is tightly controlled. The autophagy-related protein 
Atg16 usually contains 3 key domains. These are an Atg5-binding motif (Atg5BD), 
a helix-coil domain (CCD), and a WD repeat (WD40) domain. It has been determined 
that both Atg5BD and CCD are required for starvation-induced autophagy, but the 
WD40 domain mediates protein–protein interactions [75]. Pre-enteroendocrine (pre-
EE) cells expressing Atg16 or mutant RAB19 lacking the WD40 domain have failed 
to differentiate into functional EE cells and accumulated in the gut of Drosophila. 
It has been shown that loss of Atg16 or its binding partner RAB19 affects their 
differentiation by impairing slit production in pre-enteroendocrine cells, and the 
function of Atg16 in this process is independent of autophagy [70]. 

In recent years, Drosophila has also been used as a model organism in under-
standing the biology of the aging process and in studies related to diseases such as 
cancer, which are more common with age. Diseases such as tissue aging and cancer 
are associated with age-related changes in adult stem cells [33]. Metformin, a widely 
used drug for type 2 diabetes, has an anti-aging effect [67] and inhibits age and oxida-
tive stress-related ISC abnormalities by suppressing the protein kinase B (AKT)/TOR 
pathway [39]. In a study investigating the effect of metformin on the aging-related 
phenotype of Drosophila ISC, it was shown that the drug inhibits the aging-related 
phenotype, but Atg6 is required for this effect [69]. The autophagy-related gene 
Atg6 (Autophagy-related gene 6 in mammals, Beclin1) is an essential component of 
endosome formation and has a crucial role in both autophagy and endocytosis. Loss 
of Atg6/Beclin1 is common in human breast, ovarian, and prostate cancer [13]. 

Atg6 and other autophagy-related genes are negatively regulated by the AKT/TOR 
pathway [100]. Allelic loss of Beclin1 is associated with activation of the DNA 
damage response in vitro. It has been determined that autophagy also prevents DNA 
damage in stem cells in the Drosophila gut [71]. Atg6 deletion in ISC induces ISC 
senescence phenotypes such as hyperproliferation, centrosome amplification, and
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DNA damage accumulation, whereas EB-specific Atg6 depletion has no effect [69]. 
DNA damage has been shown to cause cell cycle arrest in these cells due to defective 
progression of the S-phase, which can ultimately lead to apoptotic elimination of cells 
[79]. Since the role of Atg6 in the maintenance of oxidative stress is known [106], cell 
cycle arrest and subsequent apoptosis as a result of autophagy inhibition resulting 
from Atg6 deficiency is likely the result of DNA damage resulting from excessive 
ROS production by unhealthy mitochondria [71]. Accumulation of CHK2, a kinase 
activated by DNA damage, in the nuclei of Atg6 knockout ISCs can also cause 
cell cycle arrest and apoptosis after the loss of autophagy. Loss of CHK2 has been 
reported to cause hyperproliferation of both normal and autophagy-deficient ISCs 
(Fig. 7.7). In addition, studies in mammals have reported that the anti-proliferative 
effect of metformin is partially or completely dependent on autophagy, and metformin 
stimulates Beclin1-triggered autophagy [58]. 

The scientists obtained important data to understand how autophagy regulates 
ISC behavior by manipulating autophagy-related genes in the Drosophila intestinal 
epithelium. In Drosophila ISC, for example, Atg1 activity has been determined to 
be required for the suppression of tumor-like hyperproliferation. Depletion of other 
autophagy-related genes, Atg5 and Atg14, was found to suppress ISC proliferation 
and differentiation [117]. These results suggest that autophagy-related genes are crit-
ical for ISC integrity. In addition, loss of UVRAG, which plays a role in autophago-
some formation, has been reported to induce intestinal dysplasia independent of 
autophagy due to the defect in endocytic function [72]. 

Research has also been done on the role of autophagy in the division processes of 
stem cells in the Drosophila midgut. Sorting Nexins (SNX) are a conserved class of 
phospholipid-binding proteins and regulate a variety of intracellular membrane traf-
ficking events. The Drosophila genome, SH3PX1, and its human ortholog, SNX18,

Fig. 7.7 Loss of Atg6 causes death of ISCs in different ways 
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have been shown to bind to PI(4,5)P2-containing endosomal membranes, form 
tubules and promote autophagosome formation [48]. Loss of SH3PX1 resulted 
in a dramatic increase in the proliferation of ISC. It has been determined that 
the epidermal growth factor receptor (EGFR)/ extracellular signal-regulated kinase 
(ERK) signaling pathway, which is an important cellular signaling pathway that 
regulates cell proliferation, differentiation, cell cycle, and migration, is directly acti-
vated by the loss of SH3PX1 function. Inhibition of this signaling pathway signifi-
cantly blocked proliferation in ISCs. Under normal conditions, EGFR signaling in 
intestinal stem cells is kept low in ISCs through autophagy, contributing to the balance 
between ISC division rates. Upon disruption of autophagy as a result of SH3PX1 loss, 
enhanced cell-autonomous EGFR signaling increases ISC proliferation and results 
in hyperplasia [117] (Fig. 7.8a). 

The role of TOR kinase, which is the main regulator of cell growth and an inhibitor 
of autophagy, has been demonstrated in Drosophila midgut stem cells [2, 91]. Ras 
homolog enriched in brain (Rheb) plays an important role in insulin/TOR/ signaling 
and regulates cell growth and cell cycle progression [4]. Rheb has been shown to 
interact with and activates TOR in vitro [89]. Overexpression of the TOR activator 
Rheb in flies has been reported to lead to loss of intestinal integrity and premature 
death (Fig. 7.8b). In addition, loss of the Rheb inhibitor tuberous sclerosis complex 2 
(TSC2) impairs ISC maintenance and intestinal tissue homeostasis via TOR. Another 
study in Drosophila showed that loss of Atg9 and other autophagy-related proteins

Fig. 7.8 SH3PX1-mediated 
autophagy controls stem cell 
proliferation (a) and  
excessive TOR activation 
reduces the number and 
function of ISC then causes 
abnormal intestinal structure 
(b) in  Drosophila 



7 Autophagy in the Intestinal Stem Cells 185

resulted in increased Tor signaling and abnormally enlarged IECs, but no change in 
cell numbers. In contrast inhibition of TOR by rapamycin and consequent stimulation 
of autophagy reverses this phenotype [104]. Age-related reduction in both number 
and function in ISCs has been determined to be associated with TOR and autophagy. 
In Drosophila, it has been shown that autophagy induced in aged ISCs can partially 
alleviate impaired protein homeostasis [84]. 

In addition to Drosophila melanogaster, the silkworm Bombyx mori is another 
insect species that is frequently used as a model organism in physiology studies. 
During larval-pupal metamorphosis, the Bombyx mori midgut undergoes a remod-
eling process. In this process, while the larval midgut cells degenerate by programmed 
cell death, the pupal midgut is formed by the proliferation and differentiation of ISC 
[28]. It was determined that administration of autophagy inhibitor chloroquine to 
Bombyx mori larvae in the prepupal period did not prevent ISC proliferation, but 
differentiation was interrupted, and the healthy epithelial organization did not occur. 
Inhibition of autophagy also induced necrosis-like cell death in some areas of the 
epithelium. These results show that autophagy is required for normal differentiation 
of ISCs in Bombyx mori [30]. 

Pathologies Associated with Autophagy in Intestinal Stem 
Cells 

As can be seen from studies on the role of autophagy in intestinal stem cells, it is 
a fundamental mechanism in stem cell maintenance, self-renewal, and differentia-
tion processes. Numerous studies have shown that abnormalities in the proliferation 
and differentiation processes of the ISCs may lead to the development of certain 
pathologies in the gastrointestinal tract [27]. A study in Drosophila revealed that 
defects in the shi/dynamin, Rab5, Rab7, SH3PX1, Atg1, Atg5, Atg6, Atg7, Atg8a, 
Atg9, Atg12, Atg16, and Syx17 genes in the endocytosis-autophagy network result in 
excessive ISC proliferation. It has been determined that altering intracellular vesicle 
trafficking by suppressing macroautophagy/autophagy or endocytosis genes deregu-
lates intestinal stem cell (ISC) proliferation and leads to severe intestinal hyperplasia 
affecting viability. Such disruptions in stem cell activities can then lead to colorectal 
cancer or intestinal atrophy [118]. 

In addition to its functions in digestive processes, the gastrointestinal (GI) tract 
of metazoans contributes to homeostasis by acting as a barrier that protects the body 
from exogenous elements, including pathogenic bacteria. Autophagy can regulate 
many aspects of gut physiology in the maintenance of intestinal epithelial archi-
tecture, metabolic regulation, the function of specific intestinal epithelial subsets, 
regulation of inflammatory pathways, and defense against infection. Damage to the 
intestinal barrier is characteristic of intestinal pathologies and especially chronic 
inflammation of the intestine known as inflammatory bowel disease (IBD) repre-
sented by Crohn’s disease (CD) and ulcerative colitis (UC) [88]. The tight link
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between autophagy and intestine physiology was determined by the observation of 
the strong association between genes of the best autophagy pathway and suscepti-
bility to CD [31]. The role of autophagy in the mucosal barrier has been demonstrated 
by the genetic relationship between Atg16L1 and Crohn’s disease, an important form 
of inflammatory bowel disease [20]. It has been determined that IBD susceptibility-
associated Atg16L1 (Atg16L1T300A) induces a caspase cleavage site then desta-
bilizes the protein product and reduces autophagy [68]. As a result, decreased 
autophagy causes dysfunction of the intestinal barrier and the inflammatory process 
of IBD. 

Concluding Remarks 

Maintaining the cellular homeostasis and functionality of the digestive system is a 
necessity for the continuation of life, as demonstrated by studies in different animal 
groups, including humans and insects. The continuity of stem cells and the tight 
regulation of their proliferation and differentiation processes in the intestinal tissue, 
where the cellular cycle takes place continuously are essential for the maintenance 
of intestinal homeostasis and function. An increasing number of studies have proven 
that autophagy is an important cellular mechanism that plays a critical role in the 
development of organisms and adult life. As seen in the literature mentioned in this 
review, autophagy also plays a critical role in the homeostasis of intestinal stem cells. 
However, there are still many questions waiting to be answered. It is seen that there is 
relatively more known about the role of autophagy in the viability and proliferation 
processes of intestinal stem cells, but research on the possible roles of autophagy in 
the differentiation process is insufficient. Pathologies occurring in the intestine deeply 
affect human and animal health and can lead to death. The importance of stem cell 
functions in the formation and maintenance of healthy intestinal epithelium is well 
known. It is necessary to reveal the cellular mechanisms underlying intestinal diseases 
for the development of prevention, diagnosis, and treatment processes. Therefore, 
further studies can contribute to this aim by increasing the knowledge about the role 
of autophagy in the homeostasis of intestinal stem cells, self-renewal, proliferation, 
and differentiation processes. 
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Chapter 8 
The Autophagy Lysosomal Pathway: 
Friend or Foe in Adult Neural Stem 
Cells? 

Isabel Calatayud-Baselga and Helena Mira 

Abstract Adult neural stem cells (NSCs) located in defined regions of the 
mammalian brain continuously produce new neurons throughout life. This process 
of stem cell-driven neurogenesis is considered as a form of structural plasticity 
that allows the mature brain to adapt to its environment. Preservation of a healthy 
proteome through autophagy is key for maintaining NSC function. The autophagy 
lysosomal pathway is directly linked to the activation of quiescent NSC reservoirs 
and has a cell-autonomous role in the maturation of newborn neurons. However, 
excessive autophagy can also lead to autophagic cell death of the adult NSCs. Since 
NSC homeostasis and neurogenesis decline during ageing and are altered in several 
pathological conditions, autophagy is emerging as a relevant pharmacological target. 
Interventions modulating autophagy may prevent the loss of NSCs and/or rescue their 
activity, helping perhaps to rejuvenate the brain neurogenic niches during ageing or 
recover their homeostasis in brain pathology. 

Keywords Autophagy · Lysosome · Protein aggregates · Neural stem cell · Adult 
neurogenesis · Quiescence · Autophagic cell death 
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CRS Chronic restraint stress 
CORT Corticosterone 
DG Dentate gyrus 
EGFP Enhanced green fluorescent protein 
EGFR Epidermal growth factor receptor 
FOXO Forkhead Box O transcription factor 
GCL Granule cell layer 
GLAST Glutamate/Aspartate Transporter 
GFAP Glial Fibrillary Acidic Protein 
Hcy Homocysteine 
3-MA 3-Methyladenine 
ML Molecular layer 
NPCs Neural progenitor cells 
NSCs Neural stem cells 
qNSCs Quiescent neural stem cells 
aNSCs Active neural stem cells 
OB Olfactory bulb 
PI3K Phosphatidylinositol 3-kinase 
RFP Red fluorescent protein 
RMS Rostral migratory stream 
SGK Serum/glucocorticoid regulated kinase 
SGZ Subgranular zone 
TFEB Transcription factor EB 
mTOR Mammalian target of Rapamycin 
V-SVZ Ventricular-subventricular zone 

Introduction 

Neurogenesis is defined as the process of generating new functional neurons from 
neural stem cells (NSCs). Although neurogenesis ceases in most brain areas after 
the developmental phase, stem cell-driven neurogenesis persists in restricted regions 
as a form of structural plasticity that allows the mature brain to adapt to environ-
mental and age-related changes. Throughout most of the twentieth century, exciting 
work evidenced the existence of neurogenesis in two areas of the adult rodent brain, 
the ventricular–subventricular zone (V-SVZ) and the subgranular zone (SGZ) of 
the hippocampal dentate gyrus (Fig. 8.1a). Migrating long distances through the 
rostral migratory stream, the progeny of the V-SVZ NSCs ultimately differentiate 
into neurons in the olfactory bulb (OB) [32]. On the other hand, most newborn cells 
in the SGZ also differentiate into neurons and migrate to the adjacent granule cell 
layer, where they finally integrate [7]. In 1997, adult neurogenesis was described in 
the hippocampus of three primate species [17] and only 1 year later, it was reported 
in humans [14]. Currently, a long track of neuroscience research in multiple species
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such as birds, fishes, reptiles and mammals supports the seminal papers including 
those described above, and the existence of adult neurogenesis is now completely 
accepted [16]. Nevertheless, a controversy still exists between researchers as to how 
extensive this process is in the human brain [4, 25, 37, 44, 47–49].

It has been widely documented that preservation of a healthy proteome is 
key for maintaining cellular function and that proteostasis impairment is associ-
ated with neurodegeneration and ageing. A fundamental cornerstone of proteome-
quality control that also removes and recycles other damaged cytosolic structures 
is autophagy. This well-characterised process relies on the degradation of cellular 
components by a vesicular structure termed the autophagolysosome that results 
from the fusion of autophagosomes, loaded with degradable cargoes and lysosomes. 
Previously, we reviewed the regulation of embryonic and adult neurogenesis by the 
autophagy lysosomal pathway [8]. For the purpose of the current chapter, we will 
only focus on the knowledge that deals with the role of this pathway in the regula-
tion of mammalian adult NSCs and adult neurogenesis. First, we will briefly revisit 
findings on the discovery of adult neurogenesis and the process by which NSCs 
divide to generate neuronal progeny during adulthood in the two main neurogenic 
niches (V-SVZ and SGZ), highlighting new insight into the complex dynamics of 
adult NSCs. We will then focus on the consequences of blocking autophagy in post-
natal and adult stem and progenitor cells by means of genetic and pharmacological 
approaches, summarising the role of autophagy along the different phases of the adult 
neurogenic cascade. We will emphasise studies describing the fascinating regulation 
of the adult NSC quiescent state by the autophagy lysosomal pathway. Finally, we 
will discuss the possibility of exploiting autophagy as a target to prevent the loss of 
NSCs and/or rescue their activity in order to rejuvenate the brain neurogenic niches 
during ageing. 

Neural Stem Cells and Neurogenesis in the Adult 
Mammalian Brain 

Adult Neural Stem Cell Niches and the Neurogenic Cascade 

Located in the V-SVZ and SGZ, NSCs produce intermediate neural progenitor cells 
(NPCs) during the adult neurogenesis process (Fig. 8.1). Not only are these NPCs 
able to amplify through a few rounds of symmetric cell divisions but also give rise 
to the neuronally committed neuroblasts along a neurogenic cellular cascade. In 
turn, neuroblasts are still capable of restricted proliferation and finally differentiate 
into mature neurons, producing excitatory granule neurons in the hippocampus or 
inhibitory interneurons in the OB [38]. Both the V-SVZ and SGZ niches have a 
unique cytoarchitecture that allows cells to communicate with each other through 
intercellular contacts or through locally secreted molecules such as growth factors, 
cytokines, hormones or ligands of the principal signalling pathways [2]. To precisely
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Fig. 8.1 Neurogenic niches in the adult mouse brain. a Schematic representation of the location 
of the two main adult neurogenic niches, the V- SVZ lining the lateral ventricles and the SGZ of the 
hippocampal dentate gyrus (red lines). The view corresponds to a sagittal section of the adult mouse 
brain. The arrow represents the rostral migratory stream (RMS) connecting the V-SVZ to the OB. 
b Detailed cellular composition of the V-SVZ niche. Right, the V-SVZ is located beneath a layer of 
multiciliated ependymal cells (E) lining the ventricles. Type B NSCs contact the ventricular lumen 
and the cerebrospinal fluid, as well as blood vessels (BV). Other cells belonging to the neurogenic 
V-SVZ cascade are also represented (Type C and A). Light orange boxes represent markers of each 
neurogenic cell type. Left, schematic representation of the tangential neuroblast migration through 
the RMS towards the OB. Note that once reaching the OB core, the cells switch to a radial migratory 
mode and terminally differentiate into several subtypes of mature interneurons. c Detailed cellular 
composition of SGZ niche showing the hippocampal neurogenic cascade. The soma of the NSCs 
(type 1 cells) is located within the subgranular zone, at the bottom of the granule cell layer (GCL). 
Their radial process crosses the GCL and branches on the adjacent
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describe neurogenesis, we will first introduce the nomenclature used to reference 
different kinds of cells in the neurogenic cascade, which has slightly changed over 
the years and is not the same for each neurogenic niche due to historical reasons [34]. 

NSCs of the V-SVZ are designated as type B or type B1 cells and they are located 
in the wall of the lateral ventricles beneath the ependymal cells lining the ventri-
cles (Fig. 8.1b). Their special morphology allows them to make contact with the 
cerebrospinal fluid and blood vessels, through an apical and basal process, respec-
tively. These cells give rise to NPCs, also called type C cells, which proliferate and 
after some divisions generate mainly neuroblasts or so-called type A cells. Neurob-
lasts are located in the rostral migratory stream (RMS) where they undergo a long 
tangential migration from the V-SVZ up to the OB. Once they arrive to the OB, 
they switch to a radial migration mode in order to occupy their final location in 
the different OB layers. During this process, the cells initially express glial-related 
markers (GFAP, GLAST), stem cell markers (SOX2) and immature markers such 
as Nestin, but they progressively acquire more mature neuronal markers and finally 
differentiate into inhibitory granule and periglomerular interneurons [31]. At a func-
tional level, adult neurogenesis in the V-SVZ/OB is related to the processing of the 
olfactory information [43]. 

Regarding NSCs in the hippocampus, they are referred to as radial glia-like cells 
or type 1 cells (Fig. 8.1c). The soma of the NSCs is located in the SGZ of the 
hippocampal dentate gyrus and their radial process spans through the densely packed 
granule cell layer and branches out in the molecular layer. NPCs generated from these 
cells are called firstly type 2a cells and after type 2b cells, when their neuronal fate is 
committed. Arising from type 2b cells, migratory neuroblasts or type 3 cells finally 
exit the cell cycle, migrate to the granule cell layer and become immature neurons 
that progressively differentiate giving rise to a fully mature granule neuron. The 
newly generated granule neurons integrate into the hippocampal circuit spreading 
dendrites across the molecular layer and sending their axon towards the hippocampal 
CA3 region [22, 26, 33]. The neurogenic process of the adult SGZ is associated to 
affective and cognitive behaviours, including learning and memory [18, 26]. 

The Quiescent State of Adult Neural Stem Cells 

It is widely accepted that NSCs of the adult brain can be mainly found out of the 
cell cycle, in a dormant state known as quiescence, although a fraction of the NSCs 
abandon this resting state and actively engage in the neurogenic cascade. The predom-
inant quiescent state that characterises adult NSCs is acquired differently by the two 
main adult NSC populations. The neurogenic V-SVZ niche is set up during devel-
opment from embryonic radial glia NSCs. Although the majority of the embryonic 
NSCs continue dividing during this period, a subpopulation is already set aside as 
a quiescent reservoir that will lead to the adult type B NSC pool [15]. However, 
the SGZ hippocampal niche is established after birth, during the second postnatal
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week. At this stage, type 1 NSCs acquire their radial glia-like morphology and their 
definitive location, and finally, they also enter into quiescence [3]. 

Interestingly, not only can active and quiescent NSCs be classified by the expres-
sion of cell cycle markers but also can be distinguished by their transcriptomic signa-
ture and their metabolic state. While active NSCs are enriched in genes involved in 
transcription, translation and DNA repair, quiescent NSCs increase the expression 
of genes related to cellular adhesion, extracellular matrix, cell–cell communication 
and autophagy [36]. Regarding the metabolic state, quiescent cells show, in general, 
a lower metabolic rate, a drop in protein and RNA synthesis and high levels of fatty 
acid β-oxidation [27]. This quiescent NSC state is thought to prevent DNA damage, 
cellular deterioration and senescence while maintaining the germinal cells’ ability to 
re-enter the cell cycle and respond adequately to a variety of stimuli [51]. Neverthe-
less, ageing causes a marked decrease in the NSC pool and the neurogenic process 
is drastically reduced throughout life [29]. As we will see throughout the chapter, 
there is extensive evidence supporting a role for the autophagy lysosomal pathway 
in the maintenance of adult NSC populations and in regulating the switch from NSC 
quiescence to activation. 

Multiple niche molecules are involved in the regulation of the transition between 
the NSC quiescent and proliferation states and, in general, in the regulation of adult 
neurogenesis, including BMPs, Wnts, Notch ligands or Sonic hedgehog. The BMP 
and Notch signalling pathways are considered the main regulators of the adult NSC 
quiescent state and their receptors are expressed in quiescent NSCs [9], while EGFR 
(epidermal growth factor receptor) accumulates in active NSCs and early NPCs, 
boosting the cells for a rapid activation [51]. Consequently, NSCs can be isolated 
and expanded in vitro in the presence of EGF and FGF2 as mitogens, either as 
adherent cultures or as suspension cultures of floating clonal aggregates termed 
neurospheres. Moreover, NSC quiescence can be induced in vitro by removing EGF 
and supplementing the medium with the BMP4 ligand [35]. These in vitro systems 
have been widely employed to assess the role of multiple cellular pathways and 
genes, including those related to autophagy, in the regulation of stem cell properties. 
Although the primary cultures typically contain a mix of NSCs and NPCs, and are 
often referred to as NSPC cultures in the literature, for the sake of simplicity, we will 
refer to them as NSC cultures. 

One of the most controversial issues in the continuous debate is related to the 
activation-quiescence dynamics of the adult NSCs, their ability to self-renew and 
their loss during ageing. A recent work suggests that NSCs of the V-SVZ exploit two 
modes of division to ensure their life-long maintenance: 20% of the NSCs divide 
by symmetric self-renewing divisions to maintain the NSC pool, whereas the other 
80% divide by symmetric consuming divisions to produce type C progenitors [39]. 
In 2011, two opposite models were proposed to explain the dynamics of NSCs in 
the hippocampal SGZ of the adult brain. On one hand, the ‘disposable stem cell 
model’ proposed that when a stem cell exits from the quiescence state, the NSC 
undergoes a few rounds of asymmetric divisions to generate neuronal progeny and 
is depleted afterwards, most likely due to terminal differentiation into astrocytes 
(Fig. 8.1c). Therefore, NSC divisions result in the depletion of the active NSCs [13].
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On the other hand, the ‘long-term self-renewal model’ suggested that NSCs are able 
to divide in both symmetric and asymmetric ways, generating not only differentiated 
cell clones but also multipotent NSCs with the ability to return to the quiescence 
state. In this model, the homeostatic balance between the two modes of division 
would prevent the exhaustion of NSCs [5]. 

Recently, a new ‘sequential model’ has been suggested to explain the quick fall of 
SGZ type 1 NSCs during the postnatal period and the slowing down of their reduction 
with age. This new model proposes a change in the behaviour of NSCs. While NSCs 
activate, divide and exhaust as ‘disposable’ stem cells in postnatal ages, a residual 
heterogeneous population of NSCs persists during adulthood [6, 23]. This population 
can be further classified into deeply dormant and resting states, according to their 
cellular properties. Dormant cells would correspond to the reservoir of long-term 
quiescent NSCs that have never proliferated while resting cells would be NSCs that 
return to a shallow quiescent state after their activation [21]. Furthermore, NSCs 
seem to lengthen their resting phase with each round of division and progressively 
switch to a symmetric cell fate choice, two events that together contribute to the SGZ 
NSC dynamics and SGZ neurogenesis loss during ageing [23]. 

Autophagy, Neural Stem Cells and Adult Neurogenesis 

Accumulating evidence points to a fundamental role of the autophagy lysosomal 
pathway in the regulation of the maintenance of the NSC reservoirs throughout 
adulthood, their activation and their survival, as well as on the maturation of the 
newly generated neurons. In this section, we will attempt to review the main find-
ings described in the literature so far. It is important to note that research in which 
autophagy is blocked by selective deletion of autophagy genes in NSC or NPC after 
the developmental period remains relatively sparse [8]. Some studies employ mice 
with germline deleted genes or conditionally ablate them at embryonic stages, yet 
they analyse the phenotype in the niches during the postnatal and adult ages. Thus, it 
is sometimes complicated to firmly drive conclusions regarding the cell-autonomous 
role of autophagy in adult NSCs in vivo, since the observed effects could be indi-
rect and/or result from changes in development. Other studies employ pharmaco-
logical strategies and mainly perform in vitro experiments that can be occasionally 
extrapolated in vivo, as explained below. 

The Autophagy Lysosomal Pathway in the Adult Neurogenic 
Niches 

Autophagy genes play a fundamental role in the maintenance of adult and post-
natal NSCs. In vivo work demonstrated that Rb1cc1/FIP200 (FAK-family Interacting
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Protein of 200 kDa) that is part of the autophagy induction complex ULK1-Atg13-
FIP200-Atg101, is required to maintain proper functioning of adult and postnatal 
NSCs through the regulation of their oxidative state [52]. Conditional deletion of 
FIP200 in hGFAP-Cre transgenic mice expressing Cre recombinase in radial glia 
during development (FIP200hGFAPcKO animals) influences the SGZ and V-SVZ 
neurogenic niches. Despite the fact that the niches appear normal at postnatal day 
0 (P0) in FIP200hGFAP cKOs, at P28, the dentate gyrus (DG) is reduced in size and 
the number of type 1 NSCs (GFAP+Nestin+ cells with radial morphology) and PSA-
NCAM+ neuroblasts diminishes. Concomitantly, astrocytes increase in the SGZ and 
form a thick band. At the same age (P28), the V-SVZ appears to be thinner. Type B 
cells (GFAP+Nestin+ or GFAP+SOX2+ cells) adjacent to the lateral ventricles and 
PSA-NCAM+ neuroblasts in the niche and RMS are exhausted. Moreover, the OBs 
of 8-week-old cKO mice show a smaller size, suggesting that V-SVZ neurogenesis 
is reduced in these animals. Thus, the depletion of NSCs/NPCs and the decrease in 
neurogenesis occur in both brain niches postnatally in the absence of FIP200. 

In addition, in the FIP200hGFAP-deficient animals, NSC proliferation is compro-
mised and apoptosis is increased (although the study does not demonstrate that apop-
tosis affects specifically NSCs). Therefore, the loss of NSCs in the neurogenic niches 
at P28 could be due to a decrease in proliferation that would impair the maintenance 
of the NSC pool and/or to the (possible) increase of programmed cell death. On 
the other hand, in vitro assays with neurospheres from FIP200hGFAP cKOs show a 
decrease in the ability of the NSC cultures to survive, differentiate and self-renew. 
Interestingly, in older animals (P56 adult cKOs) an increase in the number, size 
and heterogeneity of mitochondria was found by transmission electron microscopy 
not only in the neurospheres but also in V-SVZ cells. Given mitochondria are the 
main source of reactive oxygen species (ROS) and since autophagy is required to 
eliminate damaged and/or excess mitochondria, oxidative stress was evaluated in the 
V-SVZ and SGZ of FIP200hGFAP cKO. An increase in both ROS levels and tumour 
suppressor p53, that is activated in response to many stress stimuli, was detected. 
Consistently, the effects in proliferation and apoptosis of the FIP200hGFAP cKOs 
were rescued in the double-cKO FIP200hGFAPp53hGFAP. The defects in differentia-
tion were not rescued, suggesting that autophagy plays a role in the regulation of 
adult NSCs through the p53 axis, but that its function in the newborn neurons occurs 
in a p53-independent manner. Lastly, this work shows that scavenging the unusual 
elevated ROS levels in the cKOs with N-acetyl-cysteine, an antioxidant treatment, 
maintains the pool of NSCs in the V-SVZ as well as in the SGZ and rescues the 
neuronal differentiation defects of the FIP200hGFAP cKO mice [52]. 

Furthermore, FIP200hGFAP cKOs show an accumulation of p62/SQSTM1 aggre-
gates in the V-SVZ and SGZ, as well as in neurospheres derived from the V-SVZ. 
p62 is a well-known autophagy receptor that recruits ubiquitinated cargos to the 
forming autophagosome. The abnormal accumulation of p62 can be due to a failure 
in its degradation when the autophagic flux is blocked. Interestingly, the p62 aggre-
gates observed in V-SVZ neurospheres of the cKOs reduced superoxide dismutase 
1 (SOD1) activity, and in turn, this resulted in the accumulation of the superoxide 
ion and in oxidative stress. In FIP200hGFAP cKO mice with a p62 deletion, or treated
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with compounds that mimic SOD activity, superoxide levels were rescued and so 
were the defects in NSCs of both niches. Thus, the depletion of NSCs and their 
reduction in proliferation could be due to the abnormal accumulation of p62 aggre-
gates and ROS. In the same work, mice lacking genes for the ubiquitin conjugation 
system and autophagosome formation were also analysed (cKOs for autophagy-
related genes; Atg5hGFAP and Atg16L1hGFAP). The animals showed the same pheno-
type as the FIP200hGFAP cKO, displaying defects in autophagy and increases in 
mitochondrial mass in postnatal NSCs. However, contrary to FIP200hGFAP cKOs, no 
defects were found in the maintenance, self-renewal or differentiation of the NSCs. 
Accumulation of p62 aggregates and superoxide ions in the V-SVZ and SGZ was 
not detected. Therefore, this work highlights the key role of p62/SQSTM1 in the 
regulation of NSCs [53]. In addition, FIP200 and p62 also regulate neurogenesis 
in an indirect way. The p62 aggregates accumulated in NSCs of FIP200hGFAP cKO 
activate NFκB and promote the production of CCL5 and CXCL10 chemokines in 
the postnatal V-SVZ. As a result, microglia is activated and infiltrates into the niche, 
thereby interfering in the differentiation of the neural progenitors [54]. 

Another study analysed the levels of the autophagy marker microtubule-associated 
protein 1 light chain (Map1lc3b/LC3) in the V-SVZ niche taking advantage of trans-
genic mice expressing the green fluorescent protein fused to LC3 (GFP-LC3 mice). 
High levels of GFP-LC3 were observed in the adult V-SVZ and RMS [57]. The 
work also shows that the autophagy regulators Ambra 1 and Beclin 1 are expressed 
both in Nestin+ NSCs and in DCX+ neuroblasts of the V-SVZ. Thus, adult V-SVZ 
stem and progenitor cells seemingly have a high level of autophagy. Heterozygote 
Beclin 1± mice show a reduction in proliferation and an increase in apoptosis in 
the V-SVZ. In vitro assays employing neurospheres isolated from V-SVZ of Beclin 
1± mice show a reduction in the number of neurospheres, less proliferation and an 
increase in apoptotic cells. Differentiation assays also show defects in the generation 
of neurons and increased apoptosis. Similar phenotypes were also observed in Ambra 
1+/gt heterozygotes; thus, the combined in vivo and in vitro findings in the Ambra 1 
and Beclin 1-deficient animals already illustrates an important role of autophagy in 
adult V-SVZ neurogenesis [57]. 

Autophagy is also required for the adequate radial migration of the newly born 
neurons from the adult V-SVZ once they reach the OB core. These new neurons 
show an enrichment in the expression of the let-7 family of microRNAs, which 
is involved in the regulation of the autophagy pathway through the modulation 
of amino acid-sensing pathway genes [12]. Let-7 knockdown using a lentivirus 
reduced autophagy levels in the new OB neurons, prevented their radial migration 
and decreased their morphological maturation. These effects were partially recov-
ered when the autophagy inducers Beclin 1 and TFEB (the master transcription 
factor that activates autophagy and lysosome biogenesis [46]) were simultaneously 
overexpressed. Despite the fact that migratory defects were restored, morpholog-
ical changes still persisted, probably due to autophagy-independent effects of let-7 
knockdown [41]. 

Another master transcription factor that directly regulates the autophagy gene 
network and the induction of autophagy in adult NSCs is the Forkhead Box O family
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member FOXO3 [1]. FoxO genes are required for the long-term maintenance of adult 
NSCs since their developmental deletion leads to the precocious depletion of stem and 
progenitor cells in the adult neurogenic niches [40, 42]. More recently, the adult NSC-
specific ablation of FOXO function has been achieved employing the Tamoxifen-
inducible GLAST-CreERT2 FoxO1/3/4flox/flox cKO mouse model [45]. At early time 
points after gene deletion, loss of FOXOs led to the activation of type 1 radial glia-like 
NSCs in the SGZ. At later time points, there was a decrease in type 1 NSCs in the cKO 
(perhaps due to their exhaustion according to the ‘disposable’ model) and a marked 
reduction in hippocampal neurogenesis, supporting the previously reported role of 
FOXOs in NSC maintenance. In accordance with this, FOXO cKO NSCs showed 
increased proliferation in vitro and displayed higher levels of LC3-II, p62 and more 
autophagic vesicles as assessed by transmission electron microscopy. Indeed, LC3 
turnover assays indicated that the loss of FOXOs impaired the autophagy flux. 

In the hippocampal niche, a strategy based on the injection of retroviruses has 
been also employed to both determine autophagy levels and delete the autophagy-
related gene Atg5 specifically in dividing NPCs during adulthood. This approach has 
allowed to clearly assign a cell-autonomous function of autophagy in SGZ neurogen-
esis. A tandem-tagged mCherry-EGFP-LC3 sensor retrovirus was injected in the DG 
of young mice to analyse the autophagy flux of transduced cells and their progeny 
along the neurogenic cascade, in particular at 3, 7, 14 and 30 days after the injection. 
This is a widely used reporter that takes advantage of the differential sensitivity of 
mCherry and GFP to low pH. In the acidic milieu of the lysosome, GFP loses fluo-
rescence while mCherry is stable, allowing to determine simultaneously the overall 
level of autophagy and the autophagy flux. Autolysosomes (mCherry+ puncta) were 
found at all neurogenic differentiation stages suggesting a quick autophagy flux. In 
addition, at 30 days post-injection, a decrease in autolysosome content was shown in 
the processes of the new neurons. However, autolysosomes seemed to slightly accu-
mulate at 7 and 14 days post-injection, although this increase was not significant. 
Collectively, these results suggest that the autophagy flux is faster in the processes 
of young neurons still maturing (less than 30 days since their birth). To study the 
function of autophagy in this process, the genetic Atg5flox/flox cKO model was co-
injected with a GFP-Cre retrovirus and either the mCherry-EGFP-LC3 sensor or 
RFP retroviruses were used as a control (depending on the experiment). Atg5 dele-
tion resulted in a decrease in the autophagy flux, autolysosome numbers and progeny 
survival at 3 or 7 days after injection, without showing neither changes in prolifera-
tion at 3 days post-injection (the first timepoint analysed) nor defects in the neuronal 
fate of the progeny. Moreover, neurons lacking Atg5 presented a maturation delay, 
a transient reduction in dendritic spine density and a prolonged expression of the 
neuroblast/immature neuron marker DCX 30 days after injection. The phenotype 
was rescued in the double Atg5 mutant and proapoptotic Bax mutant, suggesting that 
Atg5 functions upstream of the Bax apoptotic pathway in immature neurons [56]. 
The immature phenotype displayed by the new neurons lacking Atg5 in the DG is 
reminiscent of that of the new neurons generated in old mice, which require more 
time to mature completely compared to those from young mice. This data suggest
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that autophagy defects may partly underlie the alterations in neuronal maturation 
found in the aged hippocampal niche [50]. 

Interestingly enough, in another set of similar in vivo experiments, conditional 
deletion of FoxO1/3/4flox/flox achieved employing Cre-expressing retroviruses showed 
that the FoxO genes are required for the survival of the new hippocampal neurons 
and for their proper maturation [45]. FOXO-deficient neurons showed a transient 
decrease in dendritic length, a shortening of their apical dendrite and an aberrant 
spine development that compromised their integration into the hippocampal circuit. 
The autophagy flux of the FOXO-deficient neurons was markedly impaired and 
the pharmacological treatment with autophagy inducers (Rapamycin and Trehalose) 
partially corrected the phenotype, indicating that the neurogenic defects found in the 
absence of FOXOs are caused by deficient autophagic activity. 

Besides the importance in neurogenesis, autophagy is also involved in astro-
cyte differentiation, at least in vitro [20]. When the mRFP-GFP-LC3 sensor was 
used to analyse hippocampal NSC cultures from adult rats undergoing astroglio-
genesis, a natural increase in autophagy was observed during the first days of glial 
differentiation. Several strategies employed to block autophagy (Atg7 and Map1lc3b 
knockdown with shRNA, p62 deletion with the CRISPR/Cas9 system, pharmaco-
logical inhibition with Bafilomycin A1 (Baf A, an inhibitor of the autophagic flux 
that prevents the acidification of lysosomes) impeded the optimal differentiation of 
astrocytes, evidencing the important role of autophagy during this process [20]. This 
interesting observation is awaiting validation in vivo. 

The Autophagy Lysosomal Pathway in Adult NSC Quiescence 

Recently, new works have been published directly linking the autophagy lysosomal 
pathway to the regulation of adult NSC quiescence (Fig. 8.2). The first study by 
Leeman and collaborators [30] showed that quiescent NSCs (qNSCs) rely on the 
autophagy–lysosome proteolytic system for proteostasis, while active NSCs (aNSCs) 
mainly use the proteasome proteolytic branch for the same purpose. They demon-
strated that, compared to aNSCs, freshly isolated qNSC from the V-SVZ of young 
GFAP-GFP adult mice accumulated protein aggregates stored in large lysosomes and 
had a reduced autophagy flux (slower degradation of autophagosomes, less accu-
mulation of LC3 upon Baf A treatment). Consistently, the qNSCs also exhibited 
an increased expression of lysosome-related genes that are enriched in a binding 
motif for the TFEB transcription factor (TFEB target genes, Fig. 8.2a). Adult NSC 
cultures isolated from the V-SVZ behaved similarly in vitro when the quiescent state 
was induced with BMP4. The use of the mCherry-GFP-LC3 sensor further demon-
strated that qNSCs are endowed with more and larger autolysosomes compared to 
aNSCs. Experiments with the BMP4-induced qNSCs showed that nutrient depriva-
tion in Hank’s balanced salt solution (HBSS) boosted the clearance of the protein 
aggregates and the activation of the stem cells in response to growth factors (EGF). 
The expression of a constitutively active form of TFEB (CA-TFEB) in qNSCs also
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cleared the aggregates and enhanced qNSCs activation. Consistently, the activation 
was completely blocked with Baf A treatment. Together these results suggest that 
the mobilisation of aggregates through the autophagy lysosomal pathway may play 
a physiological role, perhaps constituting an energy source for the exit from the 
quiescent state. During ageing, quiescent NSCs accumulate more aggregates and 
higher amounts of GFP-LC3, perhaps as a result of a defective autophagy flux, while 
proteasome activity is not affected (Fig. 8.3). Notwithstanding, overexpression of 
CA-TFEB in old qNSCs or fasting was sufficient to reduce the accumulation of 
aggregates and GFP-LC3. Furthermore, old qNSCs in culture were activated less 
efficiently by growth factors compared to young NSCs, yet their activation could be 
improved by CA-TFEB expression. In old mice, the systemic administration over 
3 months of Rapamycin (an mTOR inhibitor that enhances the autophagy lysosomal 
pathway) increased the number of aNSCs/NPCs (EGFR+ cells) in the V-SVZ [30]. 
Thus, although Rapamycin could also have indirect effects, the data suggest that 
enhancing autophagy in the old V-SVZ niche counteracts the age-related decline in 
NSC proliferation.

Another work published one year later by Kobayashi and colleagues [28] also  
shows that qNSCs are endowed with high lysosomal content but contradicts the 
view that lysosomal function enhances qNSC activation (Fig. 8.2). On the one hand, 
it was verified that lysosomes are more abundant in quiescent NSCs than in active 
NSCs in both the adult V-SVZ and adult SGZ. They further showed that radial 
glia-like type 1 NSCs of the SGZ accumulated lysosomes in the basal region of 
their radial process. When quiescence was induced in NSC cultures from the adult 
V-SVZ and SGZ through the addition of BMP4, an increase in lysosomal content 
and lysosomal activity was detected compared to active NSCs. LC3 turnover assays 
showed higher LC3-II levels in qNSCs, demonstrating an increased endogenous 
autophagy in the quiescent state. On the other hand, overexpression of CA-TFEB 
mutants that enhance autophagy and lysosome biogenesis reduced the proliferation 
of NSCs. Along the same line, lysosomal inhibition with a low dose of Baf A, that 
does not affect cell survival, induced proliferation of qNSCs in striking contrast to 
Leeman and colleagues’ results. The increase in proliferation was also detected in 
organotypic hippocampal slice cultures treated with Baf A, while a decrease was 
found in the DG of mice injected with a lentivirus to overexpress CA-TFEB in NSCs 
under the control of the Hes5 or GFAP promoter. At a mechanistic level, Kobayashi 
and colleagues showed that Baf A caused the accumulation of active phosphorylated 
EGF receptor (P-EGFR) and active Notch (NICD) in qNSCs while inducing cell 
cycle genes such as Cyclin D1. This effect was not observed when the Class III 
PI3K VPS34 that plays essential roles in autophagy was specifically inhibited by 
SAR405. These results collectively show that the effect of Baf A in these assays 
depends on the decrease in lysosome activity (not autophagy) in quiescent NSCs. 
Lysosomal activity inhibition would cause the accumulation of P-EGFR that in turn 
would lead to the increased activation of hippocampal quiescent NSCs in vitro and 
in vivo. Furthermore, when Tfeb is deleted in NSCs isolated from Tfebflox/flox mice by 
means of transient Cre expression, a delay in the entrance into quiescence is observed 
and higher levels of P-EGFR and NICD are detected compared to control NSCs.
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Fig. 8.2 Effects of autophagic manipulation on the dynamics of quiescent and active adult 
NSCs. Schematic representation illustrating the results from the two main works addressing the 
role of the autophagy lysosomal pathway in NSC quiescence [28, 30]. Similar in vitro assays were 
employed in both studies. Briefly, NSC cultures were derived from the V-SVZ and/or the SGZ of 
the dentate gyrus of adult mice. Cells were activated in the presence of mitogens. EGF withdrawal 
and BMP4 supplementation induced a reversible quiescent sate. Both studies show an increase in 
the lysosomal pathway in qNSCs. However, functional in vitro assays differ in their results after 
treatment with activators or inhibitors of the autophagy lysosomal pathway. *the autophagy flux 
was measured in cells freshly isolated from the V-SVZ
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Fig. 8.3 Aggregates and the autophagy lysosomal pathway in V-SVZ quiescent NSCs during 
aging. Model depicting the dynamics of protein aggregates, autophagosomes and autolysosomes 
in quiescent NSCs (qNSCs) from the V-SVZ niche of young and old mice. While young adult 
qNSCs degrade aggregates through an enhanced lysosomal pathway, old qNSCs accumulate aggre-
gates and autophagosomes that have not fused to lysosomes. Consequently, there is a decrease in 
autolysosomes in aged qNSCs. Genetic, pharmacological and dietary interventions that enhance the 
autophagy lysosomal pathway may favour the maintenance of a healthy proteome in old qNSCs, 
leading to rejuvenation of the stem cell compartment and to the recovery of the capacity of qNSC 
to respond to activation cues. Adapted from Leeman et al. [30]

Conditional deletion of Tfeb in vivo in NSCs of Tfebflox/flox GLAST-CreERT2 8 weeks 
old mice by Tamoxifen administration increased the proportion of active NSCs in the 
SGZ. This indicates that a reduction in lysosomal activity and likely in autophagy 
in NSCs, achieved specifically through the deletion of Tfeb in the adult stem cell 
compartment, activates both EGF signalling and adult hippocampal NSCs [28]. 

The Autophagy Lysosomal Pathway in the Autophagic Cell 
Death of Adult NSCs 

Even though autophagy generally acts as a cytoprotective mechanism, under certain 
conditions, prolonged or excessive autophagy can lead to a type of cell death that 
occurs without signs of apoptosis. Insulin withdrawal induces this kind of autophagic 
cell death (ACD) in vitro in hippocampal NSC cultures from adult rats (Fig. 8.4). 
In NSC cultures, mitogens such as FGF2 and EGF are required for proliferation 
and self-renewal, while insulin is essential for survival. When insulin is removed 
from the medium, NSC viability markedly decreases with no concurrent caspase 3 
activation or DNA fragmentation (apoptotic signals). However, Beclin 1 and LC3-II
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are upregulated leading to autophagosome accumulation and ACD [58]. In addi-
tion, insulin withdrawal activates AMP-activated protein kinase (AMPK) through the 
Ca2+ CaMKK pathway, resulting in the direct phosphorylation of p62 by AMPK in a 
well-conserved Serine residue (Ser293 in rat). Phosphorylation at this novel p62 site 
is required for ACD to occur. Next, p62 translocates to the mitochondria producing 
mitochondrial fragmentation, mitophagy and finally cell death [19]. The ACD pheno-
type of NSCs in the absence of insulin is partially rescued by inhibiting autophagy 
through the silencing of the Atg7 gene or with 3-methyladenine (3-MA), a widely 
used compound that blocks autophagy via its inhibitory effect on class III PI3K. 
Conversely, the mTOR inhibitor Rapamycin promotes autophagy and accentuates 
cell death [58].

In insulin withdrawal conditions, ACD is the cell death pathway by default. 
However, hippocampal adult NSCs in vitro can change the type of cell death 
from ACD to apoptosis, according to the activity levels of calpain. Calpains 
(cytosolic calcium (Ca2 + )-activated cysteine) are ubiquitously expressed proteases 
in mammals and their activity is calcium-dependent. Calpain 1 levels are almost 
undetectable in NSCs; however, Calpain 2 is present in the NSC cultures in vitro. 
Under conditions of insulin deprivation, Calpain 2 is mainly degraded by the protea-
some, and its activity levels remain low. When this degradation is blocked or when 
calpain activity is increased by the overexpression of Calpain 1, a switch occurs and 
the NSCs die by apoptosis instead of dying through ACD. These results suggest that 
in culture, NSCs show a preference for autophagic over apoptotic death, although 
both processes are interconnected through calpain [11]. 

Other in vitro experimental models have been used to study autophagic cell death 
in adult NSCs, such as oxygen–glucose deprivation (OGD) that simulates cerebral 
ischemia, and corticosterone (CORT) treatment that simulates glucocorticoid expo-
sure during stress. Both treatments increase the ACD of NSCs (Fig. 8.4). A hypoxic 
condition with glucose deprivation for a short time (1–3 h) to mimic ischemia, 
followed by the restoration of normoxia and glucose supplementation for 24 h to 
simulate reperfusion (OGD/R treatment) decreases cell viability in NSC cultures. At 
the same time, during the reoxygenation phase, autophagy increases as measured by 
the rise in the number of autophagosomes, as well as in the levels of Beclin 1 and LC3-
II, and the decrease in p62 [10, 10]. Exposure to homocysteine (Hcy, a neurotoxic 
metabolite whose elevated levels are considered a risk factor for ischemic stroke) 
during OGD/R accentuates autophagy and the loss of viability in NSCs isolated from 
the rat V-SVZ [56]. Exposure to Hcy inactivates mTOR, potentially through the ERK 
and PI3K-AKT signalling pathways, leading to the activation of autophagy. This 
produces an increase in autophagic markers and autophagosome formation, which 
is reversed by treating the cultures with an activator of mTOR (MHY1485) or with 
the autophagy inhibitor 3-MA. 

Treatment of NSCs with corticosterone (CORT) also induces autophagic death in 
vitro in a time- and dose-dependent manner [24]. At concentrations of 200 μM 
CORT, there is an increase in cell death without signs of apoptosis, which is 
accompanied by the accumulation of autophagosomes and an increase in the 
autophagic flux, measured by the mRFP-EGFP-LC3 sensor. Blocking autophagy
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by knockdown or CRISPR/Cas9 deletion of several genes involved in different 
phases of autophagosome formation reduces CORT-induced death (Fig. 8.4). On 
the other hand, it is known that high CORT concentrations activate the glucocor-
ticoid receptor GR/NR3C1, which in turn transcriptionally upregulates the SGK 
kinases (serum/glucocorticoid-regulated kinases). Specifically, SGK3 is increased 
in NSCs treated with CORT and co-localises with autophagosomes. Deletion of 
this gene by CRISPR/Cas9 or its mutation at a critical residue (Arg90) required 
for the binding to phosphatidylinositol 3-phosphate blocks the autophagic flux and 
also reduces the CORT-induced ACD. In SGK3-deficient NSCs, the formation of 
EGFP-ZFYVE1/DFCP1 puncta induced by CORT is also reduced. This data points 
to a regulation of autophagosome nucleation by SGK3 and highlights the role of this 
kinase in the signal transduction pathway that leads to the initiation of autophagy in 
NSCs. 

In vivo, both psychological stress and exposure to the stress hormone CORT 
possibly induce the autophagic cell death of adult hippocampal NSCs through SGK3 
activation. Under specific conditions of chronic restraint stress (CRS), a decrease 
in the SOX2+ cell pool and a reduction in the expression of other NSCs markers 
such as Nestin is observed in the SGZ. However, the proportion of SOX2+ cells 
that are proliferating is only slightly reduced and apoptotic markers are not altered. 
At the same time, an increase in autophagosomes is also observed in SOX2+ cells 
by correlative light and electron microscopy. This correlates with the increase in 
autophagosomes and autolysosomes detected in the SGZ of the animals exposed 
to CRS following the injection of a lentivirus expressing the mRFP-EGFP-LC3 
sensor under the regulation of the Nestin promoter. A more detailed analysis shows 
a decrease in the total number of type 1 NSCs (GFAP+ SOX2+), type 1 active NSCs 
(GFAP+ SOX2+ Ki67+), type 2a (SOX2+ ASCL1+), type 2b (SOX2+ DCX+) and 
type 3 (DCX+) cells; summarising, a marked reduction in the NSCs and the entire 
cascade of neurogenic progenitors derived from them. 

The deletion of Atg7 specifically in the NSCs of adult age using the Nestin-
CreERT2 Atg7flox/flox cKO rescues the defects caused by CRS. Considering that, 
the loss of the NSCs could be due to autophagic death. Furthermore, gene editing 
of Sgk3 in vivo using adeno-associated vectors injected into the DG attenuates the 
CRS-induced loss of NSCs. Therefore, it is possible to prevent autophagic death and 
to keep an intact pool of NSCs, counteracting the effect of chronic stress on adult 
neurogenesis [24]. 

A blockade of autophagy could also have a protective effect in a biological context 
where there is oxygen–glucose deprivation, such as the ischemic brain. As previously 
noted, Hcy produces neurotoxic effects and reduces the viability of NSCs in OGD/R 
in vitro, so potentially Hcy could be enhancing autophagic death in vivo in ischemic 
brains. In a rat model of transient focal ischemia reperfusion by MCAO (Middle 
Cerebral Artery occlusion), LC3 puncta levels increased in Nestin+ NSCs/NPCs of 
the V-SVZ. This was accentuated when Hcy was administered systemically, while 
suppression of autophagy with 3-MA attenuated the effects produced by Hcy [56].
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Concluding Remarks 

As reviewed in this chapter, in recent years we have gained insight into the role 
of the autophagy lysosomal pathway in the regulation of adult neural stem cells 
and adult neurogenesis, in both the V-SVZ and SGZ brain niches (see Table 8.1). 
Emerging results point to a cell-autonomous role of autophagy in the regulation of 
the survival and maturation of the new neurons. There is also considerable consensus 
regarding the absolute requirement of adequate levels of autophagy for the proper 
maintenance and homeostasis of adult NSC reservoirs. This seems to be due to a 
combination of factors: (i) the dependency of the quiescent NSCs on autophagy 
as their main proteostatic pathway in order to keep a healthy proteome, (ii) the 
dependency of NSCs on adequate levels of autophagy to restrain their overactivation 
(note the overproliferation of the NSCs at young ages in certain autophagy cKO 
models, that would lead in the long run to NSC depletion), (iii) the mechanistic links 
uncovered by some authors suggesting that blocking lysosomal function allows for 
a quick re-activation of the qNSCs and/or delays the return of the aNSC pool into 
quiescence and (iv) the possible loss of NSCs due to autophagic cell death.

An interesting observation is also the accumulation of insoluble protein aggregates 
in qNSCs and the identification of enlarged lysosomes filled with these aggregates. 
The origin of the aggregates is currently unknown and is quite puzzling given qNSCs 
have reduced protein synthesis compared to aNSCs. It also is currently unclear if 
the activation of the autophagy lysosomal pathway in qNSCs simply represents a 
protective mechanism in order to clear potentially toxic aggregates and prevent their 
distribution to the progeny, or if it truly represents a type of store that may be of 
use when a burst of energy is required, for instance during NSC activation. Another 
interesting conclusion based on the available data is that the improvement of the 
autophagy flux during ageing may allow to rejuvenate the old qNSC reservoirs. We 
should nevertheless bear in mind that an exacerbation of autophagy can be also detri-
mental and cause autophagic cell death of NSCs. In pathological scenarios where 
autophagic cell death has been reported, such as during oxygen–glucose depriva-
tion, stress-related models or insulin deficiency, counteracting excessive autophagy 
is emerging as a neuroprotective strategy aimed at preserving adult NSCs. This 
approach may be of use in conditions such as stroke, chronic stress or Alzheimer’s 
Disease. Indeed, supporting the survival of NSCs during injury or in neurodegener-
ation may allow to partly recover normal levels of adult neurogenesis. Nevertheless, 
studies are still needed to shed more light on the possible utility of adequately modu-
lating autophagy to restore neurogenic niche homeostasis, both under pathological 
conditions and during ageing.
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Chapter 9 
Autophagy in Mesenchymal Stem 
Cell-Based Therapy 

Carl Randall Harrell, Dragica Pavlovic, and Vladislav Volarevic 

Abstract Mesenchymal stem cells (MSCs) are adult stem cells which are, due to 
their huge differentiation potential, potent immunomodulatory and pro-angiogenic 
properties, considered as new therapeutic agents in regenerative medicine. Although 
MSC-based therapy holds a great potential in the treatment of inflammatory and 
degenerative diseases, there are several issues that limit therapeutic efficacy of MSCs. 
Due to the low survival of engrafted cells, high number of MSCs has to be transplanted 
to achieve optimal therapeutic benefits. A large number of evidence demonstrated 
that modulation of autophagy-related pathways in engrafted MSCs may increase 
viability and survival of transplanted MSCs, enhancing their potential for differ-
entiation. immunomodulatory and pro-angiogenic properties. In this chapter, we 
summarized current knowledge about the role of autophagy in MSC-based therapy 
of inflammatory, ischemic, and degenerative diseases. 

Keywords Mesenchymal stem cells · Autophagy · Immunomodualtion ·
Neo-angiogenesis · Regeneration. 
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ATG7 Autophagy Related gene 7 
bFGF Basic fibroblast growth factor 
Bcl-2 B-cell leukemia/lymphoma-2 
CNS Central nervous system 
CMA Chaperone-mediated autophagy 
DCs Dendritic cells 
EAE Experimental autoimmune encephalomyelitis 
iPSC-MSC-EVs Extracellular vesicles isolated from MSCs previously derived 

from human induced pluripotent stem cells 
GIOP Glucocorticoid-induced osteoporosis 
HLA Human leukocyte antigen 
HD Huntington disease 
IDO Indoleamine 2,3-dioxygenase 
IFN-γ Interferon gamma 
JAK-STAT Janus kinase-Signal transducer and activator of transcription 
JNK Jun N-terminal kinases 
mTORC1 Mechanistic target of rapamycin complex 1 
MSCs Mesenchymal stem cells 
MAPKs Mitogen-activated protein kinases 
MAIT Mucosal-associated invariant T 
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 
PD Parkinson’s disease 
PE phosphatidyl ethanol amine 
PI3K Phosphatidylinositol-3-kinase complex 
PGE2 Prostaglandin E2 
PKB/AKT protein kinase B activation 
ROS reactive oxygen species 
SDF-1 stromal cell derived factor 1 
SLE ystemic lupus erythematosus 
(T-MSCs) Tonsil-derived MSCs 
(TGF-β) transforming growth factor beta 
TNF-α Tumor necrosis factor alpha 
UVRAG UV irradiation resistance-associated tumor suppressor gene 
Vps34 Vacuolar protein sorting 34 

Introduction 

Mesenchymal stem cells (MSCs) are non-hematopoietic cells that were first found 
in the bone marrow by Friedenstein and colleagues in the late 1960s [1, 2]. The 
International Society for Cellular Therapy (ISCT) established three minimal criteria 
for the definition of human MSCs: (i) plastic adherence, (ii) membrane expression of 
cluster of differentiation (CD)73, CD90, and CD105, lack of CD34, CD45, CD14,
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CD19, CD79a, CD11b, human leukocyte antigen (HLA)-DR expression, and (iii) 
in vitro differentiation into the cells of mesodermal lineage: osteoblasts, adipocytes, 
and chondrocytes (Fig. 9.1) [3]. Following the initial isolation of MSCs from the 
BM, a number of studies suggested that cells meeting the aforementioned criteria 
and sharing similar properties can be harvested from a wide variety of adult human 
tissues, including adipose tissue, dental pulp, peripheral blood, menstrual blood, 
endometrium, and fetal tissues, such as amniotic fluid, placenta, umbilical cord, 
Wharton jelly, and umbilical cord blood [4–10].

Due to their huge differentiation potential, MSCs are considered as new thera-
peutic agents in regenerative medicine. In vitro, under specific culture conditions, 
MSCs can differentiate into endothelial cells, hepatocytes, pancreatic beta cells, 
neurons, and glial cells [11–14]. Additionally, MSCs produce large number of antimi-
crobial, immunoregulatory, angiomodulatory and growth factors which affect cell 
proliferation, differentiation, angiogenesis, phenotype, and function of immune cells, 
crucially contributing in the MSC-dependent enhanced repair and regeneration of 
injured tissues [14, 15]. The low expression of human leukocyte antigen (HLA) 
class I and the absence of expression of HLA class II and co-stimulatory molecules 
(CD40, CD80, CD83, CD86, and CD154) indicate low immunogenicity of MSCs 
enabling their transplantation in HLA-miss-matched recipients [16]. 

Although MSC-based therapy holds a great potential in the treatment of inflamma-
tory and degenerative diseases, there are several issues that limit therapeutic efficacy 
of MSCs [17, 18]. Due to the low survival of engrafted cells, high number of MSCs 
has to be transplanted to achieve optimal therapeutic benefits [18]. A large number of 
evidence demonstrated that modulation of autophagy-related pathways in engrafted 
MSCs may increase viability and survival of transplanted MSCs, enhancing their 
therapeutic efficacy [19–23]. Accordingly, in this chapter we emphasized current 
knowledge about the role of autophagy in MSC-based therapy of inflammatory and 
degenerative diseases. 

Autophagy-An Intracellular Mechanism for the Restoration 
of Cell Energy 

Autophagy is a highly conserved process that functions as an intracellular recycling 
system for the restoration of cell energy [24]. Autophagy maintains cellular home-
ostasis [24]. During autophagy, an energy for vital intracellular metabolic pathways 
is generated from the dysfunctional organelles, altered, and misfolded proteins [24]. 
Autophagy is a survival process which is activated in response to stress elicited 
by starvation, hypoxia, microbial infection, or irradiation [24]. The coordinated 
activity of more than 30 autophagy-related (Atg) proteins regulates the three types of 
autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy 
(CMA) [25].
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Macroautophagy involves several steps: initiation, vesicle nucleation (creation 
of a cup-shaped double-membrane structure-isolation membrane), vesicle elonga-
tion, fusion, and degradation [26]. The ULK protein complex, which consists of 
ULK1, Atg13, FIP200, and Atg101, is linked with mTOR complex 1 (mTORC1), 
which phosphorylates and inactivates ULK1/2 and Atg13 proteins. Cellular stress 
induces dissociation of mTORC1 from the ULK protein complex, resulting in the 
induction of macroautophagy [27]. Initiation of macroautophagy is followed by the 
vesicle nucleation, the process that requires the formation of Beclin 1/Class III 
phosphatidylinositol-3-kinase (PI3K) complex, coordinated by the interactions of 
Beclin 1, UV irradiation resistance-associated tumor suppressor gene (UVRAG), 
Atg14, B-cell leukemia/lymphoma-2 (Bcl-2), p150, ambra1, endophilin B1, and 
Vacuolar protein sorting 34 (Vps34). After nucleation, several Atg proteins (assem-
bled into two ubiquitin-like conjugation systems, Atg12–Atg5–Atg16 L and Atg8 
(LC3)–phosphatidylethanolamine (PE)) are being attracted to the membrane of pre-
autophagosomes to promote vesicle elongation. As a final step, the expanding vesicle 
mature and close to form a completed autophagosome which fuses with an endosome 
and/or lysosome, becoming an autophagolysosome, the structure where damaged 
organelles or proteins are degraded [27]. The reactivation of mTOR (an essential 
component of the mTORC1 complex) by nutrients created during macroautophagy 
can be used to stop the autophagy. This is an example of a feedback mechanism that 
prevents excessive autophagy activation during periods of starvation [26, 27]. 

The process of microautophagy is characterized by the degradation of damaged 
cytoplasmic molecules which enter the lysosome by an invagination or distor-
tion of the lysosomal membrane [28]. Microautophagy cooperates with macroau-
tophagy and CMA in maintaining structure and function of cellular membrane and 
intracellular organelles [28]. 

CMA is a unique, selective form of autophagy in which various cytosolic proteins 
(glycolytic enzymes, transcription factors and their inhibitors, calcium and lipid 
binding proteins, proteasome subunits) are carried one by one across the lysosomal 
membrane for consequent degradation [29]. 

Autophagy-Dependent Regulation of Stemness 
and Differentiation Potential of MSCs 

Stemness and differentiation potential of MSCs are regulated by autophagy [30, 
31]. Low level of autophagy maintains stemness of MSCs, whereas deletion of 
autophagy-related genes causes genomic instability and telomere alterations in 
MSCs, hastening their senescence [30]. MSCs with extensive autophagy activa-
tion, as evidenced by over expression of Beclin-1, Atg5, Atg7, and enhanced LC3-
II conversion, experienced premature senescence, as evidenced by expanded and 
flat morphology and lower proliferative potential [32]. Suppression of autophagy 
(induced by 3-methyladenine (3-MA)) preserved stemness of MSCs which were
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exposed to hyperglycemic stress [32]. These seemingly contradictory data suggest 
that autophagy is a stress adaption response that must be carefully managed [19–23]. 
Reduced autophagy has been found to cause senescence, but significantly increased 
autophagy may provoke development of irreversible functional changes in MSCs 
[33]. Autophagy is essential at the housekeeping level to avoid MSC senescence; 
however, excessive autophagic activation reduces MSC lifetime and stem cell prop-
erties [33]. Under standard culture conditions, activation of autophagy increased 
proliferation, while suppression of autophagy reduced survival of MSCs [34]. Given 
the need of a proper cellular stress response for maintaining homeostasis, autophagy 
appears to be a mechanism for protecting transplanted MSCs from external and 
internal stressors [19–21]. In MSCs exposed to oxidative or irradiation-induced stress 
conditions, autophagy is elicited to counteract deteriorative processes and to prevent 
senescence or cell death [34]. 

Autophagy attenuates differentiation capacity of MSCs by controlling their 
commitment to the adipogenic and osteoblastic lineages [35]. Undifferentiated MSCs 
appear to be in a condition of stalled autophagy, as evidenced by the large number of 
undegraded autophagic vacuoles found in MSCs [35]. Autophagy induction inhib-
ited adipogenic and increased osteogenic differentiation in MSCs [35]. Rapamycin 
inhibits MSCs’ ability to differentiate into adipocytes by decreasing activity of 
mammalian target of rapamycin (mTOR), which promotes the formation of white and 
brown adipocytes [36]. In contrast to adipogenic differentiation, autophagy activation 
(either by mTOR inhibition or by protein kinase B (PKB/AKT) activation) stimulated 
osteoblast differentiation in dental pulp-derived MSCs [35]. Similarly, activation 
of autophagy-related genes increased bone repair in MSC-treated rats [37]. Thera-
peutic potential of autophagy-dependent enhanced differentiation of MSCs towards 
osteoblast lineage has been demonstrated in glucocorticoid-induced osteoporosis 
(GIOP), the most frequent type of secondary osteoporosis [38]. Oral glucocorti-
coids inhibit osteoblast proliferation and apoptosis, prolong osteoclast survival, and 
promote bone resorption, resulting in a significantly increased incidence of bone 
fractures in patients who receive glucocorticoid therapy [39]. Because of its effects 
on the survival of transplanted MSCs, autophagy plays a critical role in the preser-
vation of bone tissue homeostasis in GIOP [38]. GIOP protected engrafted MSCs 
from starvation-induced apoptosis, while autophagy inhibition reduced survival and 
proliferation of MSCs, diminishing their therapeutic effects in GIOP treatment [38]. 
Since autophagy protects engrafted MSCs from apoptosis and promotes their differ-
entiation into osteoblasts, inducing autophagy could be considered as a new approach 
for improving MSC therapeutic effects in the treatment of GIOP patients [19–21, 38]. 

Autophagy regulation is crucial for MSC differentiation into myocytes, hepato-
cytes, and neural cells [19–23]. Tonsil-derived MSCs (T-MSCs) require autophagy 
induction to differentiate into myoblasts and skeletal myocytes [40]. Likewise, acti-
vating autophagy in T-MSCs increased their ability to differentiate into hepatocyte-
like and neuron-like cells and significantly improved beneficial effects of MSCs in 
the treatment of liver fibrosis and neurodegenerative diseases [41–43]. Importantly, 
inhibiting autophagy in T-MSCs completely diminished these effects [43], indicating
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that autophagy induction can be used for enhancement of MSCs’ differentiation and 
therapeutic potential [19–23]. 

Activation of Autophagy as New Approach for Attenuating 
Apoptosis of Transplanted MSCs 

Numerous lines of evidence imply that autophagy is crucially important for the 
survival of transplanted MSC [35]. MSCs cultivated in serum-free media use 
autophagy to recycle macromolecules and to induce synthesis of anti-apoptotic 
factors in order to survive chronic serum deprivation [44]. Autophagy protects 
MSCs from injury caused by irradiation-induced reactive oxygen species (ROS) 
[45]. Starvation or rapamycin-induced autophagy can considerably reduce ROS 
accumulation-related DNA damage [45]. Additionally, autophagy suppression leads 
to increased ROS accumulation and DNA damage, resulting in genomic rearrange-
ments and decreased viability of irradiated MSCs [45]. ROS stimulates autophagy in 
MSCs, as evidenced by increased LC3-II expression and decreased p62 expression, 
and has a substantial impact on the interaction between autophagy and apoptosis 
[46]. Bcl-2 plays an important role in signaling crosstalk between these two cell 
death pathways [47]. Bcl-2 interacts with Beclin 1 and influences the development 
of the Beclin 1/Vsp34 complex [47]. Bcl-2 phosphorylation and disruption of the 
Bcl-2/Beclin1 complex are implicated in the induction of autophagy by mitogen-
activated protein kinases (MAPKs), such as Jun N-terminal kinases (JNK) [46]. 
JNK-mediated Bcl-2 degradation activates Beclin1-mediated autophagy in irradi-
ated MSCs, since irradiated-induced ROS activates JNK [45, 46]. Other mechanisms 
for autophagy induction include Beclin-1 dissociation from Bcl-2 by pro-apoptotic 
BH3 proteins (such as Bad) and Beclin-1 phosphorylation by DAP kinase (DAPK) 
[48, 49]. Furthermore, activation of protein kinase D (PKD), which phosphorylates 
and activates Vps34, initiates autophagy [49]. Although ROS-activated autophagy 
protects cells from apoptosis, apoptosis is overwhelming, and autophagy cannot 
prevent apoptosis without significant induction. As a result, increasing autophagy in 
MSCs prior to transplantation is required to minimize apoptosis and prolong survival 
of transplanted MSCs [45]. 

Activation of autophagy in MSCs prior to their transplantation significantly 
increased therapeutic effects of MSCs in the treatment of myocardial infarction and 
diabetic limb ischemia [50]. Similarly, rapamycin-induced activation of autophagy 
significantly increased survival and hepatoprotective properties of adipose tissue-
derived mesenchymal stem cells (AT-MSCs) [51]. Results obtained in animal 
model of cisplatin-induced liver injury showed that rapamycin-pretreated AT-MSCs 
promoted liver regeneration and completely restored liver function in experimental 
animals [51]. Up-regulated expression of BCL2 gene and increased synthesis of 
anti-apoptotic Bcl2 protein were responsible for improved survival of rapamycin-
pretreated AT-MSCs. Rapamycin-pretreated AT-MSCs modulated transforming
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growth factor beta (TGF-β)/Smad and Phosphatidylinositol-3-Kinase (PI3K)-AKT 
signaling pathways which down-regulated secretion of pro-fibrotic TGF-β, inhib-
ited nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)-driven 
synthesis of inflammatory cytokines and increased stromal cell derived factor 1 (SDF-
1)-dependent hepatocyte proliferation and liver regeneration in experimental animals 
[51]. 

MSCs Modulate Autophagy in Parenchymal and Immune 
Cells Affecting Progression of Degenerative 
and Inflammatory Diseases 

Autophagy plays an important role in the pathogenesis of many degenerative and 
inflammatory diseases [52–55]. Lysosomal dysfunction, altered autophagosome-
lysosome fusion and autophagosome accumulation have been observed in patients 
suffering from Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington 
disease (HD) [56]. The aggregation of abnormal and misfolded amyloid beta, alpha-
synuclein, and huntingtin proteins are considered the main cause for neuronal toxi-
city and altered axonal transport in AD, PD, and HD patients [56]. MSCs increased 
neuronal survival by stimulating autophagy in damaged neurons exposed to toxic 
protein aggregates [57]. MSC-dependent modulation of autophagy in neural cells 
resulted in increased degradation of misfolded proteins that lead to the improved 
survival of neural cells of MSC-treated AD rats [57]. MSCs significantly increased 
the amount of autophagosomes fused to lysosomes which lead to the increased degra-
dation of intracellular amyloid beta clumps and resulted in an improved survival of 
neural cells [57]. 

Dysfunction of autophagy in hepatocytes is responsible for massive accumulation 
of abnormal mitochondria which is followed by increased synthesis and release of 
ROS, resulting in the development of oxidative stress and inflammation in the liver 
[54]. MSCs may modulate autophagy in hepatocytes, having beneficial effects in the 
treatment of liver fibrosis [19–23]. 

Elevated expression of BECN1 gene, which is responsible for the synthesis of 
autophagy-related Beclin-1 protein, is observed in autoreactive T and B lymphocytes 
of patients suffering from systemic lupus erythematosus (SLE) [58–60]. Similarly, 
an increased synthesis of antinuclear antibodies and elevated production of inflam-
matory cytokines were observed in plasma cells and macrophages of SLE patients 
in which autophagy-related proteins and signaling molecules were altered [60]. T 
regulatory cells produce immunosuppressive factors that attenuate effector func-
tions of autoreactive T cells, suppress production of auto-antibodies in plasma cells, 
and inhibit production of inflammatory cytokines in macrophages [61]. MSCs may 
modulate progression of SLE by affecting autophagy-related pathways in Tregs [62]. 
Umbilical cord-derived MSCs deliver functional mitochondria to Tregs, improving 
their longevity which, consequently results in enhanced Treg-dependent suppression
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of autoreactive T and B cells and with the inhibition of inflammatory macrophages 
[62]. 

Beneficial effects of MSCs in the treatment of diabetic rats were attributed to the 
MSC-dependent modulation of autophagy in insulin-producing pancreatic β-cells 
[63]. Autophagy plays an important role in the pathogenesis of diabetes mellitus 
[63]. Autophagy is enhanced in insulin-producing pancreatic β-cells exposed to the 
high-glucose conditions [63]. Significantly increased generation of autophagosome 
and autolysosomes, attenuated ROS release and reduced apoptosis were observed 
in pancreatic β-cells after their co-culture with bone marrow-derived MSCs [63]. 
When autophagy inhibitors (3-MA) or chloroquine) were added to the cell co-culture, 
viability of pancreatic β-cells was reduced and the suppressive effects of MSCs on 
ROS levels were abrogated, confirming important role of autophagy for beneficial 
effects of MSCs in the treatment of diabetes mellitus [63]. 

MSC-derived interleukin (IL)-15 induces autophagy in mucosal-associated 
invariant T (MAIT) cells, innate-like unconventional T cells that play important role 
in the defense against bacterial and viral pathogens [64]. By activating autophagy in 
MAIT, MSC-sourced IL-15 induced increased synthesis of inflammatory cytokines 
(tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ)), and cytotoxic 
granzyme B, significantly enhancing antimicrobial properties of MAIT [64]. Inhi-
bition of autophagy in MAIT completely diminished immunostimulatory effects 
of MSC-derived IL-15, confirming that IL-15-dependent modulation of autophagy 
was crucially responsible for MSC-dependent alteration of MAIT’s phenotype and 
function [64]. 

Modulation of Autophagy as New Approach 
for Enhancement of MSCs’ Immunosuppressive Properties 

Modulation of autophagy in MSCs has been shown to be a novel technique for 
improving MSC-based therapeutic benefits in the therapy of immune cell-mediated 
diseases (Fig. 9.2) [65–68]. Autophagy improves MSC-dependent suppression of 
CD4+T cells by increasing production of immunosuppressive TGF-β [65]. It is well 
known that MSC-derived TGF-β inhibits the activation of the Janus kinase-Signal 
transducer and activator of transcription (JAK-STAT) signaling pathway in T cells, 
resulting in G1 cell cycle arrest of T lymphocytes [66]. Pretreatment with rapamycin 
dramatically increased MSCs’ ability to release TGF-β and suppress CD4+T lympho-
cyte proliferation in TGF-β-dependent manner [65]. In an analogy, 3-MA-induced 
inhibition of autophagy considerably reduced TGF-β-dependent suppression of T 
cells by MSCs [65]. The addition of recombinant TGF-β completely restored the 
immunosuppressive potential of 3-MA-pretreated MSCs, whereas blocking of TGF-
β-signaling diminished immunosuppressive capacity of rapamycin-pretreated MSCs, 
suggesting important role of autophagy for TGF-β-driven suppression of T cells by 
MSCs [65].
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MSC-based therapy was effective in the treatment of acute Graft-versus-Host 
Disease (aGVHD), a potentially fatal consequence of allogeneic bone marrow trans-
plantation [67]. Rapamycin-induced activation of autophagy significantly increased 
production of immunosuppressive factors (TGF-β, IL-10, and indoleamine 2,3-
dioxygenase (IDO)) in MSCs [19, 66, 67]. Accordingly, rapamycin-treated MSCs 
showed better therapeutic effects in the treatment of mice with aGVHD when 
compared with aGVHD mice that received rapamycin-untreated MSCs [67]. MSCs 
in IL-10-dependent manner inhibit maturation of dendritic cells (DCs) and suppress 
DC-dependent T cell activation, while MSC-derived IDO induce expansion of Tregs 
by preventing their reprogramming into inflammatory, IL-17-producing effector 
Th17 cells [66]. Accordingly, increased production of IL-10 and IDO in rapamycin-
treated MSCs was associated with greater expansion of Tregs and decreased pres-
ence of inflammatory Th17 cells in mice that received rapamycin-treated MSCs [67], 
indicating that induction of autophagy substantially increased immunomodulatory 
properties of MSCs. Opposite to these findings are results obtained by Dang and 
colleagues who analyzed the effects of autophagy on MSC-based therapy of exper-
imental autoimmune encephalomyelitis (EAE), well-established animal model of 
multiple sclerosis [68]. They found that inhibiting rather than activating autophagy 
boosted MSC-mediated suppression of CD4+T cell-driven inflammation in the 
central nervous system (CNS) of experimental mice [68]. Inflammatory cytokines 
(TNF-α and IFN-γ), produced by autoreactive, myelin-specific CD4+T cells, induced 
autophagy in transplanted MSCs by promoting Beclin 1 expression [68]. Beclin 1 
deletion, in turn, enhanced MSC therapeutic benefits in EAE by suppressing acti-
vation of autoreactive CD4+T cells in CNS [68]. Inhibition of autophagy increased 
MAPK1/3 activation in MSCs, resulting in increased production of prostaglandin 
E2 (PGE2), which inhibited IL-2 receptor: JAK3 signaling pathway in activated T 
cells and suppressed their proliferation [68]. The beneficial effects of MSCs in the 
therapy of immune cell-mediated acute and chronic liver disorders mostly relied 
on the immunosuppressive effects of MSCs [12]. Autophagy inhibition in MSCs 
via downregulation of ATG7 boosted MSC survival and enhanced their therapeutic 
effects by increasing production of immunosuppressive and hepatoprotective IL-10 
[19, 69]. 

Autophagy Improves the Pro-angiogenic Properties of MSCs 

Although MSCs are widely used in the treatment of cardiovascular diseases, their 
therapeutic efficacy is limited due to their low pro-angiogenic ability in the patho-
logical milieu [70, 71]. Several lines of evidence suggested that activation of 
autophagy in MSCs could be an effective method for enhancement of MSCs’ pro-
angiogenic potential [ref]. Rapamycin treatment or over-expression of BECN-1 gene 
significantly enhanced the production of basic fibroblast growth factor (bFGF) 
and angiopoietin in MSCs [72]. Hypoxia activates adenosine monophosphate-
activated protein kinase (AMPK)/mTOR signaling pathway and autophagy in MSCs,
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improving their survival in ischemic environment [72]. Accordingly, after engraft-
ment in hypoxic microenvironment, MSCs increased production of pro-angiogenic 
factors (bFGF, angiopoietin, and vascular endothelial growth factor (VEGF)), 
resulting in increased capillary formation of MSC-treated ischemic tissues [73, 74]. 

Xia and colleagues isolated extracellular vesicles from MSCs which were previ-
ously derived from human induced pluripotent stem cells (iPSC-MSC-EVs) [75]. 
Infusion of iPSC-MSC-EVs significantly reduced infarct volume, improved angio-
genesis, and alleviated long-term neurological impairments in mice with ischemic 
brain injury [75]. Molecular mechanisms responsible for beneficial effects of iPSC-
MSC-EVs relied on STAT3-dependent suppression of autophagy in ischemic neural 
tissue [75]. Administration of iPSC-MSC-EVs increased synthesis of STAT-3 which, 
in turn, suppressed autophagy, improved migration of endothelial cells and enhanced 
generation of new blood vessels in ischemic brains of experimental animals [75]. 

Conclusions 

Autophagy regulates stemness, viability, potential for differentiation. immunomod-
ulatory and pro-angiogenic properties of MSCs [19–23]. Modulation of autophagy 
in MSCs prior to their transplantation represents potentially new approach which 
could improve therapeutic potential of MSCs in the treatment of degenerative, 
inflammatory, and ischemic diseases [19–23]. 
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Chapter 10 
Autophagic Control of Stem Cells 
Differentiation into Osteogenic 
Lineage—Implications in Bone Disorders 

Shalmoli Bhattacharyya and Aditi Mahajan 

Abstract Autophagy is a degradative metabolic process involved in sustaining the 
cellular homeostasis by regulating the turnover of cytosolic components. Being an 
essential cell quality control system, the process of autophagy regulates various prop-
erties of all types of stem cells such as their self-renewal, homeostasis, stemness and 
most importantly, their lineage commitment. Undifferentiated stem cells accumulate 
autophagosomes due to arrested autophagy which is resumed only during differentia-
tion into specific lineages. In terms of differentiation, autophagy is crucially involved 
in maintaining the balance between osteoblastogenesis and adipogenesis in Wnt/β-
catenin mediated manner. Enhanced autophagy is seen in the case of osteogenic 
differentiation of stem and progenitor cells, and defects in the autophagic process 
have been implicated in the development of various bone disorders such as osteo-
porosis, osteopetrosis, Paget’s disease and arthritis. This book chapter describes the 
role of autophagy in the regulation of stem cells characteristics, including the regu-
lation of embryonic stem cells during embryogenesis and in skeletal tissue forma-
tion with special emphasis on the recent evidence supporting the autophagic regula-
tion of osteogenic differentiation of MSCs and the consequent implications in bone 
pathology. 

Keywords Autophagy · Stem cells · Embryogenesis · Bone disorders ·
Osteogenic differentiation · Skeletal development

S. Bhattacharyya (B) · A. Mahajan 
Department of Biophysics, Post Graduate Institute of Medical Education and Research 
(PGIMER), Chandigarh, India 
e-mail: shalmoli2007@yahoo.co.in 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
B. V. Shravage and K. Turksen (eds.), Autophagy in Stem Cell Maintenance 
and Differentiation, Stem Cell Biology and Regenerative Medicine 73, 
https://doi.org/10.1007/978-3-031-17362-2_10 

235

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-17362-2_10\&domain=pdf
mailto:shalmoli2007@yahoo.co.in
https://doi.org/10.1007/978-3-031-17362-2_10


236 S. Bhattacharyya and A. Mahajan

Abbreviations 

3-MA 3-Methyladenine 
AMBRA1 Autophagy and beclin regulator-1 
AMPK Adenosine monophosphate activated protein kinase 
ATG Autophagy-related gene 
ATP Adenosine tri-phosphate 
BMPs Bone morphogenetic proteins 
BMSCs Bone marrow-derived mesenchymal stem cells 
C/EBPβ CCAAT enhancer binding protein beta 
CEP55 Centrosomal protein (55KDa) 
Dlx5 Distal-less homeobox 5 
ESCs Embryonic stem cells FABP3fatty acid binding protein 3 
FOXO3 Forkhead box O-3 
GATA-1 GATA binding protein 1 
GFER Growth factor, augmenter of liver regeneration 
GSK3β Glycogen synthase kinase 3 beta 
HSCs Hematopoietic stem cells 
IGF-1 Insulin-like growth factor-1 
IGFBP-2 Insulin-like growth factor binding protein 
2 IL-1β Interleukin 1 beta 
iPSCs Induced pluripotent stem cells 
JNK C-Jun N-terminal kinase 
Klf 1/2 Kruppel-like factor-1/2 
LC3 Microtubule associated proteins 1A/1B light chain 3B 
MAPK Mitogen activated protein kinase 
miRNA Micro-RNA 
MMP-13 Matrix metalloproteinase 13 
MSCs Mesenchymal stem cells 
Msx2 Msh homeobox 2 
mTORC1 Mammalian target of rapamycin complex 1 
NBR1 Neighbor of BRCA1 gene 1 
NFkB Nuclear factor kappa light chain enhancer of B cells 
Nrf2 Nuclear factor erythroid-related factor 2 
NuRD Nucleosome remodeling and deacetylase 
NuRD Nucleosome remodeling and deacetylase 
OA Osteoarthritis 
Oct4 Octamer binding transcription factor 
4OPG Osteoprotegerin 
OVX Osteoporotic mice 
P13K Phosphoinositide 3-kinase 
PDGF Platelet-derived growth factor 
POU5F1 POU class 5 homeobox 1 
ROS Reactive oxygen species



10 Autophagic Control of Stem Cells Differentiation into Osteogenic … 237

Runx2 Runt-related transcription factor 2 
SmadA Suppressor of mothers against decapentaplegic 
Sox2 SRY box 2 
Spp1 Secreted phosphoprotein 1 
SQSTM1 Sequestosome-1 
TIMP-1A Tissue inhibitor of metalloprotease1 
TSC1 Tuberous sclerosis complex subunit 1 
ULK UNC-51-like kinases 
Wnt Wingless-related integration site 

Introduction 

Autophagy is one of the major catabolic mechanisms for maintaining cell-
bioenergetic homeostasis by controlling the molecular degradation and recycling and 
organelle turnover. The process is active at baseline levels in all mammalian cells 
and targets the potentially harmful and toxic organelles and misfolded or dysfunc-
tional proteins to degradation by lysosomal hydrolases. There are three types of 
autophagy—microautophagy, chaperone mediated autophagy and macroautophagy, 
each of which differs in the mechanism of degradation of cytosolic products [1, 
2]. The classical ‘macroautophagy’ is induced under severe conditions such as 
nutrient starvation, hypoxia and metabolic and oxidative stress which results in the 
degradation of bulk cytosolic material to support cell survival and function. The 
process is mainly regulated by two major protein complexes: mammalian target 
of rapamycin complex (mTORC1) and adenosine monophosphate activated protein 
kinase (AMPK). Under nutrient deprivation, mTORC1 is inactive while AMPK 
is activated which induces phagophore formation by activating ULK1/2 (UNC-
51-like kinases) complex. This protein complex activates Beclin-1 which, in turn, 
recruits VSP34 to synthesize phosphatidyl inositol 3-phosphates on the phagophore 
membrane to mark a signal for the formation of autophagosomes. ATG protein 
complexes are recruited to the site of autophagosome formation and result in the 
lipidation of LC3 protein. LC3 protein is the major mediator of autophagosome 
membrane elongation, target recognition and fusion of autophagosomes with lyso-
somes. The final degraded products are then translocated to the cytosol where they 
are utilized for use in new metabolic and physiological reactions to sustain cell 
homeostasis and growth [3, 4]. 

Since the process of autophagy supports such critical functions of a cell, alter-
ations in the process have been implicated in several pathological conditions such 
as neurodegeneration, autoimmune disorders, cancer and cardiovascular and bone 
metabolic diseases due to modulation of tissue-specific cells such as neurons, tumor 
cells, osteoblasts and osteocytes. Emerging evidence over the past years have also 
uncovered the fundamentals of autophagy in the fate determination of stem cells 
and in the modulation of their potency and functions, which is proposed to have an
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impact on the regenerative properties of these cells. Stem cells are distinct types of 
cells that persist throughout the lifespan of an organism from the stage of embryoge-
nesis up to old age with varying abilities to replicate and differentiate into different 
cell lineages. While embryonic stem cells (ESCs) are considered pluripotent with 
indefinite self-renewal and proliferation ability, the adult somatic stem cells, partic-
ularly those residing quiescently in tissues, are multipotent or unipotent and are 
usually activated in response to tissue injury. Various regulatory mechanisms act 
in a concerted manner to maintain quiescence and homeostasis in these stem cells, 
particularly by means of proteostatic and metabolic regulation. One major outcome 
of cellular metabolism is the formation and accumulation of free radicals which 
can cause macromolecules and organelle damage. Thus, healthy stem cells need to 
maintain a balance between their metabolic demands and cytoprotective measures to 
prevent the build-up of reactive oxygen species (ROS) and damaged cytosolic mate-
rial which is achieved by the means of cell quality control mechanisms including 
autophagy [5]. Moreover, during the process of differentiation, stem cells undergo 
remodeling which requires the elimination of existing cellular components which are 
no longer required which is also achieved through the process of autophagy. Overall, 
growing evidence suggest the critical involvement of the autophagic process in main-
taining several crucial functions and properties of both embryonic and adult stem 
cells. This chapter focusses on autophagic regulation and maintenance of stem cells’ 
homeostasis, potency and their multi-lineage differentiation with a special focus on 
the osteogenic fate of adult stem cells and its implications in bone disorders. 

Autophagic Regulation of Embryonic Development 

Autophagy During Embryogenesis 

The embryonic development requires a series of morphological and physiological 
remodeling events which are crucial for differentiation into functional tissues and 
organ development. These events, which occur at the cellular level, are associated 
with simultaneous changes in cytoskeleton, cell membrane, extracellular matrix 
composition and organelles. These changes are under the control of various regula-
tory mechanisms including autophagy which act in a concerted manner to ultimately 
determine cell fate and organ development during the initial stages of embryogen-
esis. After fertilization, the zygote undergoes a series of cell divisions and is repro-
grammed to form pluripotent ESCs which requires induction of pluripotency genes, 
clearance of maternal and paternal genomes, epigenetic modifications and induc-
tion of proteolytic systems such as autophagy and ubiquitin-proteasome degradation 
system. Autophagy plays a major role during both the development and differentia-
tion of an early embryo by providing the cytosolic products for recycling into new 
macromolecules as well as by clearing out old structures by means of programmed 
cell death. Since all the structures of an embryo are formed from ESCs derived from
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the inner cell mass, it is plausible to assume that autophagy plays a critical role 
in the normal development and functioning of an embryo. It has been established 
that autophagy is predominantly involved in maintaining the metabolic equilibrium 
during early and post-implantation stages, with several in vivo studies confirming 
that mice lacking atg genes not only display postnatal defects but also show induc-
tion of several compensatory mechanisms including ubiquitin-proteasome system 
suggesting that autophagy, although necessary for optimal embryogenesis, is not 
critical for the survival of the organism [6]. Autophagy majorly regulates the initial 
stages of embryogenesis in mTOR and PI-3K signaling-dependent manner. Different 
molecular mechanisms have been documented which induce autophagy during early 
embryonic reprogramming. For example, the earliest surge of autophagy is induced 
just after fertilization due to calcium oscillations and is reported to be independent of 
mTORC1 activity [7]. As the embryo reaches the 4-8 cell stage, downregulation of 
mTOR activity by Sox2 and NuRD complex becomes indispensable for the activation 
of the autophagic process. 

Overactivation of autophagy at this stage also accelerates the formation of the 
blastocyst [8]. Most of our current knowledge about autophagy during early develop-
ment comes from the autophagic regulation of ESCs cultured outside the blastocyst. 
Studies have shown that autophagy deficient ESCs are able to form undifferentiated 
cell aggregates, embryoid bodies which show defects in ATP production, primitive 
endoderm and an inner core of ectodermal cells. This inner core, however, fails to 
undergo the cavitation event which is necessary for clearing out apoptotic products 
during early embryogenesis [9]. Moreover, oocytes with conditional knockdown 
of Atg5 gene and fertilized by Atg5 null sperm fail to proceed beyond the 4–8 
cell stage [7]. However, the role of autophagy in the later stages of embryogenesis 
remains ambiguous as mice with null mutations in autophagic genes atg3, atg5, 
atg7 and atg9 have been reported to produce phenotypically normal pups without 
any anatomical abnormalities. However, these pups are reported to die within 1–2 
days of birth probably due to dysregulated neurological development [10]. These 
results indicate that autophagy is not essential for the survival of the embryo at later 
stages but appear to be indispensable for its optimal development. Since autophagy 
also involves the removal of damaged cellular components, it is presumed that the 
absence of autophagy causes the build-up of toxic by-products which contribute to 
such defects which are manifested later in the embryo development. However, the 
precise cellular and tissue defects arising due to defective autophagy at later stages 
of embryogenesis are yet to be identified. 

Autophagy in ESCs 

ESCs are pluripotent cells derived from the inner cell mass of pre-implantation blas-
tocysts in the early embryo with the capacity of indefinite self-renewal and differen-
tiation into the lineages of all the three germ layers—ectoderm, endoderm and meso-
derm [10]. ESCs have been shown to have higher basal levels of autophagy on the
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basis of the presence of LC3 puncta. Moreover, the early stages of spontaneous differ-
entiation of ESCs are associated with enhanced autophagic levels, which possibly 
contribute to the cell reprogramming events during the transition from undifferenti-
ated to differentiated state of these cells [11, 12]. Inhibition of autophagy also leads 
to greater accumulation of pluripotency associated proteins in both cytoplasm and 
nucleus, confirming the involvement of autophagy in maintaining the pluripotency 
of ESCs [13, 14]. Several studies have shown the role of mTOR signaling in regu-
lating the fate decision in ESCs. Induction of autophagy by inhibiting mTOR leads 
to considerably reduced pluripotency transcription factors such as POU5F1, SOX2 
and OCT4 in ESCs and promotes their mesodermal and endodermal activities with 
arrested proliferation [14, 15]. mTOR interacts with extrinsic pluripotency supporting 
factors in the microenvironment of ESCs and suppresses the transcription of growth 
and developmental inhibitory genes, thereby maintaining ESCs pluripotency [14]. 

The first-ever detailed molecular mechanism of autophagy in a mammalian cell 
setting was done using ESCs which showed that Atg5 deficient ESCs had a lower 
protein turnover rate but normal growth rate and clonogenic potential [16]. Another 
study also reported similar findings that beclin-1 knockdown did not induce any 
growth defect in mouse ESCs [17]. However, a later study showed that these ESCs 
were incapable of forming embryoid bodies [18]. Additionally, functional defi-
ciency of AMBRA1, which regulates Beclin-1 mediated autophagy, has been shown 
to impede ESCs proliferation and degradation of ubiquitinated proteins leading to 
excessive cell death [10]. During embryogenesis, the presence of primary cilia plays 
an important role in sensing external signals and mediating signal transduction via 
Hedhegog, Wnt and PDGF signaling pathways. The process of ciliogenesis has been 
associated with the activation of autophagy in ESCs prior to their differentiation. 
In comparison to ESCs, the neuroectodermal and mesodermal differentiated cells 
show upregulated autophagy, and the inactivation of genes involved in ciliogenesis 
drastically reduces the autophagic flux in these cells [19, 20]. 

Other than macroautophagy, mitochondria selective autophagy or mitophagy has 
also been implicated in the quality control of ESCs. There are only a fewer mitochon-
dria in ESCs which also have poorly formed cristae. GFER protein which is present 
in inter membranous space of mitochondria maintains the integrity of mitochon-
dria. Loss of function of GFER is associated with degradation of mitochondria and 
removal of the fragmented mitochondria by mitophagy. GFER deficient ESCs also 
show decreased expression of pluripotent markers which suggests that the structural 
and functional integrity of mitochondria is crucial to ESCs stemness. Furthermore, 
defective GFER does not lead to alterations in mitochondria of ESCs-derived differ-
entiated cells, suggesting that mitophagy and GFER function are restricted to ESCs 
only [21].
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Autophagy in Skeletogenesis 

The process of autophagy has also been implicated in the formation and development 
of the vertebral skeletal system. Since the early developmental stage, autophagy is 
involved in the formation, differentiation and functional maintenance of key skeletal 
tissues such as bone, cartilage and associated connective tissues via modulation of 
mesenchymal stem cells (MSCs) or bone progenitor cells and native tissue cells such 
as osteoblasts (bone forming cells), osteocytes (bone residing cells), osteoclasts (bone 
resorbing cells) and chondrocytes (cartilage forming cells) (Fig. 10.1). These cells are 
all derived from MSCs (except osteoclasts) via mesenchymal condensations followed 
by their differentiation at the site of skeletal tissue formation. Several studies have 
indicated the role of autophagy in the differentiation of MSCs toward osteogenic 
and chondrogenic lineages. Most of the human skeleton (except for the craniofacial 
skeleton) develops with the deposition of an unmineralized collagen-rich cartilage 
matrix by MSCs-derived chondrocytes. These cells survive the hypoxic conditions 
present in the cartilaginous matrix and proliferate until they become hypertrophic. 
Several in vitro studies have emphasized the role of autophagy during the prolifer-
ation and differentiation of chondrocytes. Autophagy enables the survival of chon-
drocytes in hypoxic and nutrient-depleted conditions in the middle of the growth 
plate. This is also corroborated by several studies which have shown that depletion 
of ATG5 or ATG7 causes chondrocyte cell death in in vitro and ex vivo cultures 
of bone growth plate tissues [22, 23]. Moreover, autophagy deficient chondrocytes 
show accumulation of glycogen granules, suggesting that autophagy actively partici-
pates in the breakdown of glycogen to meet the glucose demands in avascular growth 
plates [24]. Once the chondrocytes grow in size and become hypertrophic in nature, 
they allow the vascular invasion of the extracellular matrix and then undergo apop-
tosis. What’s interesting is that these terminal chondrocytes also exhibit elevated 
autophagic levels. Thus, autophagy is initially activated during skeletogenesis to 
support the survival and growth of chondrocytes but later switches to induce apop-
tosis for the removal of these cells [25, 26]. Chondrocytic apoptosis triggers the 
resorption of cartilage from the matrix and recruitment of MSCs-derived osteoblasts 
to these regions which form intracellular mineralized aggregates that are secreted onto 
the osteoid matrix, thereby mineralizing it. Autophagy is activated in both MSCs and 
osteoblasts which supports their survival under a hypoxic environment during bone 
formation [27]. The first evidence of autophagy in the role of osteoblastic mineral-
ization was given in 2014, in which a study showed that primary osteoblasts isolated 
from mice calvaria contained mineral aggregates inside the autophagic vesicles, and 
inhibition of autophagy dramatically reduced the mineralization capacity of these 
osteoblasts [28]. In addition to this, silencing of key autophagic mediators ATG5, 
ATG7 and Beclin-1 which are involved in autophagosome formation in osteoblasts 
resulted in decreased bone mineralization and bone mass in vivo [27, 29]. Moreover, 
autophagy is also actively engaged in pathways critical to osteoblasts formation. For 
example, insulin-like growth factor-1 (IGF-1) and insulin-like growth factor binding 
protein-2 (IGFBP-2) are involved in osteogenic differentiation in osteoblasts, the
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functions of which are partly achieved by the activation of AMPK signaling and 
autophagy [30]. Defective autophagy has also been reported to impede skeletal tissue 
formation as Atg7 conditional knockout mice showed severely reduced osteoblast 
formation, matrix mineralization and bone mass accompanied by increased osteo-
clast function at the developmental stage. Remarkably, this Atg7 deficiency corre-
lated with severe endoplasmic reticulum stress which resulted in the accumulation 
of misfolded proteins in the osteoblasts [31].

Once osteoblasts lay down the mineralized matrix, they either undergo apoptosis 
or become embedded in the matrix as osteocytes. The transition of osteoblasts into 
osteocytes is accompanied by profound changes in cell morphology and composi-
tion which requires active recycling of organelles. Moreover, due to limited vascular 
perfusion in the bone matrix, osteocytes encounter more oxidative stress and hypoxia 
and thus require stringent nutrient preservation. In comparison to osteoblasts, osteo-
cytes show accumulated levels of LC3 puncta, suggesting enhanced basal autophagy 
in these cells which is likely to be a survival mechanism in these cells [29]. The defi-
ciency of autophagy has been associated with defective osteoblast differentiation into 
osteocytes, further demonstrating the important role of autophagy in bone formation 
and function [32]. In vivo studies investigating the role of autophagy during skeleto-
genesis have shown that osteocytes deficient in Atg7 cause significant loss in bone 
mass, cancellous and cortical bone thickness and decrease bone formation rate [33]. 
Since autophagy also controls the mineralization process, the levels of autophagy 
are controlled by EphrinB2 signaling molecule in osteocytes which limits secondary 
mineralization and consequent formation of brittle bones. Loss of EphrinB2 in osteo-
cytes causes hyperactivation of autophagy which accelerates the process of secondary 
mineral formation and causes the brittle bone phenotype [34]. 

Other than bone forming cells, bone resorbing cells called as osteoclasts which 
originate from the lineage of hematopoietic stem cells (HSCs) are essential in main-
taining bone homeostasis by constantly remodeling the old bone. Osteoclasts secrete 
a variety of hydrolytic enzymes to resorb the bone minerals and matrix and recycle 
these degraded products via endocytosis. Autophagy plays a dual role in regulating 
osteoclast formation and function. The products released during the autophagic 
degradative pathway have been implicated in Wnt and NFkB signaling critical to 
osteoclasts formation and function [35]. Autophagy also controls the spatial local-
ization of protein complexes involved in protein synthesis and secretion in osteo-
clasts. Loss of ATG7 in HSCs in mice causes severe genomic damage and results 
in their defective differentiation into osteoclasts [36]. Contrary to this, a few studies 
have reported that OPG-induced autophagy suppresses the osteoclasts mediated 
bone resorption via AKT/mTOR/ULK1 and AMPK/mTOR/p70S6K signaling axes 
[37, 38].
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Regulation of Stem Cells Characteristics by Autophagy 

Since most of the stem cell pool is required to maintain its functionality throughout the 
entire lifetime of an organism, stringent cellular regulatory mechanisms are required 
to preserve the capability of these cells to sustain tissue regeneration. Over the past 
years, evidence have suggested the crucial role of autophagy in the survival, self-
renewal, metabolism and lineage determination of different types of stem cells. MSCs 
have also been shown to constitutively express autophagy-related proteins at basal 
levels, which are upregulated during early differentiation. Since undifferentiated stem 
cells are phenotypically and metabolically distinct from their differentiated counter-
parts, the implication of autophagy in governing the metabolic features of these stem 
cells is well reported in the literature [39, 40]. In addition to this, the process of 
autophagy has also been shown to confer protection against MSCs apoptosis under 
starvation [41]. Moreover, autophagy and its signaling pathway are also shown to be 
activated during the reprogramming of somatic cells into iPSCs [42, 43]. All these 
emerging evidence suggest the crucial role of autophagy in producing energy precur-
sors in the form of non-degraded cytosolic products in MSCs and other stem cells for 
their utilization at the time of stressed metabolic demands pertaining to starvation, 
hypoxia, differentiation and cellular reprogramming. 

Autophagy in Differentiation Fate of Stem Cells 

The process of differentiation of stem cells into specific lineages is a multi-stage, 
complex process that depends on the inductive signals present in their microenvi-
ronment. Since the process of differentiation involves changes in cellular phenotype, 
autophagy is presumed to play an important role in orchestrating metabolic equilib-
rium by carefully balancing the formation and degradation of new cellular products. 
The morphological changes induced during the process of differentiation are also 
regulated by autophagy. Midbodies, which are circular cytoplasmic bridges formed 
after cytokinesis to separate daughter cells, have been shown to selectively accumu-
late in undifferentiated stem cells and maintain their pluripotency state. Midbodies’ 
release into the extracellular fluid or their degradation is a characteristic feature of 
differentiating stem cells and occurs through the autophagic degradation via interac-
tion between the autophagic receptor NBR1 and midbody protein CEP55 [44, 45]. 
The presence of fewer mitochondria in undifferentiated MSCs as compared to differ-
entiated MSCs has suggested the possible cross-talk between mitophagy and MSCs 
differentiation. Although mitophagy has been shown to be important in ESCs mainte-
nance, there still occurs a lack of evidence that clearly demonstrates the mechanistic 
link between mitophagy and lineage commitment of MSCs and it still remains to be 
elucidated if both macroautophagy and mitophagy act concertedly or independently 
to promote or inhibit MSCs differentiation [1, 46].
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Although autophagy is shown to upregulate at the onset of the differentiation 
process, several studies have indicated that this upregulation is selective to the 
lineage specification. For example, after induced lineage commitment, ESCs develop 
primary cilium which activates autophagy. Autophagic mediated degradation of p62 
and consequent inactivation of nuclear factor erythroid-related factor 2 (Nrf2) directs 
the ESCs fate toward neuroectodermal lineage. This does not happen when ESCs 
are destined for mesodermal lineage, indicating that autophagy is required only 
for specific lineage fates [19, 39]. Just like ESCs, induced pluripotent stem cells 
(iPSCs) also show elevated basal levels of autophagy, and inhibition of the autophagic 
process induces apoptosis in these cells. Conversely, activation of autophagy is asso-
ciated with spontaneous embryoid body formation and active differentiation into all 
the three germ layers [47]. Other than osteogenic differentiation of MSCs which 
is described in detail in the later section, autophagy has been shown to influence 
trans-differentiation of MSCs into several other lineages such as adipogenic, chon-
drogenic, neural and hepatogenic. Knockdown of atg5 and atg7 gene in adipose 
progenitor cells downregulated the expression of adipogenic differentiation factors 
and prevented lipid accumulation and led to lean body mass in vivo [48]. C/EBPβ, 
which is an important transcription factor for adipogenesis, also targets ATG4b which 
is critical for LC3 maturation and activation of autophagy. ATG4b results in ubiq-
uitination and degradation of two adipogenic inhibitory factors, Klf2 and Klf3 via 
SQSTM1/p62 mediated pathway [49]. Similarly, autophagy also regulates the chon-
drogenic differentiation of stem and progenitor cells. Several studies have indicated 
autophagy deficient MSCs display impaired chondrogenic differentiation [24, 50]. 
Synovium-derived MSCs which show superior chondrogenic potential show reduced 
chondrogenesis when autophagy is inhibited. Pro-inflammatory cytokines such as IL-
1β have shown to inhibit autophagy by inhibiting autophagosome formation and also 
result in the reduced chondrogenic potential of synovium MSCs by decreasing Sox9, 
aggrecan and collagen type II expression [51]. It is observed that autophagy regu-
lates osteogenic, chondrogenic and adipogenic differentiation of MSCs by regulating 
Wnt/β-catenin signaling. In fact, both autophagy and Wnt signaling have a direct role 
in the maintenance of stem cells’ homeostasis, pluripotency and their differentiation 
into specific lineages. Induction of autophagy and Wnt signaling together promotes 
chondrogenic and osteogenic differentiation while inhibiting adipogenic differenti-
ation of MSCs (Fig. 10.2) [52, 53]. Not only this, but autophagy also regulates the 
differentiation of MSCs into other lineages as well. Activation of autophagy improves 
the neural differentiation of bone marrow MSCs in the presence of neuronal inductive 
signals, and inhibition of the autophagic process reduces the neural differentiation 
of these MSCs [54]. Similar results have been reported in the case of neural commit-
ment of human placental MSCs [55]. It has been reported that mTOR expression 
declines during neural differentiation of MSCs which results in the upregulation of 
autophagy. However, excessive activation of autophagy inhibits the differentiation 
process, suggesting that a certain level of mTOR signaling is required for optimum 
differentiation of MSCs [56].
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Fig. 10.2 Autophagic regulation of differentiation of stem cells: Undifferentiated stem cells accu-
mulate midbodies and have high metabolic demands which increase ROS production in these cells. 
Autophagy is induced during the transition to differentiating cells which results in the degrada-
tion or extracellular release of midbodies via binding of CEP55 by the autophagic receptor NBR1. 
Induction of autophagy with other signaling axes such as Wnt, Notch and Nrf2 ultimately regulates 
the osteogenic, chondrogenic and adipogenic fate of stem cells 

In the case of hematopoietic stem cells (HSCs) which reside in hypoxic conditions 
inside bone marrow, the energy demands during the quiescence state are quite low. 
As such, HSCs appear to evade oxidative phosphorylation for meeting their energy 
demands which result in reduced production of free radicals in the niche. The tran-
sition from quiescence to differentiation state requires increased metabolic demands 
and ROS levels and is regulated by mTOR activity. Moreover, this increase in ROS 
levels is also accompanied by an increase in oxygen levels which is proposed to 
promote the differentiation of HSCs toward the myeloid lineage [10, 57]. Interest-
ingly, this state of myeloid differentiation is considered as a hallmark of autophagy 
deficient hematopoiesis. Autophagy is also shown to affect the terminal differen-
tiation of HSCs into different blood cell types. Interestingly, the master regulator 
of hematopoiesis, GATA-1 has been shown to activate autophagy by transcriptional



10 Autophagic Control of Stem Cells Differentiation into Osteogenic … 247

activation of LC3B and genes involved in the biogenesis of lysosomes. GATA-1 is 
reported to utilize FOXO3 protein for the activation of autophagy genes, which then 
regulates not only the self-renewal of HSCs but also acts to control their terminal 
lineage commitment [39, 58]. 

Autophagic Regulation of Osteogenic Differentiation of Stem 
Cells 

The role of autophagy in osteogenic differentiation of MSCs is well documented 
in the literature. Although the exact mechanism by which autophagy regulates the 
osteogenic differentiation process is still not clear, several studies have indicated that 
upregulation of autophagy is indispensable for driving the differentiation process. 
Undifferentiated MSCs show autophagic arrest and accumulate autophagosomes 
with little turnover. In fact, this arrested autophagy is considered as a hallmark 
of undifferentiated MSCs and provides the advantage of supplying substrates for 
the resynthesis of various cytosolic metabolites during stressed conditions. MSCs 
have been shown to accumulate autophagosomes in their stem state which are then 
delivered to lysosomes at the onset of osteogenic differentiation [11]. The role of 
autophagy in spontaneous osteogenic differentiation of MSCs is still unclear, but 
several studies have indicated the role of autophagy in switching between osteogenic 
and adipogenic differentiation. Transient inhibition of autophagy at the onset of 
differentiation favors their adipogenic fate while induction of autophagy stimulates 
the osteogenic differentiation of MSCs. It is noteworthy that only the transient inhi-
bition of autophagy at the early stages of differentiation results in adipogenesis, 
while permanent blocking of autophagy impairs adipogenic differentiation [11]. 
MSCs also show transitory activation of AMPK during early stages of differenti-
ation, which is then downregulated at later stages. Several studies have indicated that 
AMPK activation during the initial stages of differentiation is required for mTOR 
inhibition and autophagy induction, which controls the osteoblastic differentiation 
via regulation of Wnt/β-catenin and Smad1/5/8-Dlx5-Runx2 signaling axes [59–61]. 
Late AMPK/Akt mediated activation of mTOR has been shown to be essential for 
optimal osteogenic differentiation of dental pulp MSCs [59]. Furthermore, downreg-
ulation of AMPK is assumed to favor glycolysis which is necessary for later stages 
of differentiation. However, constitutive expression of AMPK has been shown to 
cause defective terminal osteogenic differentiation, suggesting that the progressive 
downregulation of autophagy to the basal level is imperative to achieve full differ-
entiation [62, 30]. Forkhead box class O (FOXO) proteins are important in regu-
lating the survival, self-renewal and osteogenic differentiation of MSCs as well as 
osteoclast differentiation of HSCs. In fact, FOXO proteins are reported to be essen-
tial to activate autophagy during osteogenic differentiation of MSCs. The process 
of osteogenic differentiation of MSCs results in shift in cellular metabolism from 
glycolysis to mitochondrial respiration to allow more energy production to sustain the
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differentiation process. As mitochondrial respiration is associated with the produc-
tion of free radicals, it leads to the activation of the autophagic process where it is 
presumed to confer protection against ROS-induced intrinsic apoptosis as well as to 
produce free amino acids for increased protein synthesis demands during the differ-
entiation process [63]. In this context, Puerto et al showed that endogenous ROS 
production led to phosphorylation of FOXO3 via MAPK/JNK activity and resulted 
in the induction of autophagy to regulate the elevated ROS levels. Downregulation 
of autophagy proteins resulted in impaired osteoblast differentiation of BMSCs [64]. 
Another study showed that FOXO3 levels are upregulated in MSCs which result in 
increased LC3/LC1 ratio and upregulation of autophagy during osteogenic differ-
entiation. Furthermore, this osteogenic differentiation is inhibited by miR-223-3p 
which targets FOXO3 and downregulates autophagic proteins [65]. Recently, it was 
demonstrated that TSC1 depletion in bone marrow MSCs resulted in the suppression 
of autophagy and an increase in Notch1 protein which resulted in GSK3β indepen-
dent degradation of β-catenin. This led to the inhibition of osteogenic differentiation 
with the increase in adipocyte formation, further confirming that autophagy plays 
a pivotal role in maintaining a balance between osteoblast and adipocyte differen-
tiation of MSCs [66]. Genetic ablation of mTOR inhibitor, Tsc1, in bone marrow 
MSCs resulted in MSCs hyper-proliferation and increased bone width and mass 
but also resulted in a significant decrease in bone length and matrix mineralization 
suggesting defective osteogenic and chondrogenic differentiation of these MSCs 
[67]. The functional autophagic process has been shown to be essential for BMPs-
induced osteogenic differentiation of MSCs. BMP-9 upregulates multiple autophagy-
related genes atg3, atg5, atg8, atg9a, atg10, atg14, atg101, fip200 and ulk in MSCs 
undergoing osteogenic differentiation. Moreover, inhibition of autophagy effectively 
prevents matrix mineralization and osteogenesis in MSCs. This is also attributed 
in vivo, when atg5 silenced MSCs were shown to fail to ectopically form bone as 
compared to wild-type MSCs further confirming that activated autophagy is essential 
to drive the osteogenic differentiation and bone formation by MSCs [68]. Figure 10.3 
outlines the events associated with autophagy mediated induction of early stages of 
osteogenic differentiation of MSCs.

Aged bone marrow MSCs have been shown to have reduced levels of autophagy 
which dramatically reduces their ability to differentiate into osteoblasts in compar-
ison to young bone marrow MSCs which have high levels of autophagy and enhanced 
osteogenic differentiation ability. A study depicted that treating the aged MSCs 
with autophagy activator rapamycin restored their osteogenic ability, and contrari-
wise the treatment with autophagy inhibitor 3-methyladenine (3-MA) reduced 
the osteogenic ability of young MSCs and promoted their adipogenic differentia-
tion ability [69]. Adding to this, another study showed that bone marrow MSCs 
derived from osteoporotic patients displayed senescent phenotype and downregulated 
autophagy compared to the MSCs from healthy individuals. These MSCs showed 
reduced capacity to differentiate into the osteogenic lineage, which was drastically 
improved upon autophagy induction by rapamycin. Moreover, MSCs treated with 
osteogenic induction in the presence of autophagy activator rapamycin showed larger 
ectopic bone formation and more osteoid tissue as compared to MSCs induced in
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Fig. 10.3 Autophagic regulation of early stages of osteogenic differentiation: Induction of 
autophagy by AMPK/TSC1/ROS/FOXO3 proteins activates the lysosomal degradation of accumu-
lated autophagosomes in undifferentiated MSCs, thus triggering their osteogenic differentiation. 
Autophagy-related proteins then activate various signaling pathways, Wnt/β-catenin, Smad1/5/8, 
Dlx5 that result in upregulation of Runx2/BMP signaling network which results in differentiation 
of MSCs into osteoblasts. Downregulation of AMPK and activation of mTOR inhibit autophagy 
during the late stages of osteogenic differentiation

the presence of autophagy inhibitor 3-MA, suggesting how autophagy modulates the 
osteogenic differentiation capacity of MSCs [70]. Autophagy also accelerates the 
osteogenic differentiation of MSCs derived from human gingiva. In fact, autophagy 
inducer resveratrol is shown to have a synergistic effect with osteogenic factors by 
inducing AMPK-BECLIN1-pro-autophagic pathway during osteogenic differenti-
ation of MSCs [62]. Beclin-1 depletion with concomitant inhibition of autophagy 
prevents osteogenic differentiation, further demonstrating that the osteogenic fate of 
gingival MSCs is strictly dependent on the Beclin-1 mediated autophagic pathway. 
Since mechanical strains are considered to have a stimulatory effect on osteoge-
nesis, a study evaluated the osteogenic differentiation of circulating MSCs on 22 
individuals before and after physical exercise and found elevated levels of runx2, 
msx2 and spp1 gene levels and increased BMP2/6 protein levels in MSCs suggesting 
the induction of their osteogenic differentiation. What’s interesting was that these 
osteogenic markers correlated positively with autophagy markers atg3 and ulk1, 
further demonstrating how autophagy regulates MSCs osteogenic fate under different 
conditions [71]. Exercise induced muscle myokine, and irisin works in a similar 
manner. It is observed that irisin induces autophagy by elevating the expression 
of Atg12-Atg5-Atg16L protein complex, which promotes the osteogenic differen-
tiation of bone marrow MSCs by upregulating Wnt/β- catenin signaling [72]. The 
autophagic regulation of MSCs during osteogenic differentiation is not only limited 
to human origin MSCs. Equine adipose MSCs have also been reported to show 
elevated autophagic flux during osteogenic differentiation. Induction of autophagy 
by its activator, rapamycin, also upregulated osteogenic markers Runx2 and BMP2 in 
ESCs, particularly by inhibiting mTOR and stimulating BMP/Smad signaling [73]. 
However, in another study, rapamycin impeded osteogenic differentiation of bone 
marrow MSCs induced by dexamethasone [74]. Therefore, no general statements 
can be made regarding the role of rapamycin in inducing or inhibiting osteogenic



250 S. Bhattacharyya and A. Mahajan

differentiation of MSCs. Regardless of this, it is well established that the dynamics 
of the autophagic process drive the osteoblastic differentiation of MSCs and other 
stem cells in a time coordinated manner. 

Implications in Bone Disorders 

The complex regulation of functions of osteoblasts and osteoclasts and the process 
of bone remodeling is crucial to maintain normal bone homeostasis and bone 
mineral density. Since autophagy is critical to MSCs differentiation into skeletal 
cells, HSCs differentiation into osteoclasts and in the formation and maintenance of 
skeletal tissue, defects pertaining to the autophagic process have pathogenic impli-
cations on bone homeostasis. Although autophagy has been shown to contribute 
to several bone disorders such as osteoporosis, osteopenia, osteopetrosis, Paget’s 
disease and osteoarthritis, only two bone pathological conditions viz. osteoporosis 
and arthritis have been shown to have defective autophagy regulation of MSCs 
osteogenic differentiation. 

Autophagic Dysregulation in Osteoporosis 

It is a metabolic disorder characterized by significant bone loss due to increased 
osteoclast and reduced osteoblast activity. The disease is caused as a result of the 
complex interplay of various factors such as age, estrogen deficiency, increased 
oxidative stress and secondary medical conditions. Abnormal lineage commitment 
of bone marrow MSCs resulting in increased adipogenesis and reduced osteogenesis 
has also been implicated as one of the causes of osteoporosis. In this context, a study 
showed that autophagy levels in bone marrow MSCs derived from osteoporotic mice 
(OVX) were significantly reduced as evident by decreased levels of Beclin-1 and 
LC3II-LC3I conversion. Induction of autophagy restored the osteogenic commit-
ment of MSCs and augmented bone formation in OVX mice. They also showed 
that autophagy did not have any profound effect on the survival of MSCs but rather 
in restoring the balance between osteogenesis and adipogenesis, suggesting that 
autophagy works to maintain the function of MSCs to prevent osteoporosis [75]. In 
general, MSCs derived from osteoporotic patients show reduced osteogenic capa-
bility due to suppressed autophagy as compared to MSCs from healthy controls 
[70]. Another study showed that the autophagy receptor, optineurin, decreases in 
MSCs with age which compromises the degradation of fatty acid binding protein 3 
(FABP3) via selective autophagy and contributes to senile osteoporosis [51]. Another 
study reported a direct relationship between osteoporotic phenotype and autophagy 
pathway by genome-wide association study of wrist ultradistal radius [76]. The study, 
however, did not functionally evaluate the mechanism of autophagy in regulating the 
wrist osteoporosis.
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Autophagic Dysregulation in Arthritis 

Arthritis is a disorder that results in the inflammation of the joints. Osteoarthritis 
is the most common form of arthritis, which results in the gradual loss of artic-
ular cartilage tissue. During the initial stages of the development of the disease, 
autophagy is upregulated as an adaptive response to protect chondrocytes in the 
inflammatory environment and also results in the regulation of expression of several 
osteoarthritis associated genes by modulating ROS levels and apoptosis [54, 77] 
However, the process declines with the progression of the disease resulting in chon-
drocytic death and tearing of the cartilage tissue. In an experimental model of rats, 
induction of autophagy via the blocking of mTOR signaling was shown to abrogate 
the clinical manifestations of inflammatory arthritis. Moreover, mTOR activation has 
also been observed in the synovial membrane of arthritis patients, suggesting that 
decreased autophagy contributes, in part, to the disease phenotype [78]. Recently, 
an interesting observation was made in a study that showed that MSCs exerted their 
protective effects by means of secreted factors (called as secretome) in osteoarthritis 
(OA) settings. The study showed that autophagic flux was remarkably reduced in 
OA rats and the levels of autophagic proteins Beclin-1 and LC3 were restored upon 
transplantation of MSCs secretome. Enhanced autophagy correlated with reduced 
MMP-13/TIMP-1 ratio and rescued the subchondral bone architecture from degrada-
tion [79]. Adding to this, another study reported that adipose-derived MSCs secreted 
exosomes also conferred protection to chondrocytes and enhanced matrix synthesis 
by inhibiting mTOR via miR100-5p and upregulating the autophagy pathway [80]. 
Adipose MSCs have also been shown to alleviate cartilage destruction and protect 
chondrocytes against apoptosis by inducing autophagy in these cells [81]. While 
these studies suggest the protective role of autophagy during osteoarthritis, further 
studies are warranted to fully decipher the potential of autophagic modulators as 
preventive measures for the disease. 

Conclusion and Final Remarks 

Autophagy is a complex catabolic process that is involved in maintaining cellular 
homeostasis under stressed conditions. In general, autophagy is considered a dynamic 
process that can act as a double edge sword depending on the metabolic and physi-
ological needs of a cell. The autophagic process contributes to maintaining the self-
renewal, survival, stemness and differentiation of all kinds of stem cells such as ESCs, 
iPSCs, MSCs and HSCs. Accumulating evidence suggests that autophagy directly 
regulates the osteogenic commitment of MSCs and prevents their adipogenic differ-
entiation. It also contributes to the survival and function of MSCs and MSCs-derived 
skeletal cells like chondrocytes, osteoblasts and osteocytes. Moreover, autophagy
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also regulates the myeloid lineage commitment of HSCs into osteoclasts and osteo-
clasts function, thereby orchestrating bone tissue formation and remodeling. Pertur-
bations in the autophagic process contribute to several bone pathologies like osteo-
porosis, osteopetrosis, Paget’s disease and osteoarthritis. However, there are only 
limited studies exploring the involvement of autophagy in the osteogenic fate of stem 
cells, and therefore, further investigations are required on uncovering the pleiotropic 
effects of autophagy in the modulation of bone physiology. 
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Chapter 11 
Autophagy in Cancer Metastasis 

Ruhi Polara, Daphni van Rinsum, and Nirmal Robinson 

Abstract During cancer development, tumour cells are exposed to various intrinsic 
and extrinsic stresses such as nutrient deficiency, lack of oxygen, DNA damage, and 
growth factor deprivation that regulate cell growth and homeostasis. In response to 
these stresses, tumour cells, unlike healthy cells, develop adaptive strategies to grow 
and migrate successfully. One of the key mechanisms that cancer cells utilize to 
circumvent cellular stresses is autophagy, which is a catabolic process that facilitates 
the degradation and recycling of damaged organelles, thereby reducing cellular stress 
and promoting cell survival. Emerging studies have shown a vital role of autophagy 
in cancer metastasis, which is the major cause of cancer-associated deaths. However, 
the role of autophagy in metastasis is multidimensional and involves both metastasis-
promoting and suppressing roles dependent on the demands of tumour cells during 
the metastatic process. As novel compounds targeting autophagy emerge, it will be 
crucial to consider the stage of metastatic progression at which autophagy is being 
targeted to efficiently overcome metastasis. 
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Introduction 

Cancer metastasis refers to the spread and colonization of primary tumour cells to a 
secondary organ and is one of the leading causes of death, which accounts for 90% 
of cancer-associated deaths globally [1]. During tumour development, cancer cells 
undergo genetic mutations, adopt their microenvironment, and stimulate angiogen-
esis that potentially facilitates metastasis [2]. Metastatic cascade of solid tumours can 
be divided into five major steps: (1) invasion of the basement membrane; (2) intrava-
sation into the surrounding vasculature or lymphatic system (3) survival during circu-
lation; (4) extravasation from vasculature to secondary tissue; and (5) colonization 
at secondary tumour sites (Fig. 11.1) [2]. 

Fig. 11.1 Overview of the five key steps in cancer metastasis. Invasion is initiated by growth 
factors, MMPs, and EMT, followed by intravasation involving the degradation of endothelial gap 
junctions. Following intravasation, tumour cell survival in the circulation is facilitated by many 
factors including tumour cell coating by platelets. Subsequent extravasation occurs as a result 
of tumour cell impingement and breakage of blood vessels or via the recruitment of an active 
machinery. Ultimately tumour colonization at the secondary site is mediated by the develop-
ment of pre-metastatic niche including suppression of the immune system. Abbreviations: MMPS, 
Matrix Metalloproteinases; ECM, Extracellular matrix; CFS-1, colony stimulating factor-1; EMT, 
epithelial-mesenchymal transition
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Given the intratumour heterogeneity and the dynamic nature of metastasis, certain 
cancer cell subpopulations may outperform others to successfully metastasize [2]. 
Furthermore, synergies may exist between cancer cell subpopulations, which enable 
different subpopulations to collectively complete the cascade [2]. Overall, metastasis 
is known to be a highly inefficient process that requires orchestration of multiple 
complex events to prevent the elimination of migrating tumour cells during the 
process [1]. 

Autophagy is a highly conserved self-degradative process that is widely known 
to play a key role in maintaining cell survival under various cellular stress condi-
tions [3]. Recent studies have shown that autophagy is critical during the progres-
sion of numerous cancers and is identified to play a crucial role at every phase 
of the metastatic cascade [3]. Specifically, it has been shown to be implicated in 
regulating tumour cell motility and invasion, cancer stem cell viability and differ-
entiation, resistance to programmed cell death (anoikis), epithelial-to-mesenchymal 
transition, tumour cell dormancy and escape from immune detection, with emerging 
roles in establishing pre-metastatic niche [3]. This chapter focuses on discussing how 
autophagy regulates metastasis in carcinomas, which constitute 90% of all cancers 
and potential therapies that can target autophagy to inhibit metastasis for disease 
management. 

Cancer Metastasis 

Invasion and Migration 

Metastasis is initiated upon invasion and migration of primary tumour cells that 
permeate the extracellular matrix (ECM) with the help of stromal cells such as 
fibroblasts, adipocytes, and endothelial cells (ECs), which are reprogrammed to 
promote tumour cell invasion [1, 4]. There are two main components of the ECM: 
basement membrane that separates epithelial cells from the stroma which forms 
connective tissue; and the interstitial matrix that forms a three-dimensional scaffold 
to support tissue architecture, provide cell attachment, and separate tissue compart-
ments [5]. Additionally, the ECM also sequesters growth factors and cytokines that 
determine the fate of cells surrounding the matrix [5]. The biochemical interactions 
between healthy cells and the ECM are frequently altered in cancer, which influence 
tumour cell proliferation and invasion. Tumour cell infiltration through the ECM 
relies on a number of factors such as cell motility, remodelling of the specific tissue 
matrix, release of chemotactic factors to recruit stromal cells, and loss of cell−cell 
interactions [6]. 

In order to acquire motility and invasiveness, cancer cells must shed their epithe-
lial phenotype, which tightly holds the cells together and gain mesenchymal (stem 
cell-like) phenotype with enhanced migratory and invasive capacity [7]. Initiation of
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epithelial to mesenchymal transition (EMT) that commonly occurs during embryoge-
nesis and wound healing is dependent on the loss of cell−cell adhesions, activation of 
transcription factors, modifications in the expression of specific cell-surface proteins, 
and production of ECM degradation enzymes [7, 8]. Epithelial cells are normally 
closely associated by cell−cell junctions in the form of tight junctions, adherens 
junctions, gap junctions, desmosomes and integrins [9]. The absence of these inter-
cellular connections, which is identified by the loss of E-cadherin, α-catenin, and 
claudins, and acquisition of mesenchymal markers such as N-cadherin, fibronectin, 
and vimentin, is critical during EMT to facilitate physical detachment of tumour 
cells from primary tumour [9]. Several studies have demonstrated that loss of E-
cadherin alone that often coincides with gain of N-cadherin is a key hallmark of 
EMT in many cancers [10]. E-cadherin at the cell membrane typically interacts with 
β-catenin intracellularly that is linked to actin-cytoskeleton through α-catenin, which 
is essential in maintaining epithelial cell−cell adhesion [1, 11]. However, upon EMT 
induction and loss of E-cadherin, β-catenin detaches from α-catenin and translocates 
to the nucleus where it drives transcription of tumour invasive genes such as cyclin 
D1, c-Myc, Matrix Metalloproteinase (MMP)-7 and Membrane Type (MT)-1-MMP 
[12–15]. 

Accumulating evidence suggests that EMT-inducing signals are partially initiated 
by growth factors such as hepatocyte growth factor (HGF), epidermal growth factor 
(EGF), insulin-like growth factor (IGF), and transforming growth factor β (TGFβ) 
[6, 16]. These stimulate a signalling cascade leading to the activation of numerous 
EMT-inducing transcription factors, namely, Snail, Slug, Twist, and zinc finger E-
box binding homeobox 1 (ZEB1), some of which including Snail and Slug are crucial 
in repressing E-cadherin [17, 18]. Importantly, macrophages and stromal cells are 
known to play a vital role in regulating EMT [19]. These cells are recruited by tumour 
cells via the release of various chemokines such as colony-stimulating factor 1 (CSF-
1), C−C motif ligand 5 (CCL5), and C−C motif ligand 2 (CCL2) [20, 21]. In addition 
to inducing and maintaining EMT through the secretion of growth factors like HGF, 
EGF, and IGF, these cells also cleave ECM by producing hydrolytic enzymes such 
as MMPs, for example, MT-1-MMP and MMP-9 [22]. This creates space in the 
interstitial matrix to enable tumour cell movement and further promotes the release 
of ECM-tethered growth factors, which leads to the formation of a positive feedback 
loop that enhances tumour progression into the matrix [22]. 

Upon ECM degradation, mesenchymal-like tumour cells, in response to a stim-
ulus such as growth factors, commence extending actin-rich cytoplasmic projections 
termed lamellipodia and filopodia that form a leading edge at the front end of the 
cell [23]. Following protrusion, the leading edge adheres to ECM fibres via integrins 
present at the plasma membrane of the migratory cell [23, 24]. Integrin molecules 
couple to actin cytoskeleton intracellularly and induce mechanical forces and integrin 
clustering [23]. Clustered integrins recruit further actin filaments forming contractile 
structures comprised of actin myofilaments that are linked to myosin II molecules 
called stress fibres [23]. This integrin/cytoskeleton complex matures into a focal adhe-
sion after the recruitment of various additional proteins including paxillin, zyxin, and 
tyrosine kinase focal adhesion kinase (FAK) [25]. The assembly of these proteins
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stimulates downstream signalling cascades that activate mitogen-activated protein 
kinase (MAPK)/extracellular regulated kinase (ERK) pathway, resulting in the tran-
scriptional modulation of cell cycle and differentiation [26]. Furthermore, activation 
of these signalling cascades also causes phosphorylation of small GTPases of the 
Rho family, which induce actomyosin contraction leading to rear-end (trailing edge) 
retraction and forward movement of the cell body and nucleus [27, 28]. Importantly, 
several studies have reported that members of the Rho family such as RhoA and 
Rac1 are aberrantly expressed in various cancers, which is associated with enhanced 
tumour cell migration and advanced disease stage [29–31]. 

Intravasation 

Following invasion of ECM, tumour cells can intravasate (enter) into lymphatic or 
blood vessels, with the majority of entry occurring through blood vessel routes [32]. 
While this process can occur passively as a result of tumour expansion, which leads 
to impingement and breakage of tumour generated angiogenic blood vessels lacking 
intact endothelial cell−cell interaction, increasing evidence suggests requirement 
of an active cell migration machinery [33]. Active tumour cell intravasation can 
occur paracellularly involving tumour cell entrance through EC junctions or tran-
scellularly, whereby tumour cells migrate directly through the endothelial cell body 
[34]. Paracellular transmigration that is more commonly employed by tumour cells 
proceeds with the involvement of tumour-associated macrophages that are recruited 
by cancer cells secreting CSF-1 [35]. These macrophages reciprocate by producing 
vascular endothelial growth factor (VEGF), EGF and tumour necrosis factor (TNF)-
1α, which induce retraction of EC junctions promoting tumour cell migration [35, 
36]. A multitude of other factors including stromal cell-mediated secretion of TGF-β, 
CXCL12/CXCR4, MMPs such as MMP-1, -2 and -9 also play a crucial role in regu-
lating intravasation [32, 36, 37]. Mechanistically, TGF-β and VEGF disrupt vascular 
endothelial (VE)-cadherin and β-catenin complexes in ECs that tightly conjugate 
ECs together, which generates gaps in EC junctions enabling tumour cell entrance in 
the circulation [38, 39]. However, recent findings also indicate that prolonged expo-
sure of TGF-β facilitates endothelial proliferation leading to inhibition of tumour 
cell migration, which illustrates a paradoxical role of TGF-β in intravasation [36]. 

Furthermore, MMP-12/ADAM12 expression on tumour vasculature that induces 
ectodomain cleavage of VE-cadherin and angiopoietin 1 receptor TIE2 selectively 
expressed on ECs is proposed to damage EC junctions, implying a potential role of 
ADAM12 in cancer cell intravasation [40]. Notch signalling in tumour cells mediated 
by the interaction of Notch ligands on ECs and Notch receptors on tumour cells is 
also suggested to promote breast and colon cancer cell intravasation [41, 42]. More-
over, secretion of a serine protease Urokinase-type Plasminogen Activator (uPA) 
by stromal cells and macrophages that acts upon protease-activated receptor (PAR) 
on tumour cells has been shown to facilitate tumour cell transmigration through



11 Autophagy in Cancer Metastasis 265

endothelial barrier [43, 44]. Binding of uPA to PAR that is promoted by MMP-
1 can stimulate cleavage of plasminogen into plasmin that subsequently cleaves 
CUB domain-containing protein-1 (CDCP1) in tumour cells [32]. This results in 
the formation of a complex between retained CDCP1 and β1-integrin that activates 
FAK/phosphoinositide 3-kinase (PI3K) pathway, which ultimately results in the tran-
scription of various genes involved in enhancing tumour cell motility and migration 
through blood vessels [32, 45]. A recent study also identified that cancer cells can 
intravasate independently of stroma invasion following angiogenesis and develop-
ment of intratumour blood vessels in the core of the tumour in the presence of EGF 
receptor (EGFR) [46]. 

During transcellular intravasation, inflammatory mediators commonly found in 
cancer microenvironment stimulate calcium influx in ECs [47]. This leads to calcium 
ion interaction with calmodulin, a calcium receptor responsible for the regulation of 
several fundamental cellular processes [48]. This binding activates myosin light 
chain kinase (MLCK) at the tumour cell attachment site inducing phosphoryla-
tion of MLC and actomyosin contraction ultimately causing rapid cytoskeletal and 
membrane remodelling, which generates a transitory pore-like structure for tumour 
cell movement across the EC body [47, 48]. 

Survival in the Circulation 

Upon intravasation, tumour cells must overcome several barriers within the blood-
stream including shear stress of the blood flow, ECM detachment-induced apoptosis 
(i.e., anoikis), and immune attack to survive in the circulation [49]. One of the 
mechanisms through which tumour cells resist mechanical forces in circulation is 
by coating themselves with platelets, which facilitates immune evasion and provides 
the required structure to circumvent mechanical stresses of the blood flow [50]. 
These platelets also contribute to the maintenance of EMT in tumour cells while 
in circulation, which is required to confer tumour cell resistance to apoptosis and 
senescence [51, 52]. Circulating tumour cells (CTCs) also lose anchorage-dependent 
adhesion to ECM, which is mediated via integrins that play a crucial role in main-
taining tumour cell survival [53]. Typically, loss of cell adhesion induces anoikis, a 
form of cell death triggered by apoptosis that can be initiated by various extrinsic 
and intrinsic signals, all of which lead to the activation of caspases that ultimately 
stimulate endonucleases, DNA fragmentation, and cell death [54]. The extrinsic 
pathway is triggered in response to the activation of cell death receptors such as FAS 
and TNF receptor 1 (TNFR1), which are upregulated upon ECM detachment [55]. 
Conversely, the intrinsic pathway involving mitochondria is activated upon induction 
of DNA damage and endoplasmic reticulum (ER) stress−identified by the accumula-
tion of unfolded/misfolded proteins in the ER, both of which occur in response to the 
loss of ECM anchorage [54]. Importantly, while a majority of tumour cells succumb 
to anoikis, some tumour cells develop adaptive pathways to overcome this process. 
These mechanisms include acquisition of mutations in anti-apoptotic/pro-survival
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pathways such as repression of tumour suppressor PTEN (phosphatase and tensin 
homolog), and activation of receptor tyrosine kinases such as insulin-like growth 
factor 1 receptor (IGF-1R) that stimulates PI3K/AKT pro-survival signalling that 
counteracts anoikis and enhances tumour cell survival [56, 57]. Furthermore, acti-
vating transcription factor 4 (ATF 4) that is activated in the absence of ECM-cell 
attachment induces a cytoprotective autophagy program that represses anoikis and 
promotes metastasis [49]. 

In addition to forming tumour cell-platelet microaggregates, cancer cells also 
downregulate MHC-I, and overexpress immune checkpoints such as CD47, and PD-
L1 to inhibit immune responses and escape from immune-mediated destruction [58]. 
Reduction in the expression of MHC-I polypeptide-related sequence A (MICA) and 
B (MICB), which serve as ligands for Natural Killer Group 2D (NKG2D) receptor 
on Natural Killer (NK) cells for subsequent activation of NK cells, is also identified 
in numerous cancers [59]. Tumour cells also overexpress FAS ligand to induce T-cell 
killing and downregulate FAS expression to escape apoptosis and achieve immune 
escape [60]. 

Extravasation 

Tumour cell migration from the circulation into secondary organs (extravasation) 
can occur as a result of tumour cell growth and entrapment in capillaries that causes 
rupturing of capillaries and invasion of tumour cells into tissues [61]. Alternatively, 
tumour cells can also directly and actively transmigrate through the endothelium 
as single cells by making changes to cellular components and disrupting inter-
endothelial cell−cell junctions [49]. The latter method is found to be the predominant 
mode of extravasation in most cancers [49]. This process is proposed to be initiated 
by tumour cell rolling on the endothelium, which is mediated by various ligand-
receptor interactions including the interaction of endothelial selectin (E-selectin) 
with its ligands sialyl Lewis x (sLex) or its isomer sialyl Lewis a (sLea) and CD44 
expressed on tumour cells [62–66]. Stable adhesion of tumour cells to ECs is subse-
quently achieved by adhesion receptors including the binding of integrins such as 
α4β1 on cancer cells to vascular cell adhesion molecule (VCAM) on ECs [67–71]. 
Upon attachment, tumour cells breakdown EC junctions to generate gaps between 
ECs, which enables tumour cell entry into tissue. One of the mechanisms by which 
ECs junctions are disrupted is through the induction of programmed necrosis (necrop-
tosis) in ECs, which is facilitated by the ligation between membrane-bound amyloid 
precursor protein (APP) on tumour cells and endothelial death receptor 6 (DR6) on 
ECs [72]. Tumour cells also exploit platelets to secrete ATP, which acts on P2Y2 

receptor on EC leading to cytoskeleton rearrangement in ECs and opening of EC 
junctions [73]. Additionally, cancer cells also recruit monocytes that differentiate 
into macrophages within the underlying tissue, which release VEGF and increase 
vascular permeability [74, 75].
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Furthermore, tumour cells also stimulate Rac1, RhoA-Rho-associated protein 
kinase (ROCK) and/or p38 MAPK in ECs via E-selectin interaction, which induces 
phosphorylation of MLC, formation of stress fibres and actomyosin-mediated 
contraction of EC junctions [76–78]. Importantly, expression of Rac1 in tumour cells, 
in addition to other molecules including β1 integrin, FAK, and protein diaphanous 
homologue 3 (DIAPH3), drives the formation of filopodium-like extensions that 
promote cancer cell movement across the endothelium and into the tissue upon EC 
junction disassembly [79]. 

It is well established that many tumours selectively metastasize to specific organs, 
which is defined by the ‘seed and soil’ hypothesis where CTCs (seeds) colonize an 
organ that provides sufficient nutrients (soil) for tumours to grow [80]. For example, 
lung cancers metastasize frequently to the bone, liver, and brain; breast cancers 
metastasize to the lung, liver, bone, and brain; and prostate cancers metastasize to 
the bone [81]. The site of extravasation and colonization is determined by a number 
of factors including the interaction between specific chemokines, exosomes, and 
growth factors with their respective receptors/ligands expressed by cells of the target 
organ, tumour cells or the target endothelium [82]. For example, CXC-chemokine 
ligand 12 (CXC12) expressed in the liver attracts breast cancer cells expressing its 
complementary receptor, CXCR4, thus promoting breast cancer cell extravasation 
and migration into the liver [83, 84]. Moreover, secreted growth factors such as IGF-1 
released from the bone marrow also contribute to the recruitment of primary tumour 
cells expressing IGF-1 receptor such as breast and prostate cancer [85, 86]. However, 
several studies have also reported that various tumours commonly metastasize to the 
liver and bone, which is attributed to the increased permeability of blood vessels 
within these organs [87]. 

Exosomes are membrane-bound extracellular vesicles that comprise of proteins, 
RNA, DNA, and lipids that can be transferred to other cells to promote the expression 
of specific proteins and lipids within the recipient cell [88]. Increasing evidence 
suggests a vital role of exosomes in organ-specific metastasis. Breast cancer cell-
released exosomes expressing α6β1 are associated with lung metastasis [89]. These 
exosomes interact with lung fibroblasts and activate Src, which upregulates S100A4 
protein expression [89]. This can eventually lead to the production of VEGF-A, 
and other proteases, which results in vascular leakiness in the lung endothelium and 
formation of a pre-metastatic niche that facilitates breast cancer metastasis to the 
lung [89–91]. These reprogrammed fibroblasts also secrete MMPs to degrade local 
ECM and further promote the formation of a permissive pre-metastatic niche for 
tumour engraftment. 

Colonization 

Despite the release of a large number of tumour cells in the circulation, only a small 
population of cells develop into micro or macrometastases posing colonization as 
the rate-limiting step of the metastatic cascade [61]. This is attributed to a number of
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factors such as exposure of disseminated tumour cells (CTCs lodged in secondary 
tissue) to a largely functional immune system that eliminates tumour cells, and insuf-
ficient vascularization that suppresses tumour growth beyond 1−2 mm in diameter 
[19]. Thus, following extravasation, a majority of disseminated tumour cells often 
enter a state of dormancy (quiescence) with no active growth which can extend for up 
to several years. Factors that contribute to tumour dormancy include activated stress 
signals present in the new microenvironment (e.g., hypoxia), lack of growth factors, 
and expression of tumour suppressor genes such as kisspeptin1 (KISS1) [92–94]. 
Some of these stimuli play a vital role in inducing autophagy that helps tumour cells 
maintain a quiescent state (Discussed in Sect. Autophagy in Regulating Tumour Cell 
Dormancy and Therapy Resistance) [94]. 

Increasing evidence suggests that upon invasion of secondary tissues, dissemi-
nating tumour cells undergo mesenchymal-epithelial transition (MET) [95]. Though 
the detailed mechanisms by which MET is induced are not well understood, several 
pathways are proposed to have a crucial role in this process. For example, lack of 
EGFR signalling is found to trigger MET as demonstrated by increased E-cadherin 
levels in prostate cancer cells cocultured with hepatocytes [96]. In breast cancer, 
blockade of PI3K/AKT signalling was associated with MET, suggesting a potential 
involvement of this pathway in regulating MET [97]. It is also proposed that MET is 
induced simply due to the absence of EMT-inducing signals, however, the detailed 
mechanism/s through which this occurs remains to be elucidated [95]. 

After MET, tumour cells can enter G0 quiescent state or form micrometastases 
and continue to remain dormant due to lack of blood vessels and oxygen depriva-
tion or immune surveillance, which generates an equilibrium between tumour cell 
proliferation and apoptosis preventing tumour outgrowth. In order to successfully 
colonize and grow progressively, tumour cells must overcome dormancy. Activa-
tion of inhibitor of DNA binding 1 (ID1) transcription factor, which is implicated in 
the regulation of cell growth, senescence, and differentiation, has been reported to 
promote the recruitment of endothelial progenitor cells, which facilitate the forma-
tion of new vasculature in micrometastases [98]. Tumour cells also commence the 
recruitment of bone marrow-derived cells by secreting factors such as osteopontin 
(OPN) and stromal cell-derived factor 1 (SDF-1), which create a favourable environ-
ment to support tumour growth [99–101]. In order to circumvent immune-mediated 
cell death, these tumour cells also secrete a plethora of anti-inflammatory cytokines 
such as TGF-β and VEGF that facilitate immune evasion [19]. Several transcription 
factors such as Snail and Twist that confer self-renewal capacity to disseminated 
tumour cells have also been shown to be crucial in promoting tumour outgrowth in 
secondary tissues [99]. A small proportion of tumour cells overcome multiple barriers 
and stimulate self-renewal abilities to eventually develop into large colonies that are 
clinically detectable as macrometastases that often impede with organ function.
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Autophagy in Cancer Metastasis 

Autophagy is a cell-autonomous mechanism that destroys dysfunctional organelles or 
protein aggregates. It regulates the fundamental metabolic functions inside the cells 
and is implicated in various diseases such as cancer, neurodegenerative and lysosomal 
disorders. Autophagy regulates cellular homeostasis and stress responses and is trig-
gered by various stimuli including nutrient deprivation, oxidative stress, and toxic 
molecules. Autophagy involves the formation of an intermediate organelle called the 
autophagosome, which is generated by an isolation membrane, or phagophore that 
sequesters a small portion of the cytoplasm. The autophagosome subsequently fuses 
with lysosomes to form an autolysosome, which degrades and recycles the materials 
contained within it. 

Autophagy is considered to be a tumour-suppressive mechanism during tumour 
initiation and malignant transformation [102]. By removing damaged cells and 
organelles, autophagy limits cell proliferation and genomic instability in cancer. 
Gain of function mutation in tumour-suppressor protein p53 counteracts with the 
autophagic process through the AKT/mTOR pathway. p53, thus, shows a relation-
ship with autophagy, thereby regulating cancer progression [103]. Epidermal growth 
factor receptor (EGFR) inhibits autophagy by binding to Beclin1, which allows 
cancer cells to survive against stress conditions [102]. Deactivated EGFR favours 
the upregulation of Beclin1, thereby favouring autophagy in cancer cells [102]. 

On the contrary, studies have suggested a protective role of autophagy in cancer 
cells. For example, autophagy plays a vital role in producing essential cellular 
metabolites to meet the metabolic and energy demands of tumour cells [102]. Further-
more, autophagic flux was found to be increased in cancer-associated adipocytes and 
cancer-associated fibroblasts in response to hypoxia and ROS production by malig-
nant cells when compared to normal counterparts [104]. Cancer cells also exhibit 
higher glutamine utilization, leading to autophagy induction through inactivation of 
mTOR which supports tumour cell survival in harsh microenvironmental conditions 
[105]. The deprived nutrient condition, limited energy, and hypoxia of the tumour 
microenvironment are some of the factors that induce autophagy through different 
pathways leading to tumour development and metastasis [102]. 

Autophagy plays a significant role in every phase of the metastatic pathway. It is 
involved in modulating tumour cell motility and invasion, cancer stem cell viability 
and differentiation, resistance to anoikis, epithelial-to-mesenchymal transition 
(EMT), tumour cell dormancy, and escape from immune surveillance (Fig. 11.2) 
[106]. Environmental stresses such as hypoxia, or nutrient deprivation that promote 
metastasis induce autophagic flux resulting in dissemination of tumour cells [107], 
and detachment from the extracellular matrix (ECM) [99, 108–110]. Autophagy 
flux cannot be measured directly; therefore the microtubule-associated light chain 
B (LC3B) is used as a marker for autophagic flux. An increase in punctate LC3B 
staining was generally associated with metastasis, a poorer outcome, and with a more 
aggressive and invasive phenotype in human breast cancer [111, 112], melanoma
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Fig. 11.2 Role of autophagy in Cancer Metastasis. As tumour cells progress to invasiveness, 
autophagy increases. This increase in autophagy correlates with increased cell motility, EMT, secre-
tion of pro-migratory factors, release of matrix metalloproteinases (MMPs), drug resistance, and 
escape from immune surveillance at the primary tumour site. Autophagy is required at the secondary 
tumour site to maintain tumour cells in a dormant state through its ability to promote quiescence 
and stemness 

[111, 113, 114], hepatocellular carcinoma [115, 116], and in human glioblastoma 
[117]. 

Role of Autophagy in Regulating EMT 

For tumour cells to progress to invasiveness and metastasis, they undergo EMT as 
stated in Sect. Invasion and Migration [106, 118]. Importantly, hypoxia and TGF-
β, inducers of EMT can also activate autophagy [119, 120]. Whether EMT and 
autophagy act directly or indirectly to promote cancer invasiveness and metastasis 
remains unknown. However, one study reported that in hepatocellular carcinoma cell
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lines, autophagy is required for TGF-β-induced EMT [120]. Additionally, ULK2, a 
protein that induces autophagy through phosphorylation of Beclin1-containing initi-
ation complex, stimulates EMT, thereby downregulating E-cadherin and increasing 
invasiveness in vitro [121]. 

Another autophagy protein, p62, which acts as a cargo receptor, has been shown 
to bind to the EMT regulator Twist, thereby preventing proteasomal degradation and 
increasing EMT, invasiveness in vitro, and metastasis in vivo [122]. Furthermore, 
EMT and autophagy both promote cancer stem cells (CSCs) state [123–125], and 
CSCs have been hypothesized to drive metastasis due to their motile and plastic 
phenotype, as well as for their ability to propagate de novo CSCs and tumour hetero-
geneity at secondary tumour sites [108, 126, 127]. On the contrary, several studies 
have shown autophagy indirectly inhibits EMT by limiting p62 accumulation, and 
thus preventing tumour cell migration instead of promoting tumour cell motility 
[111, 128–132]. These studies have shown a definite relation between autophagy 
and EMT, however, both a tumour suppressing and tumour promoting role have been 
described. Therefore, further research is required to understand the precise role of 
autophagy in regulating EMT. 

Autophagy In Inducing Resistance To Anoikis 

Matrix detachment or direct inhibition of integrins has been shown to induce 
autophagy in epithelial cells, while autophagy inhibition increases apoptosis upon 
detachment [133]. It is, therefore, hypothesized that autophagy plays a key role 
in preventing anoikis and supporting the survival of detached tumour cells during 
metastasis [134]. A previous study has shown that autophagy induction in response 
to matrix detachment or integrin blockade is associated with reactive oxygen species 
(ROS)-dependent activation of the ER-stress kinase, protein kinase R-like ER kinase 
(PERK1), in mammary tumour models [109]. Inhibition of PERK or autophagy 
during matrix detachment or integrin signalling blockade promoted apoptosis and 
diminished clonogenic recovery, suggesting a role for PERK-induced autophagy 
in mammary tumour cell survival during ECM detachment [109, 110]. However, 
how PERK activates autophagy downstream of integrin signalling blockade is less 
understood. PERK is known to activate eukaryotic initiation factor 2 (eIF-2α), which 
suppresses general protein translation but permits selective translation of the tran-
scription factor ATF4 [109]. ATF4 is known to induce autophagy-related gene 5 
(ATG5) and LC3B expression [135]. Moreover, PERK is also known to induce the 
NF-E2-related factor 2 (NRF2) detoxification pathway that activates LKB1-AMPK 
signalling downstream of the integrin signalling blockade, which inhibits mechanistic 
target of rapamycin (mTOR) signalling to relieve mTOR complex 1 (mTORC1)-
mediated autophagy inhibition [136]. However, another study has also shown that 
while mTORC1 signalling is reduced during detachment in mammary epithelial cells,
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mTORC1 reactivation does not inhibit autophagy, suggesting that mTORC1 inhibi-
tion is not necessary for autophagy induction during matrix detachment [137]. Alter-
natively, the study showed that inhibition of IκB kinase activity stimulates autophagy 
upon nutrient deprivation [138], which is essential for autophagy induction upon inte-
grin signalling blockade or matrix detachment in mammary epithelial cells [137]. 
Furthermore, elevated levels of ROS induced by matrix detachment also contribute 
to autophagy induction through direct ATG4 activation [139]. Autophagy promoting 
survival following matrix detachment has also been shown in hepatocellular carci-
noma and melanoma [115, 116, 140]. Thus, matrix detachment is likely to induce 
autophagy downstream of the integrin signalling blockade via multiple signalling 
pathways. 

Role of Autophagy in Governing Tumour Cell Motility 

The increased motility of tumour cells is important for metastasis for escaping 
the primary tumour site and to colonize a secondary tumour site [125, 126, 141]. 
Multiple studies have shown that autophagy has a direct role in essential aspects of 
tumour cell motility and invasion [132, 142–144] through, for example, modulation 
of the tumour cell secretome [129], turnover of components of the cell migration 
mechanism [130, 131], and through ECM proteins [145]. Autophagy has been linked 
to the function of the Rho family members, which are key regulators of cell motility. 
One study showed that the production of Rho1-induced cell protrusions and cell 
spreading of hemocytes was dependent on Atg1 and on the Drosophila homolog of 
p62, and that the inhibition of autophagy prevented migration of blood cells to larval 
wound sites [142]. Concomitantly, knockdown of ULK1 and Beclin1 involved in the 
autophagic process, prevented cell spreading in mouse macrophages [142]. Further-
more, p62 has also been shown to play a role in targeting active RhoA, mammalian 
homolog of Drosophila Rho, to the autophagosome for degradation [146]. Inhi-
bition of autophagy through ATG5 knockdown resulted in aberrant accumulation 
of RhoA, causing cytokinesis defects, multinucleation, and aneuploidy [146], 
illustrating the consequences of autophagy deficiency in tumour cells. Conversely, 
starvation-induced autophagy has been shown to be regulated by the downstream 
effector of Rho called Rho-associated kinase-1 (ROCK1) [147]. A subsequent study 
showed that ROCK1 activation upon amino acid deprivation promotes autophagy 
by directly phosphorylating Beclin1 [148]. Furthermore, the interaction between 
autophagy and cell migration has also been shown through the identification of the 
coordinated control of a small GTPase involved in autophagosome and lysosomal 
fusion, named Rab7 [149], and Rac1, a Rho family GTPase required for lamellipodia 
formation and cell motility [150]. Autophagy also has a direct role in focal adhesion 
dynamics [130, 131, 144]. Focal adhesion kinase (FAK)-interacting protein of 
200 kD (FIP200−required for autophagosome formation) binds and inhibits FAK 
kinase activity [151] but is also the mammalian homolog of yeast autophagy gene
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Atg17 and an essential component of the autophagy pre-initiation/Ulk1 complex in 
mammals [152]. 

Autophagy has also been linked to increased tumour cell migration and invasion. 
It has been demonstrated that autophagy regulates the production of pro-migratory 
factors IL-6, MMP2, and WNT-5A during tumour cell invasion [129]. 

Autophagy in Regulating Tumour Cell Dormancy and Therapy 
Resistance 

Cancer cell dormancy is induced upon cellular stress, whereby cells enter a state 
of quiescence as mentioned earlier. Quiescence is regulated by metabolism, specif-
ically through autophagy [153, 154]. This happens in response to cellular stress as 
a way for the cell to continue to survive on low resources by limiting its energy 
expenditure. The use of autophagy to maintain survival in a stressful environment 
has been shown to induce quiescence. Autophagy may support the metabolic needs 
of tumour cells by maintaining amino acid levels, ATP production, and preventing 
energetic catastrophe [154–156]. Autophagy induction, G1 arrest, and cell survival 
are coordinated downstream of LKB1-AMPK activation [157]. In addition to stimu-
lating ULK1-dependent autophagy [158], LKB1-AMPK activates p27kip1-dependent 
G1 growth arrest. The absence of p27/KIP1 activates LKB1-AMPK signalling 
under nutrient stress resulting in apoptosis [157], suggesting a mechanism linking 
autophagy induction, growth arrest and apoptosis inhibition. 

The tumour suppressor aplasia Ras homolog member I (ARHI) has also been 
linked in tumour cell dormancy through autophagy induction [153]. AHRI inhibits 
the PI3K/AKT growth factor signalling pathway, thereby inducing autophagy [159]. 
Additionally, re-expression of ARHI in ARHI-deficient SKOv3 ovarian cancer cells 
in vitro induces autophagy, suggesting a role of autophagy in regulating tumour cell 
dormancy [153]. 

Involvement of Autophagy During Tumour Immune 
Surveillance 

In regulating immne responses, autophagy is partially responsible for the degradation 
of intracellular pathogens, secretion of immune modulatory cytokines and proteases, 
generation of antigen peptides for MHC-II presentation, and for the modulation of 
pro-inflammatory signalling [160–162]. At the primary tumour site and throughout 
the metastatic dissemination and colonization, tumour cells evolve mechanisms to 
evade immune surveillance by cytotoxic T lymphocytes (CTLs) and natural killer 
(NK) cells [163]. Tumour cell intrinsic autophagy modulates the ability of cancer cells 
to evade immune defence [160]. Michaud et al. have shown autophagy-dependent
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recruitment of dendritic cells and T cells to subcutaneous CT26 murine colon carci-
noma in response to chemotherapy, whereas autophagy inhibition inhibited immune 
cell recruitment to the tumour cells in vivo [164]. Similar response has also been 
shown by Ladoire et al. who showed strong punctate LC3B staining in human breast 
cancer cells which was correlated with increased tumour infiltration by CD8+ CTLs 
and reduced infiltration by FoxP3+ T-regulatory (Treg) cells consistent with increased 
tumour surveillance promoted by tumour cell autophagy [165]. Similar results have 
also been shown in lung cancer model [166]. 

Besides promoting immune surveillance, autophagy has also been demonstrated 
to block immune surveillance. Acquisition of the mesenchymal phenotype has 
been shown to be associated with an increase in autophagic flux and Beclin1-
dependent resistance to CTL-mediated cell lysis in MCF-7 breast cancer cells induced 
to undergo EMT, suggesting that the pro-metastatic behaviour is linked through 
autophagy with resistance to immune surveillance [167]. This has also been demon-
strated in MMTV-PyMT mouse mammary tumour models in which FIP200 dele-
tion increased the CXXL10-dependent infiltration of CTLs into primary tumours, 
resulting in reduced primary tumour growth and decreased metastatic dissemina-
tion [168]. Additionally, hypoxic tumour cell resistance to CTLs and NK cells is 
promoted by autophagy through autophagy-dependent granzyme B degradation in 
breast cancer cells [169], and destabilization of the immune synapse and other func-
tions in melanoma cells [170, 171], as well as a described feedback loop wherein 
autophagy inhibition sensitizes renal cell carcinoma cells to NK cell-mediated lysis 
[172]. The pro- and anti-inflammatory surveillance functions regulated by autophagy 
may be subjective to different tissues or differences in stress responses, such as 
hypoxia, nutrient deprivation, or chemotherapy, that regulate tumour cell interactions 
with the immune system. 

Role of Autophagy in Other Tumour Microenvironment 
Activities 

Autophagy has been suggested to have multiple functions in regulating paracrine 
signalling between tumour cells and stroma cells in the tumour microenvironment 
(TME) to regulate tumour cell escape. The fibroblasts and tumour-infiltrating immune 
cells are essential for pro-migratory growth factors and chemokines in the TME, and 
are therefore important in regulating the metastatic potential of tumour cells [173]. 
Stromal cells, macrophages [173], and fibroblasts [174] are essential sources of 
matrix-degrading enzymes required by the TME to promote invasion as described 
earlier. It is hypothesized that the release of hydrogen peroxide by tumour cells 
induces senescence in remodelled cancer-associated fibroblasts (CAFs) resulting in 
an autophagy-dependent switch to aerobic glycolysis and production of lactic acid, 
ketone bodies, and free fatty acids, which fuel the growth of tumour cells [175]. 
Autophagy is part of the endolysosomal system, which suggests that autophagy may
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also be involved in modulating the release of exosomes by tumour cells, thereby 
influencing the establishment of a pre-metastatic niche [176, 177]. 

Autophagy in Cancer Therapeutics 

Several studies link autophagy induction with tumour cell dormancy and metas-
tasis, therefore, autophagy inhibition could be seen as a therapeutical option, as 
dormancy has been hypothesized to underlie the persistence of disease [154]. 
Autophagy induction has been associated with Imatinib-induced reversible quies-
cence in gastrointestinal stromal cells [178]. Gupta et al. demonstrated rapid cell 
death via autophagy inhibition through either knockdown of essential autophagy 
genes or lysosomotrophic treatment, such as chloroquine [178]. Therefore, thera-
pies combining Imatinib or other tyrosine kinase inhibitors (TKIs) with autophagy 
inhibitors may increase the plausibility of durable treatment responses [106]. The 
quiescent CSC state of dormant tumour cells leads to tumour cell resistance to 
chemotherapeutic agents that target proliferating cells [106]. In vitro, radiation 
treatment induces autophagy, whereas autophagy inhibition reduced clonogenic 
survival of several tumour cell lines, including breast, lung, and cervical tumour 
cell lines following radiation [179]. Similar observations have been made for several 
chemotherapies, for example, doxorubicin resistance in the HEp3 liver cancer 
dormancy model is attributed to p38-induced upregulation of ER chaperones and 
PERK [180], which stimulates autophagy through induction of ATF4 and its down-
stream targets ATG5 and LC3B [135]. Autophagy inhibition in combination with 
treatment with alkylating agents suppresses tumour recurrence in a Myc-driven 
lymphoma model [181]. These studies suggest that autophagy promotes the survival 
of dormant tumour cells and contributes to therapy resistance. Therefore, the combi-
nation of chemotherapy with inhibition of autophagy could favourably eliminate 
dormant tumour cells and consequently limit metastatic dormancy [106]. 

Summary 

Increasing evidence suggests a key role of autophagy in mediating several processes 
throughout the cancer metastasis cascade, thus providing the opportunity to target 
specific steps of the cascade using autophagy inhibitors to stall cancer metastases 
and ultimately cancer mortality rates. Autophagy has been identified to modulate 
cancer stem-cell phenotype, cell motility and invasion, tumour dormancy, tumour 
immune surveillance, drug resistance and several other tumour microenvironment 
functions. While this provides an insight into the interplay between autophagy and 
metastasis, further research is required to understand how some of the metastatic 
processes are regulated mechanistically, given the paradoxical role of autophagy in 
some steps of the cascade. This will support the development of novel autophagy
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inhibitors and inducers that can be used in combination with conventional therapies 
to inhibit cancer dissemination and improve survival outcomes in cancer patients. 
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