
Stem Cell Biology and Regenerative Medicine

Kursad Turksen    Editor 

Autophagy 
in Health 
and Disease
Potential Therapeutic Approaches



Stem Cell Biology and Regenerative Medicine

Series Editor

Kursad Turksen, Ph.D.
kursadturksen@gmail.com



Our understanding of stem cells has grown rapidly over the last decade. While the 
apparently tremendous therapeutic potential of stem cells has not yet been realized, 
their routine use in regeneration and restoration of tissue and organ function is 
greatly anticipated. To this end, many investigators continue to push the boundaries 
in areas such as reprogramming, stem cell niche, nanotechnology, biomimetics and 
3D bioprinting, to name just a few. The objective of the volumes in the Stem Cell 
Biology and Regenerative Medicine series is to capture and consolidate these 
developments in a timely way. Each volume is thought-provoking in identifying 
problems, offering solutions, and providing ideas to excite further innovation in the 
stem cell and regenerative medicine fields.

More information about this series at http://www.springer.com/series/7896

http://www.springer.com/series/7896


Kursad Turksen
Editor

Autophagy in Health 
and Disease
Potential Therapeutic Approaches



ISSN 2196-8985     ISSN 2196-8993 (electronic)
Stem Cell Biology and Regenerative Medicine
ISBN 978-3-319-98145-1    ISBN 978-3-319-98146-8 (eBook)
https://doi.org/10.1007/978-3-319-98146-8

Library of Congress Control Number: 2018956145

© Springer Nature Switzerland AG 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

This Humana Press imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editor
Kursad Turksen
Ottawa, ON
Canada

https://doi.org/10.1007/978-3-319-98146-8


v

Preface

The importance of autophagy in the maintenance and self-renewal of stem cell pop-
ulations and, more generally, tissue homeostasis is well recognized. However, 
understanding how autophagy achieves its effects on stem cells and their progeny in 
both normal and disease states is less advanced and thus an area of very active inves-
tigation. The objective of this volume is to provide an up-to-date overview of the 
current state of knowledge in the area and where the field may go from here.

I would like to acknowledge that the idea for this volume resulted from a discus-
sion that I had with Christina Dzikowski, Publisher at Springer Nature, and I remain 
grateful for her encouragement. I am also grateful to Patrick Marton, Executive 
Editor of Springer Protocols, for introducing me to Christina.

I would also like to acknowledge and thank Seth Fried at Springer Nature for his 
outstanding help and support throughout this project and the series to which it 
belongs.

A special thank you goes to Bibhuti Sharma and the production crew for all of 
their work on the volume.

Finally, I thank all of the contributors for their generosity in giving their expertise 
and time to the chapters of this volume. Without them, the volume would not have 
materialized as an important synthesis of where the field of autophagy and stem 
cells is and is going.

Ottawa, ON, Canada Kursad Turksen 
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Chapter 1
Autophagy and Stem Cells

Kai Li and Zhuo Yang

Abstract Autophagy, as a highly conserved cellular process, can achieve the deg-
radation and recycling of intracellular substances, and is crucial for maintaining 
cellular homeostasis and remodeling of normal development. Dysfunctions in 
autophagy would cause a variety of illnesses including cancer, inflammatory bowel 
disease and neurodegenerative diseases. The unique self-renewal ability and differ-
entiation ability of stem cells can improve these diseases. Therefore, exploring the 
mechanism of autophagy in maintaining stem cell homeostasis is crucial. Here we 
review the mechanisms and regulation of autophagy in embryonic stem cells, hema-
topoietic stem cells, mesenchymal stem cells, neural stem cells, and cancer stem 
cells. It helps us understand the relationship between autophagy and stem cells. 
Although there are many unanswered questions, the study of autophagy and stem 
cell biology can help us to progress in life sciences.

Abbreviations

ASCs Adult stem cells
ATG Autophagy-related
BM-MSCs Bone marrow MSCs
CMA Chaperone-mediated autophagy
ESCs Embryonic stem cells
HSCs Hematopoietic stem cells
HSPCs HSCs and progenitor cells
iPS Induced pluripotent stem
LAMP2 Lysosomal-associated membrane protein 2
MSCs Mesenchymal stem cells
NSCs Neural stem cells
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ROS Reactive oxygen stress
SD-MSCs Serum-deprived MSCs
SGZ Subgranular zone
SVZ Subventricular zone

1.1  Types and Functions of Autophagy

The concept of autophagy is first proposed by the Belgian cytology and biochemist 
Christian de Duve at the International Symposium on Lysosomes in Paris [1]. 
Autophagy comes from the Greek words “auto” and “phagy,” meaning “self” and 
“swallowed,” respectively. Autophagy therefore is a “self-eating” process in cells 
that distinguishes itself from “self-killing” phenomenon of apoptosis. Over the 
years, it has been found that autophagy is a highly conserved cellular process of 
renewal, clearance and repair in cells, and its main physiological function is trans-
port of long-lived proteins, damaged and dysfunctional organelles to lysosomes for 
degradation and mobilization of intracellular nutrients in order to maintain the basal 
energy balance [2, 3]. At this stage, research has shown that autophagy is essentially 
an effective feedback of cells in the face of environmental changes and plays an 
important role in the metabolism. Firstly, autophagy can ensure cell survival under 
the stress conditions such as starvation, energy loss, and reactive oxygen stress 
(ROS) in eukaryotes. Under starvation conditions, cells degrade proteins, carbohy-
drates, and lipids by inducing autophagy, thereby releasing nucleotides, amino acids, 
and free fatty acids to maintain the energy status of cells [4]. Secondly, in eukaryotic 
cells, autophagy, as a natural defense mechanism, can not only degrade the intracel-
lular damaged components and promote cell survival, but is also a cell death mecha-
nism, which is parallel with apoptosis and necrosis inducing cell death [3].

1.1.1  Classification and Function of Autophagy

Three kinds of autophagy have been characterized to date. (1) Macroautophagy 
refers to degradation of long-lived proteins and necrosis of organelles wrapped by 
specialized double-membraned vesicles known as autophagosomes which are then 
carried to lysosomes. (2) Microautophagy depends on lysosomal membrane invagi-
nation, prominent, separated, and then packed cytoplasmic compounds. (3) 
Chaperone-mediated autophagy (CMA) is a complex pathway in which proteins are 
directly targeted from the cytosol to the lysosomes [5]. CMA involves the lysosomal- 
associated membrane protein 2 (LAMP2)-dependent translocation of autophagic 
substrates bound to cytosolic chaperones of the heat shock protein family across the 
lysosomal membrane [6]. Autophagy is commonly referred to as macroautophagy, 
and this review focuses on the role of macroautophagy (referred to as autophagy) in 
stem cells.

K. Li and Z. Yang
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1.1.2  Characteristics of Autophagy

The process of autophagy is a complete process involving a series of autophagic 
structures and mainly consists of five successive subtle steps (Fig. 1.1) including the 
activity of related regulatory components in mammalian cells [7]. The five steps 
include initiation of autophagy, vesicle nucleation, vesicle elongation and comple-
tion, fusion and degradation, and termination of autophagy [8, 9].

In the initiation step of autophagy, a variety of factors, such as nutrient or energy 
starvation, ROS accumulation and exposure to rapamycin, can induce the initiation 
of autophagy by activating serine-threonine protein kinase ULK1 [2]. Then the 
ULK1 complex is formatted by controlling the sequential binding of a series of 
proteins including ULK1, ATG13, ATG101, and FIP200 and then it is dissociated 
from the mTORC1 complex [10–12] for commencing the next step of autophagy.

In second step, vesicle nucleation and the complex protein of Beclin-1-Vps34- 
Vps15-ATG14L is involved [13]. The activated ULK1 is bound to the complex pro-
tein Beclin-1-Vps34 through phosphorylation of Ambra1 [14]. Thereafter Vps34 
interacts with an effector protein DFCP1 and the protein of WIPI to generate the 
phosphatidylinositol-3-phosphate (PI3P) to initially form autophagosomes [15, 16].

In the vesicle elongation, the autophagy-related (ATG) proteins participate in the 
expansion and completion of the autophagosome. In this section, on the one hand, 
ATG12 sequentially interacts with ATG7/ATG10 to form the ATG12-ATG5 protein 

Fig. 1.1 The process of autophagy involves multiple proteins and signaling pathways. In the ini-
tial process, autophagic stimuli such as nutrient deprivation or rapamycin activate the protein com-
plex of ULK1-ATG101-ATG13-FIP200 and thereby format the complex of Beclin-1-Vps34 by 
phosphorylating Ambra1 that regulate the activity of ULK1 through interaction with TRAF6 and 
Beclin-1 that is independent of mTORC1, in which are responsible for promoting autophagosome. 
The vesicle elongation of autophagosome is mediated by two conjugated systems consisting of 
ATG12-ATG5-ATG16L and LC3-PE.  With the formation of complete autophagic vesicles, the 
mature autophagosome fuses with a lysosome to produce an autolysosome that can degrade cyto-
plasmic compounds or organelles. Permission obtained from Springer Nature © Kim, K.H. and 
M.S. Lee-Nature Reviews Endocrinology, 2014. 10(6): p. 322

1 Autophagy and Stem Cells
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complex that then conjugates to ATG16L, forming the ATG12-ATG5-ATG16L 
complex [17–19]. On the other hand, LC3 produced by Pro-LC3 recruits a protease 
of ATG4. Then LC3 is bound to ATG7/ATG3, forming the LC3-ATG3 complex [20, 
21]. Thereupon the LC3-ATG3 complex conjugates phosphatidylethanolamine and 
the ATG12-ATG5-ATG16L complex to extend and close the autophagosome double 
membranes [22].

The next step is fusion and degradation, in which target proteins are tethered or 
organelles are encapsulated by mature autophagosomes that are fused with lyso-
somes to form autophagolysosomes [23].

At the termination of autophagy, the production of nutrients and energy by the 
autolysosomes reactivates mTOR to attenuate autophagy, and which is followed by 
a feedback mechanism that inhibits the excessive activation of autophagy during 
periods of starvation or ROS [24].

In summary, the process of autophagy is completed under the complex and 
orderly fine regulation of a variety of proteins.

1.2  Types and Characteristics of Stem Cells

Stem cell biology has attracted tremendous interest recently. Stem cells are a group 
of non-terminally differentiated cells with self-renewal, multidirectional differenti-
ation potential, and quiescence to produce more stem cells or specialized tissues, 
which maintain the stability of stem cell pool by self-renewal [25–27], so it plays a 
critical role in the treatment of a number of incurable diseases including cancers, 
neurodegenerative diseases, leukemia, and metabolic diseases [28–30].

Several varieties of stem cells have been isolated and identified in  vivo and 
in vitro. Stem cells are divided into embryonic stem cells (ESCs) and adult stem 
cells (ASCs) according to the stage of their development, location in the body and 
the type of cells they produce. ASCs are further divided into hematopoietic stem 
cells (HSCs), mesenchymal stem cells (MSCs) and neural stem cells (NSCs) [31, 
32].

ESCs are pluripotent stem cells present in the early embryo with the capacity to 
undergo long-term renewal and differentiate into the primary germ layers: ecto-
derm, endoderm, and mesoderm [33]. And ESCs were isolated from the inner cell 
mass of developing mouse blastocysts for the first time in the 1980s [34, 35]. ESCs 
have the ability to proliferate without differentiation in vitro. After being injected 
into the body to form a chimera with the intact embryo, ESCs can develop a series 
of adult tissues including germ cells [36]. When under suitable culture conditions, 
ESCs can differentiate to various cell types. Therefore, exploring how autophagy 
precisely regulates the proliferation and differentiation of ESCs is the primary point 
of current researches.

K. Li and Z. Yang
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HSCs are multipotent cells that have the highly potential to self-renew, self- 
sustaining (that is, producing hematopoietic progenitor cells while keeping their 
own number constant) and differentiate into all mature blood cell types [33, 37, 38], 
and are derived early in embryogenesis from mesoderm and reside in the bone mar-
row throughout the lifetime of the animal [39, 40]. In addition, HSCs have attracted 
more and more researchers in recent years because it is easily separated from bone 
marrow and blood.

MSCs are a population of multipotent cells that have self-replication ability and 
multidirectional differentiation potential, and are capable of differentiating into a 
variety of cell lineages such as bone, muscle, osteocytes, cartilage, adipocytes, 
chondrocytes, and stromal cells under appropriate conditions in vitro and in vivo 
[41–45]. And it has demonstrated that MSCs have an effect on hematopoiesis, 
immune response, and treatment of neurodegenerative diseases [45, 46].

NSCs have the potential to differentiate into a variety of cells. Studies have found 
that NSCs can be differentiated into different types of neurons, astrocytes, oligoden-
drocytes, and other types of cells under different conditions [47, 48]. And the same 
source of NSCs can be differentiated into different nerve cells and even be differen-
tiated into myocytes, epithelial cells, and hematopoietic cells in different environ-
ments [49, 50]. Thus NSCs mainly include the following features: (1) can proliferate 
and differentiate into neural tissue or are derived from the nervous system; (2) have 
the ability of self-renewal ability; (3) can promote other cells through asymmetric 
cell division [51].

In this review, we describe a growing body of knowledge encompassing a range 
of stem cell systems that have significantly advanced our understanding of autoph-
agy in stem cell biology.

1.3  The Regulation of Autophagy in Different Stem Cells

Autophagy, as a crucial mechanism of maintaining cellular homeostasis in cells, not 
only plays a pivotal in “remodeling” but also eliminates dysfunctional cells, so that 
it has been associated with different physiological and pathological conditions such 
as cancer, neurodegenerative disease, and aging et al. [24, 33, 52]. Moreover, as 
stem cells have the characteristics of pluripotency, proliferation, and self-renewal, it 
is crucial to precisely regulate and maintain the homeostasis of stem cells. Recent 
publications have shown that these characteristics (self-renewal, pluripotency, dif-
ferentiation, and quiescence) of stem cells are dependent on the process of autoph-
agy [52, 53]. Thus autophagy has been implicated that regulates the development 
and differentiation of a variety of stem cells including clearance of mitochondria 
and other organelles during erythrocyte maturation reported decades ago [54, 55] 
and recently validated by gene knockout studies [56].

1 Autophagy and Stem Cells
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1.3.1  The Role of Autophagy in Embryonic Stem Cells

ESCs, as pluripotent stem cells, are derived from totipotent cells of the early mam-
malian embryo and have the ability to proliferate and differentiate in vitro [36, 57]. 
More and more research works have focused on ESCs and have found that autoph-
agy affects the development of ESCs, which would be very helpful for future 
research [58]. The initial study of autophagy was mainly founded on yeast 
Saccharomyces cerevisiae, in which the ATG genes was identified [59]. As the 
awareness of autophagy deepened, it crossed from yeast to mammals. For example, 
the first study of the molecular mechanism of autophagy in mammalian cells was 
performed by mouse embryonic stem cells [60]. Although studies on embryonic 
stem cells span from yeast to mammals, many molecular mechanisms remain 
unclear. Noteworthily, existing studies have shown that autophagy has an impact on 
early embryonic development and late development. On the one hand, it has also 
been shown that autophagy plays a crucial role in early stage of embryonic develop-
ment [61, 62]. Since the development and differentiation of embryos are usually 
accompanied by remodeling of cells and tissues, which implies that autophagy 
plays a considerable role in this process, providing the raw material for building 
new structures and removing the old materials [33, 63]. For example, it was reported 
that basal level of autophagy was detected in undifferentiated human ESCs, but the 
pluripotent proteins of Oct4, Sox2 and Nanog were found to accumulate in human 
ESCs by incubating with the inhibition of autophagy such as BafA1 and 3-MA. This 
suggest that pluripotent protein could be degraded by autophagy [64]. In addition, 
Mizushima N et al. have found that the intracellular bulk protein turnover is signifi-
cantly reduced when mouse ESC atg5−/− cells are cultured in medium, in which 
amino acids have been labeled with [14C] [60]. During the differentiation of human 
ESCs, the autophagy had been significantly activated when human ESCs were cul-
tured in medium with TGF-β receptor inhibitor or removing the maintenance factor 
secreted by fibroblasts [65]. Besides, after removal of leukemia inhibitory factor, 
ESCs did not form normal embryoid bodies in atg5−/− mouse [66]. The above stud-
ies show that autophagy takes part in the regulation of protein homeostasis and 
plays an important role in maintaining the pluripotency of ESCs in the early stages 
of embryogenesis.

On the other hand, although autophagy has an impact on the early stages of 
embryogenesis, it has little effect on the later stages of embryogenesis. For example, 
Mizushima and Levine et al. have reported that atg3−/−, atg5−/−, atg7−/−, atg9−/−, or 
atg16l1−/− mice are not embryonically lethal [4, 66–69], although they die within 
1–2 days of birth accompanying with weight loss, in which presumably could due 
to suckling defects caused by deficient neurological development [70]. In addition, 
Mizushima and Levine et al. and Tsukamoto et al. have thought that the reason for 
neonatal survival of these embryos due to maternally inherit the ATG protein that 
come from the oocyte cytoplasm [61, 70, 71]. However, in contrast to other atg−/− 

K. Li and Z. Yang
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mouse models, mice that are null for encoding the phagophore-forming proteins of 
BECN1, AMBRA1, or FIP200 are embryonically lethal [72–74]. The mechanism of 
this is unclear. But researchers speculate that the other functions of such proteins 
may be affected due to knocking out this type of gene. For example, Chen et al. have 
demonstrated that the FIP200 gene has nonautophagic function with sustaining 
embryogenesis [73].

In addition, autophagy has been shown to promote morphological changes in 
stem cells [53]. For example, Kuo et al. have shown that starvation or treatment with 
rapamycin activate the process of autophagy and promote the degradation of the 
midbody during embryonic stem cell differentiation [75]. Midbodies are a circular 
structure that forms cytoplasmic bridges after cytokinesis and are necessary for the 
isolation of daughter cells [76]. Isakson et al. have discovered that midbody can be 
eliminated by midbophagy involving a complex consisting of p62 (SQSTM1), 
ALFY (WDFY3), and TRAF6 [77], and interactions between NBR1 and CEP55 
[75] and participation of TRIM17 [78]. And Kuo et al. have pointed out that the 
elimination of midbodies undergoes differentiation [75]. And it has been suggested 
that correct control of midbophagy would be essential to maintain the pluripotency 
of ESCs.

In summary, autophagy affects the differentiation and proliferation of ESCs 
throughout the embryonic stage.

1.3.2  The Effect of Autophagy on Hematopoietic Stem Cells

1.3.2.1  The Role of Autophagy in Hematopoietic Stem Cells

Since HSCs are easily obtained from bone marrow and blood, the research on HSCs 
is relatively abundant at this stage. Many studies have investigated that autophagy 
plays an important regulatory role in the self-renewal, proliferation, and differentia-
tion of HSCs. Furthermore, some studies have suggested that the inhibition of 
autophagy can cause myeloproliferative disorders in HSCs. In atg7−/− HSCs, the 
abnormally increased number of mitochondria and the impaired function of mitoph-
agy, resulting in a large number of ROS and damaging-DNA accumulated in cells 
[79]. In addition, the remove of cytokines and energy made atg12−/− HSCs prone to 
apoptosis, whereas wild-type HSCs are protected by FoxO3A-mediated autophagy 
[80]. Then HSCs derived from aged mice have shown that regenerative activity is 
decreased and self-renewal is diminished in increasing stress-induced apoptosis in 
atg7−/− and FIP200−/− mice [79, 81]. And FIP200 (200 kDa focal adhesion kinase 
family interacting protein) has been shown to be essential not only for the induction 
of autophagy but also for the maintenance and function of HSCs in vivo [82, 83]. 
These results indicate that autophagy can maintain the health of HSCs and play a 
crucial role in the normal development of the body.

1 Autophagy and Stem Cells



8

1.3.2.2  The Effect of Autophagy on the Regeneration of Hematopoietic 
Stem Cells

Self-renewal of HSCs maintains their own survival and expansion to ensure that the 
hematopoietic process can be carried out throughout the body’s life cycle. But the 
molecular mechanisms of self-renewal of HSCs are not well understood. 
Interestingly, current research has suggested that autophagy affects the regeneration 
of HSCs.

The majority of HSCs studies have suggested that Wnt signaling pathway plays 
an important role in maintaining the ability of HSCs to self-renew. The activation of 
mTOR by Wnt signaling pathway suppresses the process of autophagy [84]. Existing 
research has suggested that BMI1, a proto-oncogene of multiple combs, plays a 
central role in regulating the self-renewal of bone marrow HSCs [85]. In the bmi1−/− 
mouse model, the number of bone marrow HSCs decreased significantly and the 
secondary colony formation was significantly reduced in vitro. And self-renewed 
HSCs could not be detected. The result indicates that bmi1−/− HSCs lack the capac-
ity to self-renew [86].

In addition, there are evidences have suggested that the accumulation of the self- 
renewal capacity of human HSCs are limited by the accumulation of damaged DNA 
[87]. Numerous studies have demonstrated that mitophagy is a powerful means of 
cellular to regulate intracellular ROS levels and DNA damage accumulation [88]. 
The use of antioxidants or rapamycin restored HSCs self-renewal at high ROS lev-
els [89, 90]. These studies suggest that autophagy may regulate the self-renewal of 
HSCs by regulating intracellular ROS levels.

By regulating mTOR and ROS levels, the state of HSCs can be altered. Although 
HSCs are permanently in quiescence, there is unavoidable need repair and defense 
mechanisms to against cell damage caused by long-term silencing. Therefore, 
autophagy, as a protector that repairs cell damage, not only maintains the quies-
cence of HSCs but also promotes self-renewal of HSCs in order to achieve regula-
tion of HSCs.

1.3.2.3  The Effect of Autophagy on the Proliferation and Differentiation 
of Hematopoietic Stem Cells

All mature blood cells are derived from the directional differentiation of HSCs. In 
addition, autophagy plays a role in clearing organelles such as mitochondria during 
the differentiation of MSCs to erythrocytes [91]. Although autophagy plays an 
important role in hematopoietic differentiation has been widely reported, the spe-
cific regulatory mechanism is still unknown.

It has been reported that Notch signaling pathway takes part in the autonomic 
regulation of HSCs fate. There are studies have found that the level of ROS is gradu-
ally increased during differentiation of HSCs, and the inhibition of ROS can reduce 
differentiation of HSCs [92]. Studies suggest that the inhibition of ROS downregu-
lates autophagy in HSCs and progenitor cells (HSPCs) of wild-type mice, but Notch 
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signaling pathway and its downstream are activated. In contrast, ROS suppression 
did not alter myeloid differentiation in HSPCs of autophagy complete deficient 
mice. And mitochondrial ROS, which was produced during metabolism, triggered 
autophagy to downregulate Notch pathway and then promoted the differentiation of 
HSCs. Therefore, autophagy can regulate the differentiation of HSCs to maintain 
hematopoiesis by directly targeting Notch signaling pathway [93, 94]. Furthermore, 
Gata-1 is an important transcription factor that regulates erythroid differentiation of 
HSCs. Recently, it was found that Gata-1 activated the expression of autophagy- 
related genes such as LC3b, ATG, MAP1-LC3A, GABARAP, and GABARAPL1. With 
the maturation of erythroid differentiation of HSCs, the organelles were cleared by 
autophagy, which was activated by upregulating the expression of Gata-1 and 
autophagy-related gene, and then erythrocytes without organelles were formed [33].

The above available evidences indicate that autophagy plays an important role in 
cell remodeling and pluripotency of HSCs (Fig. 1.2).

Fig. 1.2 Effect of autophagy on hematopoietic stem cells. Hematopoietic stem cells produce dif-
ferent types of blood cells through hematopoiesis. Autophagy is thought to play an important role 
in self-renewal, quiescence, and differentiation in HSCs to make long-term HSCs develop into 
short-term HSCs, multipotent/oligopotent progenitors, and lineage-restricted progenitors, which 
generate differentiated blood cells including erythrocytes, platelets, granulocytes, macrophages, 
dendritic cells, and the lymphocytes T, B, and NK cells. And it is hypothesized that autophagy help 
HSCs maintain multipotency and remodeling. Permission obtained from TAYLOR & FRANCIS 
LICENCE © Guan, J.L., et al. Autophagy, 2013. 9(6): p. 830–49
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1.3.3  Autophagy and Neural Stem Cells

Survival, apoptosis, proliferation and differentiation of NSCs are regulated by many 
factors. NSCs display a variety of changes under different external stimuli. There is 
growing evidence that autophagy is involved in the apoptosis and differentiation of 
NSCs and plays a very important role in brain development, synaptic remodeling, 
neurodegenerative diseases, and tumorigenesis [95–99]. For instance, Zeng Mei 
et al. demonstrated that the process of autophagy was activated in neuroblastoma 
N2a cells that were differentiated induced by retinoic acid. And the treatment with 
the inhibitors of autophagy such as 3-MA and LY294002 or knock down beclin 1 
via siRNA markedly inhibited the process of cells differentiation [100]. Moreover 
Zeng Mei et al. also suggested that cell differentiation was accompanied by decreas-
ing the activity of mTOR that control cell growth and regulate autophagy [100]. And 
Li et al. have showed that the generation of newborn neurons were impaired during 
the protein of Eva1a was depleted. Conversely, overexpression of Eva1a enhanced 
newborn neuron generation and maturation. It is suggested that Eva1a (autophagy- 
related protein) regulates NSC self-renewal and differentiation by modulating 
autophagy [101]. Meanwhile Vazquez et al. have suggested that the expression of 
Atg7, Beclin 1, LC3, and Ambra1 is significantly increased in cultured embryonic 
mouse olfactory bulb-derived NSCs during the initial period of neuronal differentia-
tion [102]. In addition, a number of studies have shown that autophagy affects the 
proliferation and differentiation of NSCs primarily through regulation of intracel-
lular oxidative stress [103, 104]. As Wang CF et al. have implied that autophagy 
function is lost in subventricular zone (SVZ) and dentate gyrus cells on FIP200−/− 
and p53−/− knockout mice, but subsequent experiments demonstrate that p53 does 
not affect FIP200-mediated neuronal differentiation, whereas the removal of ROS 
effectively attenuate disorders of neuronal regeneration and differentiation induced 
by FIP200 knockdown [105]. In addition to beclin1, the expressions of autophagy- 
related genes atg3, atg5, and atg7 are decreased with age in vitro and in vivo [106]. 
These results indicate that autophagy is involved in the self-renewal and differentia-
tion of NSCs.

Further research has shown that the protective effect of autophagy on NSCs can 
be achieved by reducing the level of intracellular oxidative stress [105]. Knockdown 
FIP200 gene resulted in a significant decrease in the number of NSCs, a significant 
increase of the number of apoptotic cells in SVZ and subgranular zone (SGZ), and 
a significant increase in ROS levels in NSCs, while scavenging ROS could effec-
tively reduce apoptosis of NSCs caused by FIP200 knockout in SVZ and SGZ 
[105]. Consistent with the above view, the deletion of Prdm16 led to changes in an 
increased ROS production and increased cell death so that abrogated NSCs self- 
renewal, which can be rescued defects in NSCs function treating with the  antioxidant 
N-acetyl cysteine [107]. In addition, Paik JH et al. have found that inactivation of 
FoxO leads to defective self-renewal and differentiation of NSCs accompanied with 
increased ROS [108]. However, there are some disagreements that ROS levels could 
influence their self-renewal properties in NSCs. For example, Le Belle et al. have 
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implied that the self-renewal and neurogenesis capabilities of NSCs depend on high 
levels of ROS in the mouse SVZ [103]. The authors proposed that NSCs might 
maintain high ROS levels during highly proliferative stages of development, and 
lower levels during quiescence, suggesting a mechanism for antioxidant regulation 
[71]. Therefore, the kind of impact autophagy induced by ROS has on NSCs needs 
further study.

1.3.4  Autophagy and Mesenchymal Stem Cells

MSCs have multidirectional differentiation potential and can differentiate into adi-
pose, bone, cartilage and muscle tissues. Although the original MSCs are isolated 
from human bone marrow, up to now, it has been isolated from many other adult 
tissues such as muscles, adipose tissues, kidney, pancreas, brain, and liver [44]. 
Currently, the role of autophagy in MSCs is gradually clear. The initial knowledge 
about autophagy and MSCs is derived from a very few studies using bone marrow 
MSCs (BM-MSCs). Youjin Lee et al. have found that the expression of LC3 II is 
more rapidly increased in chorionic plate-derived-MSCs than in BM-MSCs under 
hypoxia condition, and autophagy is activated to increase SCF/c-kit pathway facili-
tating the self-renewal of CP-MSCs and balance cell survival and death. Additionally, 
Sedigheh Molaei et al. have indicated that the induction of autophagy gives rise to 
cell death under stressful conditions such as hypoxia, serum deprivation and oxida-
tive stress, while the inhibition of autophagy, by downregulating the autophagy 
gene, ATG7, promoted MSCs withstand the stress conditions [109]. Besides this 
above knowledge in MSCs, there is emerging evidence for the important role of 
autophagy in MSCs-derived cells including adipocytes, chondrocytes, and osteo-
blasts/osteocytes [33]. But at current stage of the studies, it has found that autoph-
agy can regulate the proliferation, differentiation, apoptosis, and survival of MSCs. 
For instance, Lisa Oliver et al. have demonstrated that human bone marrow MSCs 
exhibit a high level of autophagy, whereas the survival and differentiation of human 
bone marrow MSCs are suppressed, in which these cells differentiate into osteo-
blasts, during the process that autophagy is inhibited by knockdown Bcl-xL [110]. 
Bo Li et al. have indicated that the induction of autophagy in BMSCs decreases its 
S-phase population, and induces its differentiation into neurons [111]. Moreover, 
Wan Y et al. have found that activation of autophagy induced by rapymycin signifi-
cantly improves osteogenic differentiation [112]. An important physiological func-
tion of autophagy is to maintain cell viability and protect cells from apoptosis under 
starvation conditions. Moreover, there is a close relationship between autophagy 
and apoptosis [45, 113, 114]. Hence, a previous study has shown that atorvastatin 
decreases the activation of apoptosis through enhancing the autophagic activity 
under hypoxia/serum deprivation condition [115]. Instead, Cecilia G. Sanchez et al. 
have suggested that serum-deprived MSCs (SD-MSCs) exhibit higher cellularity, 
decrease apoptosis, and decrease differentiation during coculturing breast cancer 
cells in medium. It has been suggested that solid tumors occur in nutrient-deprived 
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conditions, and MSCs utilize autophagy for survival and secrete antiapoptotic fac-
tors, which can promote solid tumor survival and growth [116]. Although above 
results are not the same, they all show that autophagy plays a very important role in 
the physiological regulation of MSCs. In summary, autophagy is crucial for the fate 
and function of MSCs.

1.3.5  Autophagy and Cancer Stem Cells

Cancer stem cells (CSCs) not only have the ability to self-renew and differentiate as 
same as other SCs, such as ESCs, MSCs and NSCs, but also are a subpopulation of 
cancer cells [117–119]. Recent studies have suggested that autophagy plays an 
important role in the occurrence and development of tumors, and the role of autoph-
agy is not the same in different stages of tumor growth. In a word, autophagy inhib-
its tumor cell formation during the initial stages of tumor formation, whereas 
promotes tumor cell survival after tumor maturation. Herein, we discussed the role 
of autophagy in CSCs.

On the one hand, some studies have shown that the induction of autophagy is 
conducive to clear CSCs in body. In tumor tissue, CSCs are often exposed to hypoxia 
and undernutrition, which promotes the survival of CSCs via activating the process 
of autophagy that can promote the recycling of intracellular substances [120]. After 
inhibition of autophagy, breast cancer stem cells and hepatocellular carcinoma stem 
cells were more prone to apoptosis, and reduced the ability of CSCs to form tumors 
[120]. Then Liang Xiao Huan et al. have found that endogenous Beclin1 protein 
expression was frequently low in human breast epithelial carcinoma cell lines and 
tissue, and up-regulated beclin1 gen could inhibit MCF7 cellular proliferation, 
in vitro clonigenicity and tumorigenesis in nude mice [121].

On the other hand, autophagy can also promote tumor progression, such as the 
spread and metastasis of tumor cells. It was shown that autophagy supported the 
survival of breast malignant precursor cells but the generation of breast ductal car-
cinoma and xenograft tumor formation was abrogated during the process of autoph-
agy inhibition by chloroquine, the inhibitor of autophagy [122]. Similarly, Cufi 
et al. and Maycotte et al. have proved that loss of the proteins of ATG7, ATG12 or 
ATG8/LC3 receded the growth of CD44+CD24−/low breast cancer stem cells in vitro 
[123, 124]. At the same time it is interesting to note that inhibited-autophagy can 
reduce the secretion of IL6, which plays a key cytokine in the maintenance of CSCs, 
in CD44+CD24− breast CSCs [123]. Therefore, Galluzzi et al. have considered that 
active autophagy serves as a tumor-suppressing mechanism or tumor-promoting 
mechanism depending on the type of cancer and the stage of development [125].

As the role of autophagy on CSCs has two sides (Figs. 1.3 and 1.4), we need 
activate or inhibit the process of autophagy to achieve the purpose of treatment of 
cancer according to the specific situation.
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Fig. 1.3 Oncosuppressive functions of autophagy. Autophagy has been proved to inhibit tumor 
metastasis through different mechanisms, including (1) the maintenance of normal metabolism; 
(2) the effects of antiviral and antibacterial; (3) the maintenance of normal stem cell; (4) the pres-
ervation of genetic/genomic stability; (5) the function of anti-inflammatory; (6) the activation of 
oncogene-induced senescence (OIS) or oncogene-induced cell death (OICD); (7) the degradation 
of potentially oncogenic proteins; (8) anticancer immunosurveillance. ABL1 ABL proto-oncogene 
1, APC antigen-presenting cell, BCL10 B-cell CLL/lymphoma 10, BCR breakpoint cluster region, 
CTL cytotoxic T lymphocyte, TP53mut mutant tumor protein p53, PML promyelocytic leukemia, 
RARA retinoic acid receptor, alpha, RHOA ras homolog family member. Permission obtained from 
JOHN WILEY & SONS LICENCE © Galluzzi, L., et al. Embo Journal, 2015. 34(7): p. 856–880

1.4  Progress of Autophagy and Stem Cells in Different 
Diseases

With the expansion of aging population, neurodegenerative diseases and tumor have 
become urgent problems to be solved. And as technology advances, investigators have 
found that stem cells can be used to improve neurodegenerative diseases and cancer.
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On the one hand, more and more research works focus on the treatment of neu-
rodegenerative diseases by stem cell transplantation. For example, Wen Li et  al. 
have suggested that the activation of autophagy in huMSCs leads to the appearance 
of functions including migration, differentiation, and antiapoptosis, and the promo-
tion of neurogenesis and synapse formation in the APP/PS1 transgenic mice [45]. 
The result hints that the therapeutic effect of huMSCs on neurodegenerative  diseases 
can be improved by increasing the level of autophagy-utilizing medicines or small 
molecule compounds. Furthermore, Wei Yue et al. have shown that the induction of 
embryonic stem cells into cholinergic precursor cells transplanted into AD model 
mice improved the cognitive function of mice because ESC-derived BFCNs can 
replace and partial reconstruct the damaged cholinergic neuron circuitry of AD 
mice [126]. And Qing Ying Wu et al. have shown that bone marrow MSCs can be 
differentiated into cholinergic neurons after they are transplanted into the brain of 

Fig. 1.4 Tumor-supporting functions of autophagy. Once the tumor has been formed, autophagy 
is believed to promote tumor progression by different mechanisms including: (1) the resistance of 
therapy-induced cell death or EMT; (2) the maintenance of cancer stem cells; (3) sustain the sur-
vival of senescent cancer cells; (4) the resistance of endogenous bad conditions such as starvation 
or hypoxia. EMT epithelial-to-mesenchymal transition. Permission obtained from JOHN WILEY 
AND SONS LICENSE © Galluzzi, L., et al.-Embo Journal, 2015. 34(7): p. 856–880
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mice, thereby reducing the number of senile plaques and improving the learning and 
memory of AD rats [127].

On the other hand, one of the current methods that can test biochemical markers 
of neurodegenerative diseases is autopsy. However, this approach is inherently lim-
ited due to the impossible of studying patient neurons prior to degeneration. 
Fortunately, the generation of patient-specific induced pluripotent stem (iPS) cells 
offers a unique opportunity to overcome these obstacles. By expanding and differ-
entiating iPS cells, it is possible to generate large numbers of functional neurons 
in vitro, which can then be used to study the disease of the donating patient [128].

In cancer, some studies have shown that induced-autophagy drugs may be ben-
eficial in preventing the growth and progression of tumor cells, and inhibited- 
autophagy drugs may improve the efficacy of anticancer therapies in patients with 
metastatic cancer [129, 130].

Whether it is for improving neurodegenerative diseases or treating cancer, we 
have to understand that much work remains to be done before developing an 
approach for altering NSC-related or CSC-related autophagy in a clinical setting.

1.5  Application Prospects and Summary

More and more studies have uncovered the role of autophagy, a highly conserved 
mechanism of intracellular clearance, in stem cells. This stage of research shows 
that the characteristics of self-renewal, pluripotency, and proliferation of stem cells 
are closely related with autophagy. These results suggest that we can control, visual-
ize, and create stem cells in the future by regulating the process of autophagy.
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Chapter 2
Fine-Tuning the Stem Cell Fate by Autophagy

Shalmoli Bhattacharyya and Ajay Kumar

Abstract A constant balance is required between the anabolic and catabolic  process 
to maintain cellular homeostasis. The cellular processing of cytoplasmic compo-
nents by autophagy is the major pathway for intracellular degradation and recy-
cling. Autophagy plays an important role in maintaining cellular homeostasis and 
tissue remodeling during normal development. Basal level of autophagy is prevalent 
in most tissues and it adds to the normal turnover of cytoplasmic components in the 
cell. Autophagy is also associated with health and longevity of dividing and differ-
entiated cells. Dysregulation of autophagic pathways have been linked with the 
pathogenesis of diseases like cancer and various neurodegenerative disorders. The 
stem cells are a unique population of cells in the body having a high longevity and 
differentiation ability; hence autophagy is predicted to play a crucial role in mainte-
nance of cellular homeostasis of these cells. Extensive information elucidating the 
function of autophagy in somatic cells is available but in contrast, the implication of 
autophagy in maintenance as well as differentiation of stem cells is being revealed 
recently. In this chapter, we discuss the recent updates in our knowledge of stem cell 
differentiation, quiescence, and the role of autophagy in their regulation.

Abbreviations

AKT Serine/threonine kinase 3
APL Acute promyelocytic leukemia
ATG Autophagy-related gene
bFGF Basic fibroblast growth factor
BMMSC Bone marrow-derived mesenchymal stem cells
CSC Cancer stem cells
EGF Epidermal growth factor
ESC Embryonic stem cells
FIP200 FAK-family interacting protein 200
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HGF Hepatocyte growth factor
HSC Hematopoietic stem cells
IBMX Isobutyl methyl xanthine
LC3 Light chain 3
MAPK Mitogen-activated protein kinase
OSM Oncostatin M
PDGF Platelet-derived growth factor
PI3 Phosphatidylinositol 3-kinase
PPAR Peroxisome proliferator activator receptor
ROS Reactive oxygen species
SC Stem cell
STAT3 Signal transducer and activator of transcription

2.1  Stem Cell Differentiation

There are three important prerequisites for the practical application of stem cells for 
therapeutic purposes in regenerative medicine—first, the directed differentiation of 
stem cells to a desired phenotype; second, minimizing cell death and maximizing 
stem cell (SC) endurance after transplantation; and third, minimizing undifferenti-
ated cells so that the risk of teratoma formation can be avoided. Apart from main-
taining the stem cell fate, certain environmental cues can control the differentiation 
of stem cell to different lineages. Stem cell differentiation needs extensive explora-
tion in context of the various networking pathways which comprehends more than 
just stem cell fate control. The property of differentiation makes stem cells a highly 
valuable tool for regenerative medicine. With the advent of new technologies and 
differentiation media, stem cells now can be robustly differentiated into cell lin-
eages of all three germ layers with great ease and efficiency. This explains the deri-
vation of required cell types from stem cells which become nonfunctional during 
injury/damage or aging; for example, in acute myocardial infarction, stem cells 
have been shown to improve overall cardiac functions including ventricular func-
tion, reduced infarct size, and enhanced angiogenesis in a rat model [1]. Stem cells 
have been also shown to provide rescuing effect in spinal cord injury model by 
 differentiating into motor neurons and interacting with trigeminal neurons [2]. 
However, stem cells can show varying tendency to differentiate into different lin-
eages based on the tissue from which they have originated, the propensity of these 
cells for a particular lineage has not been explored in detail. Our latest studies indi-
cate that stem cells have an inherent propensity to differentiate into cells of different 
lineage based on their tissue of origin [3, 4]. The clinical application of stem cells 
derived from different sources may be guided by the inherent tendency of these cells 
to differentiate into a particular lineage which in turn may be dependent on various 
extrinsic and intrinsic factors. These factors should be considered while designing 
cell specific clinical trials in which the differentiation efficiency of chosen stem cell 
into cells of desired lineage can greatly affect the clinical trial outcome.
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A wide array of agents which involve various cytokines, growth and transcription 
factors, and different chemical agents has been reported to induce differentiation in stem 
cells [5]. These factors offer a repertoire of molecules with wide choice to direct stem 
cell differentiation in desired fate for specific applications. A plethora of studies have 
shown that stem cells can be induced to differentiate by an alteration of niche after sup-
plying various extrinsic and intrinsic cues [6]. The molecular mechanisms which con-
trol stem cell differentiation are slowly being unraveled. In monolayer cultures, stem 
cell differentiation is generally achieved by application of various chemicals like EGF, 
FGF, PDGF, dexamethasone, insulin, oxytocin, erythropoietin, and retinoic acid [5]. 
The differentiation protocols for stem cell differentiation varies among laboratories of 
the world but few very common chemicals are used for directed differentiation of stem 
cells into desired cell lineages [5]. We describe here few commonly used chemicals and 
their roles in differentiation into cells of mesodermal (osteocytes, adipocytes), ectoder-
mal (neurons), and endodermal (hepatocytes) lineages.

Osteogenic differentiation of stem cells is generally carried out by application of 
dexamethasone, monopotassium phosphate (KH2PO4), and β-glycerophosphate. The 
low-dose dexamethasone is added to preserve the stem-like phenotype of hMSCs dur-
ing repeated passaging as confirmed by the expression of stemness genes and multi-
lineage differentiation potential at low doses. On the other hand, higher dose of 
dexamethasone was reported to promote the differentiation into osteocyte/adipocyte 
lineages [7]. In the past years, interest has deeply grown in adipogenesis with a par-
ticular emphasis on cross talk between extracellular signals and cascade of transcrip-
tional factors which can regulate adipogenic differentiation [8]. Many different signals 
contribute to commitment of stem cells toward adipogenic lineage. Different chemical 
combinations including the use of dexamethasone, IBMX, and insulin are routinely 
used for adipogenic differentiation [9]; however, vast inconsistency exists between 
published protocols. Insulin is used primarily to increase the proliferation and differ-
entiation of preadipocytes [10]. At higher concentration, it mimics insulin-like growth 
factor (IGF) and leads to activation of MAPK pathway [11, 12]. Dexamethasone is a 
cytokine which mainly reverses inflammation and can also lead to the development of 
osteogenic/adipogenic lineage in a cell-, time-, and concentration-dependent manner 
supporting an adipogenic concentration in MSC after prolonged exposure at higher 
concentration [13]. IBMX regulates PPAR-γ in combination with dexamethasone and 
promotes adipogenesis by enhancing expression of adipogenesis genes [13, 14]. Due 
to the increased number of debilitating neurodegenerative diseases like Alzheimer’s 
and Parkinson’s, the quest for a suitable stem cell source for obtaining sufficient num-
ber of neurons is ever increasing. Neural differentiation of stem cells can be achieved 
by a number of factors like retinoic acid, N2 supplement, basic fibroblast growth fac-
tor, and nerve growth factor [15–17]. Retinoic acid is involved in the switch from 
proliferation to differentiation during neuronal differentiation [18]. B-27 supplement 
is used for long-term survival of neurons, and in addition to bFGF, it favors the growth 
and attachment of mature neurons [19]. N2 supplement helps in the initial commit-
ment and differentiation, survival, and expression of postmitotic neurons in culture. It 
favors the expression of neural specific genes, and it inhibits the growth of nonneuro-
nal cells in the culture (or any undifferentiated cells) [20]. Sometimes G5 supplement 
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is also used in combination with N2 supplement to increase the efficacy of neural 
differentiation [20]. Hepatic differentiation of stem cells is a stepwise process includ-
ing induction in first phase of differentiation and maturation in second one. Various 
chemicals like hepatocyte growth factor (HGF), oncostatin M (OSM), insulin, and 
transferrin can trigger the differentiation of stem cells into hepatocytes by stimulating 
various signaling pathways [21]. HGF can cause differentiation of oval cells in com-
bination with other factors by a paracrine mechanism. It is also considered as a potent 
mitogen for hepatocytes in certain doses [22]. Many hepatic genes like tyrosine amino 
transferase and glucose-6-phosphatase can be induced by OSM. It is also reported to 
cause accumulation of glycogen granules in developing hepatocytes and induce 
hepatic maturation by activating STAT3 [23]. Insulin activates PI3/AKT pathway 
which in turn has been reported to increase hepatic differentiation [24]. Figure 2.1 
shows the differentiation of stem cells into different cell types and their validation by 
established markers of differentiation.

2.2  Stem Cells and Autophagy

Stem cells are unique in terms of their longevity since they persist throughout the 
life span of an organism. These cells are important for development, tissue renewal, 
and replacement, and dysfunctions in stem cell activity can lead to disease pro-
cesses. Thus, a tight control over the process of cellular homeostasis is very impor-
tant for maintenance of proper cell function. In this context, autophagy, which is 
essential for protein quality control mechanism, may play a crucial role [25].

Various experimental evidences have confirmed that self-renewal, pluripotency, 
differentiation, and quiescence in stem cells are dependent on the activation of 
autophagic process [26]. Self-renewal and differentiation both require a strict control 
of cellular remodeling based on protein turnover and lysosomal degradation of organ-
elles. The elimination of defective macromolecules and organelles is a prerequisite to 
preserve the pluripotency during the long periods of quiescence often observed in 

Fig. 2.1 Directed differentiation of adult mesenchymal stem cells. (a) Differentiation of stem 
cells into osteocytes as demonstrated by uptake of alizarin red, calcium binding stain. (b) adipo-
cyte differentiation indicated by uptake of Oil Red O stain by accumulated lipid droplets in dif-
ferentiated mature adipocytes. (c) Neural differentiation of cells shown by immunofluorescence 
staining of axon cytoskeleton marker, Neurofilament antibody (green) using propidium iodide 
(red) as a nuclear stain. (d) Functional characterization of cells differentiated into hepatocytes by 
uptake of Low density Lipoproteins (LDL, red), LDL receptor (green) and DAPI as a nuclear stain
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stem cells. Thus, the basal autophagy in stem cells mediate clearance of damaged or 
defective intracellular proteins and organelles as well as maintains cellular remodel-
ing and quality control through degradation of structural components [27]. Autophagic 
activity is also observed to increase in cells exposed to low oxygen or nutrient supply. 
Under normal physiological conditions, it is rare to observe autophagosomes in 
somatic cells [28]. Autophagy involves internalization of toxic proteins or organelles 
into double membrane autophagosome by implicating various conjugation systems 
involving ATG5, ATG7, ATG10, LC3, etc. [29, 30]. The latter process involves the 
fusion of autophagosome with lysosome which results into the degradation of toxi-
cants by lysosome enzymes. The free fatty acids and amino acids generated as the 
end products of degradation are then recycled by cell for use in various cellular pro-
cesses [31]. As stem cells age or encounter a pathological condition, they need to 
maintain their homeostasis by removal of toxic proteins and organelles. Not surpris-
ingly, there are a number of evidences to account for the active role of autophagy in 
the regulation of different types of stem cells like various adult tissue stem including 
hematopoietic stem cells (HSCs) cells as well as embryonic stem cells (ESCs) and 
cancer stem cells (CSCs). Recent studies on aging muscle stem cells (MSC) and 
hematopoietic stem cells (HSC) have documented that dysfunction of autophagy 
activity in stem cells occurs with age. The results of these studies have confirmed that 
correct functioning of autophagic machinery in cell is necessary for maintenance of 
the proper blood system and muscle development. It also helps the survival of adult 
stem cells during metabolic stress [32].

Ma et al. demonstrated that autophagy is significantly reduced in aged mesen-
chymal stem cells derived from bone marrow (BMMSCs) compared with young 
BMMSCs. This may be associated with degenerative changes like loss of proper 
differentiation and reduced proliferation observed during aging. All these further 
contribute to age-related bone loss [33]. Another study demonstrated the decisive 
role of autophagy during the switch between the quiescence and senescence of mus-
cle derived stem cells [32]. It was also proposed that reactivation of autophagy in 
the whole musculature could alleviate age-associated myofiber degeneration and 
mitochondrial dysfunction [34].

2.3  Autophagy in Stem Cell Lineage Commitment 
and Differentiation

At this stage, it is clear that impairment of autophagy in either physiologically aged 
cells or young cells could cause senescence, increased mitochondrial dysfunction, 
and oxidative stress, leading to a decline in cellular function. However, reestablish-
ment of autophagy can reverse senescence and restore the regenerative functions in 
geriatric cells [32]. Stem cells are observed to be more resistant to cytotoxic drugs 
compared to differentiated cells. One of the reasons may be the high basal autophagy 
which helps these cells to overcome the therapy stress. However, when autophagy is 
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blocked or differentiation is induced, the cells become sensitive [28]. In differenti-
ated cells, autophagy is downregulated due to lower levels of ATG5 and Beclin1, two 
major regulators of autophagy. Various other autophagy associated proteins are 
involved in maintenance of stem cell state in different types of systems; for example, 
200-kDa FAK-family interacting protein (FIP200) was reported to be crucial for 
maintenance of cell autonomous functions of fetal HSCs since its deletion caused 
severe anemia and perinatal lethality [35]. Another autophagy associated protein 
Atg7 was reported to be crucial for adult HSC maintenance in mouse [36]. Generally 
the stem/progenitor cells maintain their stemness by maintaining low levels of reac-
tive oxygen species (ROS) due to decreased mitochondria and hence low dependence 
on oxidative phosphorylation, thus reducing the generation of ROS. Low levels of 
ROS help to prevent DNA damage in stem cells and in turn maintaining their stem-
ness. There are evidences available where defective levels of Beclin and Atg resulted 
into increased tumorigenesis in mice models [37]. This was attributed to the increased 
defective mitochondria due to defective autophagy which resulted into increased 
ROS production inducing more DNA damage and ultimately tumor formation [38].

Basal autophagy is very low under normal conditions and it is activated in 
response to stress and various other extracellular cues. However, undifferentiated 
stem cells have high basal levels of autophagy which gets reduced to negligible 
levels as a stem cell differentiates terminally into various cellular derivatives [39]. 
Inhibition of autophagy in the adult stem cells may block differentiation. It was 
reported by Lee et al. that hypoxia-induced autophagy promoted maintenance and 
self-renewal of MSC [40]. Zhang et al. have also shown that activation of autoph-
agy antagonized MSC apoptosis during hypoxia/serum deprivation, while inhibi-
tion of autophagy promoted the same [41]. Oliver et  al. have provided a nice 
demonstration of autophagy downregulation in mesenchymal stem cells after 
osteoblastic differentiation [42]. In another study, the autophagic vacuoles were 
found to be in higher in dermal, epidermal, and hematopoietic stem cells (HSCs) 
as compared to acute promyelocytic leukemia (APL) cell line NB4 [28]. It was also 
observed that the lower level of autophagy in cells post differentiation was associ-
ated with decreased ATG5 and Beclin1 expression at transcription level. This study 
also reported the abolishment of self-renewal capacity of stem cells after down-
regulation of autophagy by pharmacological interventions. Autophagy is involved 
in alteration of the cell morphology and structure by remodeling during differentia-
tion [43]. A defect in the autophagy proteins Atg5/Atg7 was shown to be associated 
with altered maturation of preadipocytes to adipocytes with accumulation of lipid 
droplets into small compartments instead of a single large droplet which is charac-
teristic feature of normal adipocyte differentiation. This difference was found to be 
attributed to increased mitochondria number and hence enhanced β-oxidation 
which resulted into the depletion of fatty acids and hence impairment in triglycer-
ide synthesis [44]. Apart from controlling the number of mitochondria, autophagy 
also controls differentiation by protein degradation and generation of amino acids. 
This was demonstrated beautifully in a study where Atg5 knockout resulted into 
abrogation of transition from four cells to eight cells stage in mouse embryo [45]. 
This was found to be correlated with decrease amino acid synthesis due to reduced 
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autophagy turnover and hence protein starvation. This was also found to be 
 associated with accumulation of more maternal proteins in cytoplasm and hence 
defective zygote development. Thus, autophagy may function as a critical regula-
tor of stem cell/progenitor cell function under both pathological and physiological 
conditions (Fig. 2.2).

In conclusion, we can say that autophagy is usually stimulated as a response to 
stress in differentiated cells, in adult stem cells, while elevated level of autophagic 
flux is a general phenomenon under physiological conditions. Based on the present 
evidences, autophagy is considered as a protective mechanism to ensure the well- 
being of adult stem cells. Autophagy ensures the restoration and subsequent sur-
vival of stem cells during stress like anticancer therapy. The survival of adult stem 
cells before they find their niche and engraft during transplantation procedures has 
been attributed to their relatively higher levels of basal autophagy. Thus, the recent 
advances in stem cell biology suggest that autophagy helps in fine-tuning the bal-
ance between quiescence, self-renewal, and differentiation of stem cells under nor-
mal physiological conditions as well as to counteract various stress stimuli.

The implication that autophagy is intimately involved in the maintenance of stem 
cell physiology adds a new level of cellular control. Autophagy regulation can pro-
vide a new operational basis for initiating strategies for efficient generation of 
induced pluripotent cells during somatic reprogramming. Finally, cells can over-
come the barrier of cellular senescence by modulating the autophagic flux.

Fig. 2.2 Autophagic tuning of Stemness: 1. Undifferentiated stem cells generally maintain high 
levels of basal autophagy which gets reduced during stem cell differentiation, 2. Inhibition of 
Autophagy can lead to compromised ability of a stem cell to undergo differentiation, 3. Disruption 
in the autophagy related proteins can lead to defects in mitochondria which further leads to tumori-
genesis with some cancer stem cells in interior which maintain the cancer pool
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Chapter 3
Role of Autophagy in Aging of Hematopoietic 
Stem Cells and Their Niche: Relevance 
in Clinical Transplantations  
and Regenerative Medicine

Rohan S. Kulkarni, Manmohan Bajaj, and Vaijayanti P. Kale

Abstract Stem cell transplantation (SCT) is the only curative therapy for various 
malignant as well as nonmalignant disorders like leukemia, lymphoma, and aplastic 
anemia. Efficacy of clinical transplantation critically depends on functionality of 
the hematopoietic stem cells (HSCs) present in the donor graft, and therefore, it is 
essential that every precaution should be taken to ensure that the donor HSCs pos-
sess good engraftment ability. Aging is known to cause decrease in the functionality 
of HSCs, and, therefore, clinicians prefer younger donors. However, if only a single 
HLA-matched aged donor is available, the patient may not be able to avail the life- 
saving SCT treatment. It is therefore necessary to device strategies to reverse the 
aging of HSCs. Here we shall review the available literature on the role of autoph-
agy in the functionality of HSCs and their niche cells. We shall also discuss the 
importance of induction of autophagy in reversal of aging-mediated dysfunction in 
them and its relevance in clinical SCT and other regenerative medicine protocols.

3.1  Introduction

Stem cell transplantation (SCT) is the only curative therapy for various malignant 
and nonmalignant diseases and it has been successfully applied for several decades 
in the treatment of these diseases. However, the efficacy of SCT critically depends 
on the quality and quantity of the hematopoietic stem cells (HSCs) present in the 
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graft. Aging is known to cause a significant decrease in the functionality of HSCs, 
and therefore, clinicians prefer younger donors. However, if only single HLA- 
matched aged donor is available, the patient may not be able to avail this life-saving 
treatment.

The aging-mediated decrease in the functionality of HSCs has been correlated 
with a decrease in the levels of autophagy in them [1], suggesting that a strategy that 
leads to an increase in the autophagy levels in the aged HSCs, and also in their niche 
cells, may prove to be useful in reversing the aging-mediated loss of HSC function-
ality, and thereby increase the donor cohort. We have shown that microvesicles 
(MVs) isolated from young mesenchymal stromal cells (MSCs) harbor autophagy- 
inducing mRNAs, and treatment of aged HSCs with these “young” MVs boosts 
their engraftment capacity and also reduces their myeloid bias [2]. We have also 
shown that it is possible to rejuvenate the aged mesenchymal stromal cells (MSCs) 
by pharmacologically inhibiting the AKT signaling in them.

In the present chapter we review the literature on the role of autophagy in the func-
tionality of HSCs. We also discuss the relevance of reversal of autophagy in aged 
HSCs in clinical transplantations and regenerative medicine.

3.2  Autophagy

Autophagy is a major proteolytic system implicated in proteostasis and protein 
quality control [3]. It involves a complex network of proteins working in multiple 
sub-complex systems in a linear fashion. The word autophagy is derived from 
Greek: auto, meaning “self” and phagy meaning “to eat.” In this process, cells’ own 
components degrade through the lysosomal enzymatic pathway [4]. It is character-
ized by the engulfment of the targeted components in autophagosomes followed by 
their fusion with lysosomes, leading to degradation of the contents by resident 
hydrolases. The produced catabolites are rapidly made available in the cytoplasm 
for recycling [5]. Autophagy is an evolutionary conserved process, and targets and 
degrades misfolded proteins or functionally impaired organelles, thus preventing 
the toxic effects due to their accumulation [3]. In somatic cells, the quality control 
of long-lived proteins and organelles is ensured by autophagy. Thus, autophagy is 
predominantly a cytoprotective process, rather than self-destructive process [6].

In fact, the process of autophagy is majorly divided into three types, viz., 
chaperone- mediated autophagy, microautophagy, and macroautophagy. In 
chaperone- mediated autophagy, small protein molecules are recognized based upon 
specific signaling peptide that serves as a signal for degradation of these molecules. 
Specific type of proteins such as heat shock proteins (HSPs) and chaperones bind to 
the protein and translocate it to the lysosomal degradation site. Small cytoplasmic 
molecules and organelles are directly engulfed by lysosomal membrane for degra-
dation for the process of microautophagy, whereas in the case of macroautophagy 
larger cell organelles are enclosed in phagophore to form an autophagosome, which 
then fuses with the large lysosome for degradation of these components [7]. Out of 
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these three types, macroautophagy is considered to be the major type. Many 
autophagy- related (Atg) proteins are known to play an important role in autophago-
some formation. Atg1–18, except Atg11, 15, and 17, are considered to be the core 
Atg proteins. These proteins form autophagosome with the help of other Atg pro-
teins. Autophagy initiation requires Vsp34 complex made up of Atg 6, Atg 14, and 
Vsp15. Accessory proteins such as Atg 5, 12, 16 and FIP200 along with Atg 1 form 
the Atg1 complex. This marks the initiation stage of the autophagosome formation 
and elongation of this complex interaction of Atg12 with Atg 5, 7, 10, and 16L1. On 
completion of the process, the Atg5–Atg12 conjugate dissociates from the phago-
some complex. In the next step, Atg8 (LC3) interacts with phosphatidylethanol-
amine (PE) to form LC3-II. These LC3-bearing autophagosomes are then transported 
to the lysosomes for degradation of macromolecules [8]. This process is activated in 
response to extracellular or intracellular stress and signals such as starvation, growth 
factor deprivation, ER stress, and pathogen infection, and thus serves as an impor-
tant adaptive response pathway against stress.

Malfunctioning of autophagy contributes to a variety of diseases including can-
cer [9], neurodegeneration [10], and cardiovascular disorders [11]. Autophagy is 
required for cellular homeostasis and various cellular processes such as self-renewal, 
differentiation, and cell survival [12]. Focal adhesion kinase protein of 200 kDa 
(FIP200) [13] and autophagy proteins encoded by Atg7 [14] have been shown to be 
essential for maintenance of HSC functionality by induction of autophagy. Activity 
of Sirtuin family of protein, Sirt1 is reported to influence the autophagy directly by 
acting on the components of the autophagy machinery, which was confirmed by 
coimmunoprecipitation of Sirt1 with Atg5, Atg7, and LC3 [15]. Sirt1 can also 
enhance the expression of the components of the autophagic machinery genes by 
activating them through Foxo transcription factors [16]. The role of Foxo3 and 
Foxo1 in promoting autophagy and cardiomyocyte survival under oxidative stress 
condition has also been well demonstrated [17, 18]. Foxo1 can regulate multiple 
autophagy-related genes such as Beclin1, Lc3, Atg12, Bnip3, and Ulk2 [19]. 
Similarly, Sirt2 can mediate the regulation of autophagy-related gene Atg7 through 
Foxo1 acetylation.

Autophagy processes are known to maintain the cellular homeostasis by main-
taining the intercellular quality control [7]. Alteration in autophagy process is seen 
not only to modulate the cellular fates, but also the organismal fates as a whole. 
Activity of autophagy-related and autophagy-inducing proteins reduces during 
aging. On the other hand, increase in autophagy by pharmacological means extends 
the organismal life [3]. Loss of proteostasis and mitochondrial dysfunction are con-
sidered as two major hallmarks of aging [20]. Autophagy is required for maintain-
ing the protein quality and mitochondrial functionality of the cell to combat 
aging-related dysfunctions. Many longevity-promoting molecules like rapamycin 
and resveratrol are known to stimulate this  process by increasing the autophagy 
levels [21]. In case of HSCs, autophagy has been identified as an essential mecha-
nism for protection against metabolic stress and cytokine withdrawal. Caloric 
restriction is seen to robustly induce Foxo3a-directed protective autophagy program 
in them [22]. Several studies  implicate autophagy-inducing molecules for 
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 overcoming the ageing-related anomalies in various types of cells, including stem 
cells to extend the applications in anti-aging and regenerative therapies. Thus, 
autophagy and its regulation are important aspects in maintaining the functionality 
and the quality of HSCs during aging.

3.3  Autophagy in HSC Functions

HSCs are perhaps the oldest known and the most well characterized stem cells. 
Bone marrow or stem cell transplantation (BMT/SCT) is the only curative therapy 
for several malignant and nonmalignant diseases. As against BMT, wherein bone 
marrow harvested from the iliac crest is used as a graft, in SCT, granulocyte colony- 
stimulating factor (G-CSF)-induced mobilized peripheral blood is used for trans-
plantation. Transplantation is a stressful condition for the infused HSCs, as the 
recipients are subjected to severe myeloablative conditioning. In contrast to differ-
entiated cells, where autophagy is usually induced as a consequence of stress, high 
autophagic activity is a general phenomenon of adult HSCs under physiological 
conditions. It may represent an immediately available safety mechanism to ensure 
cell repair and subsequent survival under stress conditions, including anti-cancer 
therapy. Interestingly, G-CSF-induced mobilization of HSCs has been shown to 
activate autophagy process in them, which protects them from stress-induced apop-
tosis [23].

Stem cells are long-lived and persist throughout the adult life of an organism, and 
therefore, the quality control mechanisms and maintenance of cellular homeostasis 
would be crucial for the maintenance of these cells. Thus, autophagy is expected to 
play an important role in the normal function of stem cells and associated diseases. 
Indeed available data suggest that the unique properties of stem cells (self-renewal, 
pluripotency, differentiation, and quiescence) are dependent on the activation of the 
autophagy process [24–26]. FIP200 (200 kDa focal adhesion kinase family interact-
ing protein) was shown to be essential not only for the induction of autophagy, but 
also for the maintenance and the function of HSCs in  vivo [13]. Importance of 
autophagy in protecting the HSCs from metabolic stress induced by in vitro cyto-
kine withdrawal or in vivo calorie restriction has been demonstrated [22]. The tran-
scription factor FOXO3A was found to be essential for maintaining a pro-autophagy 
gene program that poises HSCs for rapid autophagy induction. Interestingly, only 
the HSCs, but not their myeloid progeny, could mount a robust autophagy response 
in response to the stress. HSCs in humans have been shown to have constitutively 
higher levels of autophagy, which plays a role in differentiation and resistance to 
cytotoxic drugs in these cells [12]. Autophagy plays an important role in blood cell 
development as evidenced by the fact that mice lacking essential autophagy genes 
like Atg7 showed deregulated fetal and neonatal hematopoiesis. Mice deficient in 
Atg7 developed severe anemia due to accumulation of damaged mitochondria and 
consequent cells death. Similarly, it was also demonstrated that the absence of 
Atg7  in the hematopoietic system leads to defective removal of mitochondria in 
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erythroid cells, due to which the mice develop severe progressive anemia [14]. A 
hematopoietic chimeric mouse generated with Atg5−/− fetal liver resulted in T lym-
phopenia, suggesting a crucial role of autophagy in T cell survival and function. 
These mice also showed reduced numbers of thymocytes and B lymphocytes, sug-
gesting Atg5’s importance in homeostatic proliferation of lymphocytes [27]. 
Furthermore, Atg7−/− mice fail to form secondary colonies during colony-forming 
cell (CFC) assays, suggesting a defect in self-renewal [14]. Likewise, a pharmaco-
logical inhibition of autophagy in human HSCs leads to their failure to form colo-
nies in colony forming unit assay [25]. Atg7 deficiency also leads to severe 
lymphopenia as a result of mitochondrial damage followed by apoptosis in mature 
T lymphocytes. Interestingly, myeloid (CD11b+) and dendritic cells (CD11c+ DCs) 
were not affected due to ATG7 deficiency. Autophagy-mediated mitochondrial 
clearance (i.e., mitophagy) may affect HSC mitochondrial content, thereby influ-
encing the fate of HSCs and maintenance of hematopoietic homeostasis [28]. 
Metabolic state of HSCs is known to play an important role in maintaining stemness 
of the HSCs [29]. It has been shown that fetal HSCs have high mitochondria and 
OxPhos in them and these HSCs switch to glycolysis at around 4 weeks postna-
tal period [30, 31]. Further studies done with HSCs isolated based on their mito-
chondrial membrane potential showed that LT-HSCs with low mitochondrial 
potential have higher repopulation ability, as compared to LT-HSCs having high 
mitochondrial membrane potential. It was further demonstrated that HSCs with low 
mitochondrial mass have high levels of autophagy protein LC3B, further establish-
ing the role for autophagy in modulating metabolism of HSCs and their repopula-
tion ability [32]. These reports underscore the importance of autophagy in HSC 
maintenance, self-renewal and functionality.

3.4  Aging of HSCs

Aging takes toll in all cell types including stem cells. HSCs, which are the main 
source of blood-forming cells, are known to accumulate age-related changes in their 
functionality. Analysis of peripheral blood cells of the aged organisms clearly 
showed an increased frequency of myeloid cells and decreased frequency of lym-
phoid cells [33, 34]. The aged HSCs are known to give rise to increased number of 
cobblestone area forming colonies (CAFCs) in in-vitro functionality assay [35]; 
however, the in vivo functionality of the HSCs determined by its capacity to recon-
stitute the blood system in the recipient organism is found to be diminished. The 
transplantation experiments performed by various groups of researchers have con-
firmed the compromised ability of aged HSCs to completely reconstitute the blood 
system in the recipients. On these lines, the long-term engraftment potential of aged 
HSCs was seen to be drastically diminished as determined by transplantation of the 
donor HSCs from primary recipients to secondary recipients [34, 36].

The aged BM shows accumulation of dysfunctional HSCs and this might be the 
outcome of reduction in cell clearance capacity of aged HSCs. Increase in  senescence 
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and reduced apoptosis are the main drivers of the characteristic aged HSC accumu-
lation [37, 38]. The expression of apoptosis-related genes, Fas and Bad are reported 
to be decreased in the aged HSCs [38]. Quiescent HSCs accumulate DNA damage 
due to attenuation of DNA damage response during aging [34]. Along with this loss 
of proteostasis, increased mitochondrial dysfunction is considered to be the major 
driver of HSC aging [20].

Autophagy is responsible for maintaining the functional HSCs in low metabolic 
stress conditions as compared to the short lived populations such as myeloid pro-
genitors. Authors found that FOXO3A—an important regulator of autophagy—is 
crucial for regulating the pro-autophagic gene expression and is required to main-
tain the stemness  of HSCs. Aged HSCs were initially shown to retain this pro- 
autophagic program in them [22]. But the further investigation of the aged HSC 
compartment showed that the autophagy program is reduced in most of the aged 
HSCs, but about one third of this population has a higher active autophagy levels 
and is responsible for cumulative functioning of the aged HSC compartment [1]. 
Further, they showed that the aged HSCs with active autophagy are more functional, 
as compared to those having low autophagy levels. This was achieved by actively 
suppressing the metabolic stress by eliminating the healthy mitochondria resulting 
in increased quiescence of HSCs. The HSCs which are maintained in the functional 
state ex vivo in the presence of mTORC1 and GSK-3 inhibitor can be identified by 
their active autophagy state [39]. We have also shown that the aged HSCs have 
decreased pro-apoptotic gene signature, which can be restored upon exposing them 
to young microenvironment, thereby increasing the functionality of these HSCs [2]. 
Moreover, a conditional deletion of ATG7 in murine HSCs makes them dysfunc-
tional, leading to death of these mice within weeks after the deletion. These mice 
also show severe myeloproliferative characters, like those seen in aged HSCs [14]. 
Several cell- intrinsic mechanisms, including reduced autophagy, lead to the aging 
of HSCs [40]. Reduced autophagy has been associated with accelerated aging, 
whereas stimulation of autophagy might have potent anti-aging effects [21]. Lack of 
autophagy in hematopoietic system has been shown to lead to loss of HSC function 
and promote myeloid cell proliferation [14], a situation akin to that seen in aging 
individuals. It has been demonstrated that high levels of reactive oxygen species, 
generated by mitochondria, accumulate in aged HSCs and compromise their func-
tioning [41, 42]. HSCs from Atg−/− mice show high levels of ROS suggesting a role 
of autophagy in aging of HSCs [14]. Recently, Ho et al. [1] showed that  loss of 
autophagy in HSCs causes accumulation of mitochondria and an activated meta-
bolic state, which drives accelerated myeloid differentiation mainly through epigen-
etic deregulations, and impairs their self-renewal activity and regenerative potential. 
They further showed that approximately one-third of aged hematopoietic stem cells 
exhibit high autophagy levels and maintain a low metabolic state with robust long- 
term regeneration potential similar to healthy young HSCs. These results demon-
strate an important role of autophagy in preserving the regenerative capacity of aged 
HSCs. Likewise, a subset of aged HSCs having higher autophagy levels was shown 
to engraft efficiently, as compared to their counterparts having low levels of autoph-
agy [1], underscoring the importance of autophagy in engraftment ability of HSCs. 
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In our recent study, we have shown that the microvesicles (MVs) secreted by young 
MSCs are enriched with mRNAs coding for autophagy, and when aged HSCs are 
treated with these young MVs they show significantly improved engraftment capac-
ity and reduced myeloid bias [2]. Collectively, these studies emphasize the role of 
autophagy in the engraftment ability of HSCs.

Reducing mitochondrial stress in aged HSCs can reverse their loss of functional-
ity [42]. Mitochondrial dysfunction causes multiple hematopoietic defects that are 
typically seen in the elderly, but HSCs themselves appear to be relatively resistant 
[43]. Taken together, cellular metabolism, controlled by mitochondrial status and 
reactive oxygen species and mTORsignaling, plays an important role in maintaining 
HSC function throughout life, but the molecular cause of age-dependent metabolic 
derailment remains unclear. Importantly, however, pharmacological interventions in 
these signaling pathways are feasible and may be exploited to restore function in 
aged HSCs.

3.5  Aging of MSCs

MSCs and MSC-derived differentiated progenies like osteoblasts and adipocytes 
are the main components of HSC niche and any change in their composition and 
functionality in the niche alters the HSC functionality during aging. In the study by 
Stolzing et al. [44], the number of fibroblast colony-forming units (CFU-F), which 
are the direct indicators of frequency and proliferative potential of human MSCs 
decreased with age, indicating reduced frequency and loss of proliferative potential 
of aged MSCs. Further, apoptosis was found to be increased significantly along with 
increasing ROS levels which are correlated with decreased SOD expression in aged 
MSCs. An evident increase of cellular stress induction in aged MSCs [44], genomic 
DNA aberrations assessed by γ-H2AX staining and reduction in telomere length 
were reported as the characteristic features of aged MSCs. Expression of 
Connexin-43, the gap junction protein having a crucial role in maintaining lower 
levels of cellular ROS [45], was found to be low in the aged MSCs [46]. The aged 
MSCs are reported to be skewed toward adipogenesis at the expense of osteogenic 
or chondrogenic differentiation [47, 48]. As adipocytes have been proven to be neg-
ative regulators of HSC functionality [49] and also of B-lymphopoiesis [50], the 
change in the niche from osteoblast-dominant to adipocyte-dominant form during 
aging might be the key factor for decrease in HSC functionality during aging. Taken 
together, the HSC niche is reported to undergo drastic changes during aging, and 
thus, loses its ability to support the maintenance, self-renewal, and functionality of 
HSCs. The compositional and functional properties of the niche change during 
aging. These changes are thus thought to be reflected in HSC functionality and fur-
ther deteriorate the HSCs qualitatively. Decreased formation of bones, increased 
adipogenesis, changes in extracellular matrix (ECM) components, and secretion of 
HSC-supportive cytokines are some of the important changes taking place in bone 
marrow during aging [51–53].
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Recently, Pennock et al. [54] showed that the specific 3D growth environment 
promoting autonomous autophagy flux rejuvenated aged human MSCs through 
cytoplasmic remodelling, mitochondrial regression and shifting of the metabolic 
flux from oxidative phosphorylation to anaerobic one [54]. Autophagy was shown 
to be reduced in aged MSCs. Another report suggests that the age- related decline in 
cellular functions of MSCs corresponds to the decline in their differentiation poten-
tials, which was attributed to the poor cytoskeletal dynamics and elevated exposure 
to ROS [55]. Autophagy is one of the major cellular processes that regulates MSC 
functionality and their differentiation. MSCs have been known to exhibit high level 
of constitutive autophagy, and its suppression affects survival and differentiation of 
human MSCs [56]. According to another report, activation of autophagy is essential 
for neural differentiation of mesenchymal stem cells [57]. Autophagy is known to 
protect the MSCs in stress conditions [58]. Induction of autophagy is also an impor-
tant initial process for commitment and differentiation of MSCs into the osteogenic 
lineage [59]. Autophagy was shown to be reduced in aged MSCs, in turn reducing 
their proliferative potential and shifting their differentiation ability from osteogenic 
to adipogenic lineage [60]. It was also clear from this study that inhibiting autoph-
agy by 3-methyladenine (3MA) induced the aged-like characteristics in young 
MSCs; on the other hand activation of autophagy by the m-TOR inhibitor rapamy-
cin rejuvenated the aged MSCs by altering reactive oxygen species (ROS) and p53 
levels.

Hypoxia-induced autophagy pathway has been shown to promote MSC prolif-
eration [61]. Other molecules influencing MSCs’ aging include stromal cell derived 
factor-1β (SDF1β), which also supports cell survival by enhancing autophagy pro-
cess in them  [62]. Induction of autophagy by serum starvation or by rapamycin 
treatment was studied and was shown to prevent MSCs from the irradiation injury 
and assist in the maintenance of their  stemness by decreasing the DNA damage 
caused through intracellular ROS levels [63]. In a study regarding CCl4-induced 
hepatic damage model, transplantation of MSCs led to elevation of autophagy levels 
for hepatic regeneration through systemic pathways involving HIF-1α [64]. 
Moreover, attenuation of AKT/mTOR pathways, known to inhibit autophagy, 
showed attenuation of age-related changes and enhanced proliferative capacity, clo-
nogenic frequency, and osteogenic potential in MSCs [65]. Alternative studies on 
hypoxia pretreatment showed increased MSC survival, which promoted angiogen-
esis by enhancing autophagy through elevated expression of HIF-1α in them [66]. 
MSCs transplanted in IRI lung injury lead to activation of the autophagy pathway. 
Overall the therapeutic potential of BM-MSCs in various damage models is reported 
to increase by activation of autophagy in them [61, 66, 67].

MSCs form an important constituent of the bone marrow microenvironment and 
are known to form a special HSC niche [68]. Level of autophagy in mesenchymal 
stem/stromal cells (MSCs) is reported to be high and it becomes undetectable when 
these cells are differentiated into osteoblasts [56]. Hypoxia is known to enhance 
HSC-supportive nature of MSCs [61] and this could be related to hypoxia-mediated 
increase in the autophagy levels in them. Activation of autophagy antagonized, 
while inhibition of autophagy promoted apoptosis of MSCs during hypoxia/serum 
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deprivation [58], indicating that autophagy is important in survival of MSCs under 
stress conditions.

Autophagy is susceptible to mTOR activation pathway, a downstream event of 
PI3K/AKT pathway [69]. Activated mTOR directly inactivates critical proteins 
involved in the activation of autophagy. In our previous work, we have shown that 
bone marrow-derived mesenchymal stromal cells (MSCs) gain activated AKT sig-
naling as a consequence of aging, which leads to a reduction of autophagy-related 
genes in them, and the partitioning of these mRNAs into their microvesicles also 
goes down. Additionally, partitioning of miRNAs like miR-17 and 32b, which are 
negative regulators of autophagy-related mRNAs, into their exosomes goes up. This 
leads to 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 [2]. This niche-mediated aging 
of HSCs involving autophagy process underscores the importance of autophagy in 
HSC functionality.

3.6  Relevance in Clinical Transplantation

The focus of the stem cell biology research has been development of techniques for 
rejuvenation of aged HSCs using different pharmacological or cellular molecules 
involved in modulation of HSC functioning, intrinsically or extrinsically. The first 
hope of rejuvenation of HSCs came from the interesting discovery of induced plu-
ripotent stem cells (iPSCs), where the introduction of four transcription factor genes 
in the differentiated somatic cells de-differentiated them into stem cells [70]. The 
results suggested that the epigenetic modulation of the aged cells could result in 
increasing their functionality and induce their rejuvenation. The reprogramming of 
aged HSCs into iPSCs and their re-differentiation into HSCs, showed rejuvenating 
effect with increase in their repopulation ability, suggesting that the epigenetic com-
ponent of HSCs is amenable to be reprogrammed to young-like state [71]. Satb1 is 
yet another molecule, which regulates chromatin organization and regulates lym-
phoid progenitor cells. Expression of Satb1 was found to be decreased in aged cells, 
while over-expression of Satb1 in aged HSCs resulted in increased lymphoid prog-
eny in vitro [72], thus arising as a target for studies related to HSC rejuvenation. On 
the contrary, Per2 was seen to be increased in the aged lymphoid-biased HSCs and 
resulted in activation of apoptosis mediated through DDR and p53 knockout mice. 
Knocking down  Per2 gene in aged HSCs attenuated their  lineage skewing and 
maintained telomere length [73]. Overexpression of Sirt3, the mitochondrial mem-
ber of sirtuin family, in aged HSCs decreases ROS production in HSCs and increases 
their reconstitution capacity [74]. The upregulation of Sirt7 in aged HSCs reduces 
mitochondrial protein folding stress, reduces myeloid skewing, and improves regen-
erative potential; the same effect is observed when NRF1 is downregulated in aged 
HSCs, confirming that the Sirt7-NRF-mediated interplay plays a crucial role in 
rejuvenation of aged HSCs [42]. mTOR pathway has been implicated in amplifying 
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the aging effect in various tissues and its inhibition by rapamycin or mTOR inhibi-
tors reduces aging effects and promotes longevity [75]. The treatment of aged mice 
with rapamycin for 6  weeks reduces p16ink4a and p19Arf expression in HSCs, 
reduces HSC frequency in bone marrow and increases in vivo regenerative capacity 
of aged HSCs [76]. Prolonged fasting for 72 h of aged mice has also been reported 
to reduce circulating IGF-1 levels and PKA activity, which led to signal transduc-
tion changes in their HSCs resulting in increased stress resistance, self-renewal and 
decreased myeloid progeny formation from them [77]. A long-term calorie restric-
tion with about 75% of the normal diet post-pones senescence in hematopoietic 
compartment, and reduces the aging-related changes in the peripheral blood com-
partment, increases the function HSC frequency and improves repopulation capac-
ity of aged HSCs from 25 months aged Balb/c mice. Short-term calorie restriction 
(for 5 months) shows the similar effect on aging HSC compartment in aged mice 
[78]. The aged HSCs are also reported to have increased Cdc42 activity resulting in 
loss of their polarity. This increase in the Cdc42 activity is mainly due to the shift 
from canonical to noncanonical Wnt signaling that shifts from Wnt3a to Wnt5a dur-
ing aging [79]. Treatment with pharmacological inhibitor of Cdc42, CASIN 
increases the polarization of aged HSCs with respect to Cdc42, tubulin and Per-2. 
CASIN treatment also increases the self-renewal capacity of HSCs, decreases the 
myeloid cell output in transplanted recipients and rejuvenates HSCs [80]. As senes-
cent cells also affect the other healthy cells through altered cytokine signaling and 
secretion of senescence-associated bodies, the depletion of senescent cells by treat-
ment of anti-apoptotic protein inhibitor ABT263 increases the HSC functionality 
and reduces myeloid lineage skewing of aged HSCs [81]. Most importantly, in our 
recent report we showed that the aged HSCs can be successfully rejuvenated by co-
culturing them with young MSCs. Furthermore, we also showed that rescued aged 
MSCs can be used to rejuvenate aged HSCs after inactivation of PI3K/AKT signal-
ing in them [2].

3.7  Perspective

As mentioned before, autophagy plays an important role in the functionality of 
HSCs, and therefore, induction of autophagy in HSCs could form a very effective 
way to improve the efficacy of transplantation. In addition to several factors that 
modulate autophagy levels in the HSCs, the stromal cells appear to play a crucial 
role in this process. HLA-matched donors are becoming harder to find in this mod-
ern era of nuclear families. In this scenario, elimination of older donors due to their 
aging-related loss of HSC functionality further limits the donor cohort. Our work 
has clearly demonstrated that induction of autophagy by treating them with 
microvesicles collected from young MSCs could rejuvenate the aged HSCs and 
increase the donor cohort. Thus, in vitro rejuvenation of HSCs having compromised 
autophagy process either due to aging or due to exposure to chemotherapeutic 
drugs, by exposing them to MSC-derived microvesicles enriched in 
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autophagy-inducing mRNAs appears to be a simple and effective approach to 
improve outcome of clinical transplants.

MSCs are being used in several regenerative therapies, and they have been the 
subject of several clinical trials, but the outcomes of advanced clinical trials have 
fallen short of expectations raised by encouraging preclinical animal data in a wide 
array of disease models [82]. The dissonance between mouse and human clinical 
outcomes has been thought to be due to the apparent discrepancies of immune com-
patibility, dosing, and fitness of culture-adapted MSCs. Typically, MSCs are sourced 
from varied sources like bone marrow, adipose tissue, dental pulp, placenta, and 
cord; the choice primarily appears to be dictated by the ease of obtaining the tissue. 
The culture expanded MSCs are usually characterized by a panel of phenotypic 
markers and their tri-lineage differentiation potential, but there are no studies that 
deal with identification of signaling pathways prevailing in them. Also, there has 
been no significant attempt made to characterize the macromolecular profile of the 
extracellular vesicles secreted by them with respect to their culture condition, source 
or their biochemical makeup. Our work underscores the importance of these aspects 
in characterizing the MSCs for clinical applications [2, 83]. Our data clearly show 
the need to characterize MSCs with respect to their signaling mechanisms prevail-
ing in them, and macromolecular content of their EVs needs to be analysed. It is 
possible to develop specific culture conditions to get desired macromolecular pro-
file of their EVs. We further propose that use of EVs, rather than MSCs, could also 
solve the problem of dosing. Being small in size, these vesicles might escape getting 
trapped in the filter organs and reach in sufficient quantities to the target organs. 
Also, these EVs could be cryopreserved and used clinically to treat the HSCs 
in vitro prior to transplantation. For other applications, it may also be possible to 
inject the EVs in damaged organs to improve their functionality. Such approach 
could enhance the outcome of regenerative therapies using MSCs.
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Chapter 4
Forkhead Box O (FoxO) Transcription  
Factors in Autophagy, Metabolic Health, 
and Tissue Homeostasis

Longhua Liu and Zhiyong Cheng

Abstract As transcription factors, the forkhead box O family proteins control the 
expression of genes that are involved in the regulation of autophagy and metabo-
lism. The FoxO–autophagy axis has been shown to mediate cell differentiation and 
tissue development. Dysregulated FoxO activity may compromise tissue develop-
ment and homeostasis, concomitant with metabolic abnormalities across tissues 
such as liver, adipose tissue, skeletal muscle, and heart. In this chapter, we discuss 
the mechanism or pathways of FoxO transcription factors regulating autophagy and 
tissue integrity, and the FoxO–autophagy axis in cellular metabolism and fate deter-
mination. The evidence summarized here suggests that targeting the FoxO–autoph-
agy axis may lead to therapeutic options for metabolic derangements and cell or 
tissue dysfunction.
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CREB cAMP response element binding protein
DBD DNA binding domain
ER Endoplasmic reticulum
FoxO Forkhead box O
FSP27 Fat-specific protein 27
G6Pase Glucose-6-phosphatase
HDAC Histone deacetylase
HK Hexokinase
JNK c-Jun N-terminal kinase
KAA Ketogenic amino acid
LC3 Microtubule-associated protein 1A/1B-light chain 

3- phosphatidylethanolamine conjugate
LDHA Lactate dehydrogenase A
LXR Liver X receptor
MI Myocardial infarction
MST1 Mammalian sterile 20-like kinase 1
mTORC1 Mammalian target of rapamycin complex 1
MTP Microsomal tryglyceride transfer protein
MuRF1 Muscle RING-finger protein-1
NES Nuclear export sequence
NLS Nuclear localization signal
Pdx1 Pancreas/duodenum homeobox gene-1
PEPCK Phosphoenolpyruvate carboxykinase
PGC1 Peroxisome proliferator-activated receptor gamma coactivator 

1
PI3K Phosphatidylinositol 3 kinase
PI3P Phoshpatidylinositol 3-phosphate
PKA Protein kinase A
PKM2 Pyruvate kinase isozymes M2
PPARγ Peroxisome proliferator-activated receptor γ
RXR Retinoid X receptor
Sirt1,2 sirtuin 1, 2
SKP2 S-phase kinase-associated protein 2
SQSTM1 (or p62) Sequestosome 1
SREBP Sterol response element-binding protein
STZ Streptozotocin
Tfeb Transcription factor EB
ULK Unc-51-like kinase
VLDL Very-low-density lipoprotein
Vps34 Vacuolar proteins 34
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4.1  The FoxO Family

The forkhead box O (FoxO) family is a subclass of winged helix/forkhead transcrip-
tion factors. The mammalian FoxO family are homologues of the Caenorhabditis 
elegans transcription factor Dauer Formation-16 (DAF-16), including four mem-
bers (FoxO1, FoxO3, FoxO4, and FoxO6) [1–5]. FoxO proteins consist of four 
domains, including a highly conserved DNA binding domain (DBD), a nuclear 
localization signal (NLS) domain, a nuclear export sequence (NES) domain, and a 
C-terminal transactivation domain [6, 7]. The activities of FoxO transcription fac-
tors can be regulated by posttranslational modifications, such as phosphorylation, 
acetylation, and ubiquitination [7, 8]. For instance, insulin activates phosphati-
dylinositol 3 kinase (PI3K)-Akt/protein kinase B (PKB) pathway, where Akt/PKB 
(a serine–threonine kinase) can phosphorylate FoxOs and exclude them from 
nucleus, thereby inhibiting the transcriptional activity [7–9]. Akt-mediated phos-
phorylation of FoxO1 promotes cytoplasmic retention of FoxO1 and ubiquitination, 
eventually leading to proteasomal degradation [10]. FoxO1 ubiquitination and deg-
radation can also be stimulated by S-phase kinase-associated protein 2 (SKP2), a 
subunit of the Skp1–Cul1–F-box protein ubiquitin complex [11]. Deacetylation of 
FoxO3 by Sirt1 seems to differentially regulate FoxO3 activities, promoting FoxO3- 
meidated cell cycle arrest and resistance to cell stress but dampening FoxO3- 
mediated cell death [12]. Accumulating evidence suggests that FoxO proteins play 
an important role in glucose and lipid metabolism in liver, muscle and adipose tissue 
[13–18]. In addition, metabolic changes in obesity, diabetes, and cardiometabolic 
diseases have been linked to aberrant autophagy, where FoxO transcription factors 
regulate an array of autophagy genes [19–26]. These studies shed new light on the 
mechanisms or pathways by which FoxO proteins regulate metabolism, and under-
score FoxO family as potential targets to treat metabolic diseases. In this chapter, 
we review the evidence of FoxO transcription factors in the regulation of autophagy, 
metabolic health, and tissue homeostasis.

4.2  FoxOs in Metabolic Health

4.2.1  Adipose Tissue

Adipose tissue plays an important role in energy metabolism by storing extra energy 
as fat and by secreting various adipokines (e.g., adiponectin and leptin) to regulate 
systemic metabolism [27, 28]. Studies of FoxOs, particularly the most abundant 
isoform FoxO1  in adipose tissue and adipogenesis have led to two mechanistic 
models (Fig. 4.1). Earlier studies suggested that FoxO1 was a suppressor of adipo-
genesis (Fig. 4.1a). Overexpression of a constitutively active form of FoxO1 was 
reported to inhibit differentiation of preadipocytes, while dominant-negative FoxO1 
rescues the differentiation [14]. FoxO1 haploinsufficiency can protect mice from 
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diet-induced diabetes [14]. Further study showed that complex of PPARγ and RXRα 
was required to promote adiogenesis, while FoxO1 tended to disrupt the complex of 
PPARγ and RXRα and inhibit adipocyte differentiation [29]. FoxO1 may also tran-
srepress PPARγ by direct protein–protein interaction [30], or inhibit the expression 
of PPARγ1 and PPARγ2 in rat primary adipocytes and increase the expression of 
Glut 4, thereby improving insulin sensitivity [31]. Overexpression of a mutant 
FoxO1 in adipose tissue-specific FoxO1 transgenic mice can increase Glut 4 and 
improve glucose tolerance and insulin sensitivity [32]. Posttranslational modifica-
tion, e.g., acetylation of Foxo1, also affects the FoxO1 role in adipocyte differentia-
tion. Overexpression of Sirt2, which is a cytoplasmic predominant sirtuin in 
adipocytes, decreases the acetylation of FoxO1 and reduces the expression of 
PPARγ, CEBPα and other genes involved in terminal adipocyte differentiation, 
resulting in the inhibition of differentiation; by contrast, knockdown of Sirt2 pro-
motes adipogenesis [33]. Resveratrol increases Sirt1, but decreases FoxO1 and 
PPARγ2 and inhibits differentiation. However, nicotinamide can decrease Sirt1 
mRNA but increase FoxO1 and PPARγ2 to stimulate the differentiation in pig pre-
adipocytes [34]. Recent studies, nevertheless, suggest that FoxO1 is an enhancer of 
adipocyte differentiation [25, 26, 35–38] (Fig. 4.1b). Knockdown of FoxO1 using 
adenovirus FoxO1-siRNA inhibits the differentiation of 3T3-L1 preadipocyte and is 
accompanied by decreased PPARγ and CEBPα, especially when exposing cells to 
FoxO1-siRNA before the differentiation induction [35, 37]. Epigallocatechin gal-
late (EGCG) treatment can inhibit the adipocyte differentiation via inactivation of 
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Preadipocyte Mature adipocyteNucleus               Lipid droplet

CEBPα
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FoxO1

TfebPPARγ

PPARγ

PPARγ
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Fig. 4.1 The role of FoxO1 in adipogenesis or adipocyte differentiation. Two models have been 
proposed: (a) PPARγ is a major positive regulator of adipogenesis, while FoxO1 transrepresses 
PPARγ and forms complex with PPARγ to inhibit adipogenesis. (b) FoxO1 promotes adipogenesis 
via the induction of PPARγ and CEBPα, or Tfeb that induces autophagy to stabilize PPARγ and 
FSP27, thereby enhancing lipid accumulation and adipocyte differentiation. See the text in Sects. 
4.2.1 and 4.3.2 for detailed discussion. FoxO1 factor forkhead box O1, C/EBP CCAAT/enhancer-
binding protein, PPARγ peroxisome proliferator-activated receptor gamma, RXR retinoid X recep-
tor, Tfeb transcription factor EB
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FoxO1 [36]. Mechanistic studies underscore autophagy as an important regulator of 
adipocyte differentiation, presumably through stabilization of PPARγ and induction 
of FSP27 [25, 26]. The role of FoxO1 in adipocyte autophagy and biology will be 
discussed in more detail in Sect. 4.3.

4.2.2  Liver

The liver is a major organ for glucose and lipid metabolism (Fig. 4.2). Plasma glu-
cose levels are maintained well through glucose production and uptake by periph-
eral tissues such as the liver, adipose tissue, and skeletal muscle in normal conditions 
[39]. During a fasting period, the liver will break down glycogen and increase glu-
coneogenesis to increase the glucose levels; while under postprandial condition, the 
liver can store glucose through glycogen synthesis and reduce glucose level in the 
bloodstream [8]. Glucose-6-phosphatase (G6Pase), fructose-1, 6-bisphosphatase, 
and phosphoenolpyruvate carboxykinase (PEPCK) are three major gluconeogenic 
enzymes in liver. Overexpression of a constitutively active form of FoxO1 in the 
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Fig. 4.2 FoxOs regulate autophagy and metabolic homeostasis in the liver. Under postprandial 
conditions, insulin signaling pathway is activated to inhibit FoxO1 and FoxO3. In fasting state, 
FoxO1 is activated and can increase gluconeogenesis through G6Pase and PEPCK. FoxO1 can 
activate MTP/VLDL pathway and elevate lipogenesis through apoC-III to increase triglyceride 
level in serum. Interestingly, FoxOs were shown to regulate autophagy via Atg14 to decrease tri-
glyceride level in serum. FoxO3 can decrease cholesterol level through Sirt6 and further inhibition 
of SREBP2. Moreover, FoxO1 may enhance the insulin activity by inhibiting Trb3 which prevents 
the phosphorylation of Akt. See the text in Sects. 4.2.2 and 4.3.3 for detailed discussion. Atg14 
autophagy related 14, G6Pase Glucose-6-phosphatase, MTP microsomal triglyceride transfer pro-
tein, PEPCK phosphoenolpyruvate carboxykinase, Sirt6 Sirtuin 6, SREBP2 sterol response 
element- binding protein 2, Trb3 tribbles homolog 3, VLDL very-low-density lipoprotein
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liver of transgenic mice increases fasting glucose levels and glucose intolerance. 
The genes involved in gluconeogenesis, such as G6Pase and PEPCK, are also 
increased; while de novo lipogenesis is decreased after refeeding [15]. Inhibition of 
FoxO1 expression using antisense oligonucleotides (ASOs) in mouse hepatocytes 
can decrease mRNA levels of G6Pase and PEPCK and lipolysis, while increasing 
insulin sensitivity and glucose tolerance in mice with diet-induced obesity [40]. 
Recently, similar results have shown that liver-specific ablation of insulin receptor 
(LIRKO) increases glucose intolerance and insulin resistance, while liver-specific 
double knockout insulin receptor and FoxO1 (LIRFKO) rescue glucose tolerance, 
reduce hepatic glucose production, and decrease gluconeogenic gene expression, 
such as G6Pase and PEPCK [41]. The abovementioned data show that FoxO1 can 
increase hepatic glucose production through upregulating G6Pase and PEPCK.

FoxOs also play roles in lipid metabolism. Adenoviral delivery of FoxO1 to 
mouse liver can induce steatosis through increasing triglyceride accumulation but 
decreasing fatty acid oxidation [42]. Another study showed that in HepG2 cells, 
FoxO1 can induce the expression of microsomal tryglyceride transfer protein 
(MTP), by directly binding to the MTP promoter [43]. MTP is a rate-limiting pro-
tein involved in very-low-density lipoprotein (VLDL) production. Overexpression 
of a constitutively active FoxO1 in mice can incease the expression of MTP, VLDL 
production, and plasma triglyceride levels [43]. Adenovirus-mediated FoxO1 deliv-
ered to hepatocytes stimulates the expression of apoC-III through directly binding 
to the promoter of apoC-III, which plays an important role in triglyceride metabo-
lism, and results in increased triglyceride levels in the plasma and fat intolerance 
[44]. A mutation or deletion of the FoxO1 binding site on the apoC-III promoter can 
abolish the insulin response and FoxO1-mediated stimulation. A further study 
showed that PPARα interacts with FoxO1 to regulate the apoC-III expression [45]. 
Intrestingly, it was shown that FoxO1 deletion in the liver using Cre/LoxP genetic 
approch decreases glucose concentration in blood but has little effect on lipid 
homeostasis. Deletion of both FoxO1 and FoxO3 decreases glucose concentrations 
and elevates serum tryglyceride and cholesterol concentration, which indicates that 
FoxO3 has a role in lipid metabolism [46]. A further study showed that FoxO3 can 
recruit Sirt6 to regulate sterol response element-binding protein 2 (SREBP2) by 
binding to the Srebp2 gene promoter where Sirt6 can deacetylates lysine 9 and 56 
on histone H3, and further cholesterol homestasis [47]. It was shown that FoxO1 
can increase insulin sensitivity by inhibiting tribbles homolog 3(Trb3), which pre-
vents the phosphorylation of Akt by binding to it, to increase the phosphorylation of 
Akt [42]. Above data show the important roles of FoxOs in the regulation of glucose 
and lipid metabolism.
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4.2.3  Muscle

Skeletal muscle is a major peripheral tissue that is responsible for insulin-mediated 
energy homeostasis, which contributes more than 30% of resting metabolic rate and 
80% whole body glucose uptake [48]. FoxO1 plays important roles in regulating 
glucose and lipid metabolism in skeletal muscle (Fig. 4.3). Under starvation or glu-
cocorticoid treatment, FoxO1 is induced and pyruvate dehydrogenase kinase 4 
(PDK4) is upregulated by FoxO1 which can directly bind to the promoter of PDK4 
and further inhibit glucose oxidation [13]. A further study shows that the effect of 
RXRγ on enhanced glucose tolerance may be at least in part due to upregulated 
Glut1  in skeletal muscle [49]. Another study showed that ectopic expression of 
FoxO1 increased the gene expression of lipoprotein lipase (LPL), which plays an 
important role in lipid usage in skeletal muscle [50]. Overexpression of FoxO1 
using inducible constructs in C2C12 cells increases the fatty acid translocase FAT/
cluster of differentiation 36 (CD36), Acyl-CoA oxidase (ACO) and PPARδ, and 
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Fig. 4.3 FoxOs regulate autophagy, metabolism, and tissue homeostasis in skeletal muscle. Under 
starvation, denervation, or cold conditions, FoxOs are activated and switch substrate metabo-
lism from glucose oxidation to fatty acid utilization. When FoxOs are activated, they inhibit glu-
cose oxidation by promoting PDK4 and disrupting RXR–LXRα complex, which also leads to 
decreased lipogenesis through SREBP1C. FoxOs can increase lipid usage through activating FAT, 
CD36, ACO, PPARδ, and LPL. Not only can FoxOs activate autophagy via LC3, Gabarapl, Atg12, 
Bnip3, and HDAC6, but also they can promote ubiquitin–proteasome pathway through atrogin, 
MuRF-1, and cathepsin L. Activation of autophagy and ubiquitin–proteasome pathways by FoxOs 
causes muscle atrophy. Other factors such as AMPK and MST1 can also activate FoxOs, while 
PGC1α, PGC1β, Sirt1, PKA, and CREB inhibit the activity of FoxOs. See the text in Sects. 
4.2.3 and 4.3.4  for detailed discussion. ACO Acyl-CoA oxidase, AMPK AMP-activated protein 
kinase, CD36 cluster of differentiation 36, FAT fatty acid translocase, HDAC6 histone deacetylase 
6, LPL lipoprotein lipase, LXRα liver X receptor α, MST1 Mammalian Sterile 20-like kinase 1, 
MuRF-1 muscle RING finger enzyme-1, PDK4 pyruvate dehydrogenase kinase 4, PKA protein 
kinase A
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enhances the uptake of oleate and oleate oxidation [51]. These effects of enhanced 
FA utilization induced by FoxO1 can be abolished by the CD36 inhibitor. SREBP1c 
also plays a role in regulation of lipid metabolism via FoxO1. RXRα or RXRγ, 
together with liver X receptor α (LXRα), can activate the promoter of SREBP1c 
[52]. Overexpression of RXRγ in skeletal muscle increases SREBP1c and triglycer-
ide concentrations; and overexpression of FoxO1 decreases the expression of RXRγ 
and SREBP1c [52]. The above-mentioned data show that FoxO1 prevents the RXR/
LXR-mediated SREBP1c in the regulation of lipogenesis. AMP-activated protein 
kinase (AMPK), which is a master regulator of glucose and lipid metabolism, can 
upregulate FoxOs (including FoxO1 and FoxO3a) and atrogin-1 as well as muscle 
RING finger enzyme-1 (MuRF-1) and leads to a further increase in the protein deg-
radation in skeletal muscle [53]. Short-term cold stimulation can reduce the phos-
phorylation of Akt and increase the activity of FoxO1, which increases the expression 
of atrogin-1 and MuRF-1, thereby increasing the protein degradation in skeletal 
muscle [54]. Overexpression of FoxO1  in skeletal muscle can reduce the body 
weight and skeletal muscle mass, decrease type I muscles. Overexpression of FoxO1 
can also increase the expression of cathepsin L, which is a lysosomal proteinase, 
leading to increased protein degradation in skeletal muscle [55]. Hence, not only do 
FoxOs play important roles in switching from glucose oxidation to fatty acid utiliza-
tion, but they also increase muscle atrophy in skeletal muscle.

4.2.4  Pancreatic β-Cells

The pancreas plays a critical role in glucose homeostasis and contains at least five 
different types of cells: α-cells, β-cells, δ-cells, ε-cells, and PP-cells [56]. β-cells 
can sense the blood glucose concentration and secrete insulin to regulate glucose 
homeostasis. Generally, β-cells can uptake and metabolize glucose, thereby increas-
ing the cellular ratio of ATP/ADP to close the K+-ATP channel and depolarize the 
cell. Depolarization of the cell leads to the opening of the voltage-dependent Ca2+ 
channel and a subsequent increase the cytosolic Ca2+ concentration, leading to the 
release of insulin [57]. Previous studies show that insulin signaling is required to 
maintain β-cell mass. Mice with insulin receptor substrate-2 knockout (IRS2KO) 
develop β-cell failure. While haploinsufficiency of FoxO1 can reverse β-cell failure 
in IRS2KO mice through the increase in β-cell proliferation as well as increase the 
expression of pancreas/duodenum homeobox gene-1 (Pdx1), which is a pancreatic 
transcription factor [58]. Overexpressing a constitutively active form of FoxO1 
decreases the Pdx1 expression by acting as a repressor of Foxa2-dependent Pdx1 
transcription. These data show that insulin signaling can increase the expression of 
Pdx1 to maintain β-cell mass through inhibition of FoxO1. A further study showed 
that the deletion of FoxO1  in the domain of the Pdx1 promoter (P-FoxO1-KO) 
improved glucose tolerance under high-fat high-sucrose diet (HFHSD). Additionally, 
this led to an increased β-cell mass. Mice with P-FoxO1-KO crossed with db/db 
showed more severe glucose intolerance than in the control mice, indicating that 
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FoxO1 functions as a double-edged sword in the pancreas [59]. FoxO1 can also 
regulate β-cell function, survival, and compensation through the inhibition of 
PPARγ and its target genes, such as Pdx1 and pyruvate carboxylase [60]. Impaired 
FoxO1 may cause or exacerbate diabetes [60]. Controversially, upregulated 
FoxO1 in β-cell-specific FoxO1-transgenic mice can increase β-cell mass, improve 
glucose tolerance, and protect the mice from HFD-induced glucose disorder [61]. 
Furthermore, FoxO1 plays other roles in β-cell function. It was shown that FoxO1 
could protect β-cell from oxidative stress by increasing two insulin2 gene transcrip-
tion factors, NeuroD and MafA, through forming a complex with promyelocytic 
leukemia protein (Pml) and Sirt1. Acetylated FoxO1 can bind to Pml and prevent 
FoxO1 from degradation. While Sirt1 can deacetylate FoxO1 and accelerate its deg-
radation, thereby prevent unchecked FoxO1 transcription [62]. Another study shows 
that the c-Jun N-terminal kinase (JNK) pathway can regulate FoxO1 translocation 
from the cytosol to the nucleus. Overexpression of JNK can induce the nuclear 
localization of FoxO1, while inhibiting JNK can decrease the oxidative stress- 
induced FoxO1 nuclear localization [63]. Further studies are warrented to elucidate 
the complicated roles of FoxO1 in β-cell function, proliferation, and compensation, 
especially under different physiological conditions, such as diabetes.

4.3  FoxOs in Autophagy and Tissue Homeostasis

4.3.1  Autophagy and FoxO Network

Autophagy (from the Latin words “auto,” means oneself and “phagy,” meaning to 
eat) refers to physiological degradative processes during which cytosolic compo-
nents are degraded in bulk. This includes the degradation of proteins, lipids, sugars, 
and some organelles (mitochondria, peroxisomes, ribosomes) [64]. There are three 
types of autophagy, including microautophagy, macroautophagy, and chaperone- 
mediated autophagy. Microautophagy is the process where the lysosome membrane 
engulfs part of cytoplasm, and macroautophagy is the degradative process that 
involves a formation of autophagosome, while chaperone-mediated autophagy is a 
selective degradative process that can specifically degrade proteins recognized by 
the chaperone protein Hsc70. Increasing evidence has demonstrated that FoxO tran-
scription factors regulate macroautophagy (referred to as autophagy hereafter) in 
different stages of this process (Fig. 4.4).

Autophagy is a well-regulated degradative system and many factors are involved 
in this process, which can be divided into several steps: initiation, elongation, matu-
ration, autophagosome–lysosome fusion, and degradation (Fig. 4.4) [64]. Although 
the sources of isolation membranes are still not fully understood, endoplasmic retic-
ulum (ER) is the most important isolation membrane contributor to initiate the 
autophagy under starvation. The Golgi complex, endosome, mitochondria, plasma 
membrane, and nuclear membrane are also possible membrane sources [65]. Under 
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starvation, following the induction of autophagy, a Ω-like shape domain on ER is 
formed which termed as omegasome. Phoshpatidylinositol 3-phosphate (PI3P), 
autophagy related protein 14 L (Atg14L), beclin1, vacuolar proteins 34(Vps34) and 
Unc-51-like kinase 1(ULK1) are required for the formation of omegasome [66–71]. 
Among many factors involved in the initiation of autophagy, Atg1–Unc-51-like 
kinase (ULK) complex plays a central role. In mammals, ULK1–atg13–the focal 
adhesion kinase family interacting protein of 200  kDa (FIP200)–atg101 kinase 
complex is negatively regulated by the mammalian target of rapamycin complex 1 
(mTORC1) depending on nutrient status. For instance, under nutrient sufficiency, 
high mTOR activity can phosphorylate ULK1 at Ser757 to prevent ULK1 activity 
and disrupt the ULK1–AMPK interaction, resulting in inhibition of autophagy [72]. 
Under starvation, AMPK can phosphorylate ULK1 at Ser317 and Ser777 directly 
and activate ULK1 to induce autophagy. Ser467 and Ser 555 on ULK1 can be also 
phosphorylated by AMPK to promote autophagy [73].

Fig. 4.4 The general autophagy pathway and FoxO network. Autophagy (macroautophagy) is a 
physiological degradative process, which can degrade cytosolic components (such as dysfunc-
tional proteins and organelles). Autophagy can be generally divided into several steps: initiation, 
elongation, maturation, fusion, and degradation. During nutrient sufficiency, mTORC1 can inhibit 
the activity of ULK1 complex to prevent the induction of autophagy. While under starvation condi-
tions, AMPK can activate ULK1 complex to initiate the autophagy through recruiting Atg14–
beclin1–Vps34 complex. The Atg12–Atg5 complex and LC3-II are important for the elongation 
and maturation of autophagy, during which the amount of LC3-II is gradually increased. At the end 
of maturation, autophagosome is formed and then fuse with lysosome to form autolysosome. In the 
autolysosome, the engulfed cytosolic components including part of intra-autophagosome located 
LC3-II can be degraded. So, during the degradation, the amount of LC3-II is decreased. FoxO 
transcription factors have been shown to regulate multiple stages of autophagy by targeting Atg14, 
Atg12, LC3, and Tfeb. See the text in Sect. 4.3.1 for detailed discussion. mTORC1 mammalian 
target of rapamycin complex 1, Tfeb transcriptionfactor EB, ULK1 Unc-51-like kinase 1
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Following the formation of the isolation membrane, it will elongate to engulf 
cytosol components (Fig.  4.4). During the elongation of autophagy, Atg12-Atg5 
translocates to the outside of the isolation membrane and detaches from the mem-
brane before or after the autophagosome is formed completely [74]. The Atg12–
Atg5 complex is required for targeting microtubule-associated protein 1A/1B-light 
chain 3-phosphatidylethanolamine conjugate (LC3) (a mammalian homolog of 
Atg8) onto the isolation membrane. LC3 is synthesized as a preform of ProLC3, 
which can be cleaved by Atg4 to expose the C-terminal Gly of LC3 (LC3-I). LC3I 
can conjugate with PE to form LC3-II (LC3-PE) activated by Atg7 (E1-like enzyme) 
and Atg3 (E2-like enzyme) [75]. During the elongation to maturation of autophago-
some, the amount of LC3-II is increased. Atg4 can then delipidate LC3-II to LC3-I 
on the surface of autohpagosome to recycle LC3-I. After the maturation of autopha-
gosome, the outer membrane can fuse with the lysosome to form an autolysosome 
(Fig. 4.4). The process of fusion can be positively regulated by UVRAG–Vps34–
beclin1 PI3K complex, but can be also negatively regulated by Rubicon–UVRAG–
Vps34–beclin1 PI3K complex [66, 67]. The engulfed cytosolic components, 
including part of LC3-II which locates on the intra-autophagosome surface, can be 
degraded by hydrolases in the autolysosome. During the degradation process, the 
amount of LC3-II will be decreased. In addition to nonselective autophagy, selective 
autophagy is also physiologically important. P62/SQSTM1, an important ubiquitin 
and LC3-binding protein as an autophagy adaptor, can be selectively degraded by 
the autolysosome [76, 77]. When autophagy is impaired, P62 accumulates in the 
cell and serves as an important biomarker for autophagy. Based on the different 
organelles or cytosol components involved in selective degradation, the selective 
autophagy family includes mitophagy (specifically for mitochondria), pexophagy 
(for peroxisomes), and ribophagy (for ribosomes), during which P62 serves as a 
critical autophagy adaptor [78].

Emerging evidence suggests that FoxO proteins may interact with autophagy in 
different stages (Fig. 4.4). For instance, FoxOs can induce hepatic Atg14, which is 
critical for autophagy initiation [79]. As the mediators of elongation and maturation 
steps, LC3 and Atg12 can also be controlled by FoxOs directly in skeletal muscle 
and heart [21, 23, 80]. In adipocytes, FoxO transcription factor was shown to bind 
the promoter of Tfeb (transcription factor EB), the key regulator of autophagosome 
and lysosome [81, 82], and upregulate Tfeb expression [25]. Inhibition of FoxO 
transcription factor dampens Tfeb and autophagy in adipocytes [25]. The functional 
perspectives of FoxO–autophagy axis will be discussed in Sects. 4.3.2–4.3.6 below.

4.3.2  FoxO–Autophagy Axis in Adipocytes and Adipose Tissue

Adipocyte differentiation underpins adipose tissue development, in which autoph-
agy plays a central role [83–85]. Deletion of autophagy gene (e.g., Atg5 or Atg7) 
suppresses adipocyte differentiation, compromising adipose tissue development 
and causing sudden death of mice at young ages [83–85]. FoxO1 may induce 
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adipocyte autophagy through Tfeb (Fig. 4.1) [25, 26]. FoxO1 expression and activ-
ity is elevated during adipogenesis, which is paralleled with upregulation of Tfeb, 
the key regulator of autophagosome and lysosome. Indeed, autophagy activity is 
enhanced during adipocyte differentiation. ChIP assays confirm that FoxO1 can 
directly bind to the promoter of Tfeb [25]. Consistently, inhibitor of FoxO1 blocks 
the interaction between FoxO1 and Tfeb promoter, resulting in reduced Tfeb tran-
script and protein expression.

The FoxO1–autophagy axis plays a critical role in adipocyte biology [25, 26]. 
First, it underpins adipocyte differentiation and lipid droplet growth via FSP27. 
Pharmacological inhibition of FoxO1 (using FoxO1 specific inhibitor AS1842856) 
or autophagy (using autophagy inhibitor bafilomycin A1 plus leupeptin) similarly 
downregulates FSP27, which prevents lipid accumulation and adipocyte differen-
tiation [25, 26, 38]. In mature (or terminally differentiated) adipocytes, blockage 
of the FoxO1–autophagy axis leads to smaller but more numerous lipid droplets, a 
phenotype frequently observed in browning of adipose tissue. Upregulation of 
FSP27 by the FoxO1–autophagy axis is likely to arise from the stabilizing effect 
on PPARγ, the key regulator of FSP27 expression and adipogenesis (Fig. 4.1) [85, 
86]. Secondly, inhibition of the FoxO1–autophagy axis differentially regulates 
UCP1, UCP2, and UCP3 in adipocytes [25]. In particular, UCP1 is induced by the 
inhibition of FoxO1–autophagy axis, serving as a second line of evidence of 
browning of white adipocyte [87–89]. Given that positive energy balance contrib-
utes to obesity, targeting the FoxO1–autophagy axis may have the potential to treat 
or prevent obesity.

4.3.3  FoxO–Autophagy Axis in the Liver

FoxO1 plays an important role in hepatic lipid metabolism partly through the 
autophagy pathway (Fig. 4.2). FoxOs can regulate a key autophagy-related regula-
tor, Atg14, through binding at its promoter, which has been revealed through lucif-
erase reporter analysis and chromatin immunoprecipitation (ChIP) [79]. Either 
knockdown Atg14 or liver-specific FoxO1/3/4 triple knockout elevated triglycerides 
in the liver and serum [79]. Overexpression of Atg14 improved hepertriglyceride-
mia in liver-specific FoxO1/3/4 triple knockout mice [79]. A ketogenic amino acid 
(KAA) replacement diet ameliorated autophagy deficiency in HFD-fed mice accom-
panied by decreased FoxO3, increased Sirtuin 1(Sirt1), and inhibition of the phos-
phorylation of the mammalian target of rapamacin (mTOR) [90]. Metformin 
alleviated hepatosteatosis through Sirt1-mediated, AMP-activated kinase (AMPK)-
independent autophagy machinery [91].
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4.3.4  FoxO–Autophagy Axis in the Muscle

During fasting or denervation, FoxO3 can be activated to induce autophagy in skel-
etal muscle and cause muscle atrophy both in vitro and in vivo [21, 23] (Fig. 4.3). 
Phosphorylation of Akt can block FoxO3 to induce autophagy. However, rapamy-
cin, which is a specific mTOR inhibitor, cannot rescue the effect of Akt on FoxO3 
and autophagy, which indicates that FoxO3 can induce autophagy in an mTOR- 
independent way. FoxO3 regulates the expression of many autophagy-related genes, 
including LC3 and Bnip3 [21, 23]. Recently, triple FoxO1, 3, 4 muscle-specific 
knockout mice were generated to study the role of FoxOs in autophagy [22]. It was 
shown that FoxO1, 3, 4 triple knockout prevented muscle loss after fasting through 
inhibition of autophagy and protein ubiquitination. Inhibition of FoxOs decreases 
many important autophagy-related genes such as LC3, Gabarapl, Binp3, and P62/
SQSTM1. A further study shows that FoxO1, 3, 4 are redundant in regulation of 
autophagy in skeletal muscle [22]. In addition, histone deacetylase 6 (HDAC6) can 
serve as the downstream target of FoxO3  in autophagy regulation [92]. During 
denervation, HDAC6 is upregulated during muscle atrophy and FoxO3 can directly 
bind to the HDAC6 promoter to regulate the expression of HDAC6, while knock-
down of HDAC6 using shRNA reduces muscle atrophy (Fig. 4.3) [92]. The role of 
FoxOs and the insulin or insulin-like growth factor-1 (IGF-1) signaling pathway in 
autophagy is further confirmed in  vivo. Muscle-specific knockout of the insulin 
receptor (M-IR−/−), but not the IGF-1 receptor (M-IGF1R−/−), displays a moderate 
reduction in muscle mass, while both IR and IGF-1R knockout mice (MIGIRKO) 
shows a marked reduction of muscle mass [93]. However, combined muscle- specific 
knockout FoxO1, 3, 4  in MIGIRKO mice reverses the increased autophagy and 
rescues the muscle mass loss [93]. These results further confirm the importance of 
insulin or IGF-1 mediated FoxOs’ activity in autophagy in skeletal muscle. Other 
studies show that PGC1α and PGC1β can block the effect of FoxO3 or starvation on 
autophagy to prevent muscle atrophy, which indicates that exercise can increase the 
expression of PGC1α to inhibit FoxO3 activity to prevent muscle atrophy [94]. 
Interestingly, Wei et al. showed that mammalian sterile 20-like kinase 1 (MST1) can 
regulate FoxO3 activity through phosphorylation of FoxO3 at Ser207 [95]. MST1 
kinase is upregulated in fast twitch skeletal muscles immediately after denervation. 
Activated MST1 increases FoxO3 phosphorylation at Ser207 and promotes FoxO3’s 
nuclear translocation to induce autophagy. Notably, MST1-mediated phosphoryla-
tion of FoxO3 at Ser 207 can promote FoxO3 nuclear translocation, while pAkt- 
mediated phosphorylation of FoxO3 at Thr32, Ser253, and Ser315 can inhibit 
FoxO3 nuclear translocation. This difference may be due to the phosphorylation at 
different sites that impairs the interactions of FoxO3 with protein 14-3-3.

In addition to phosphorylation, acetylation also affects FoxO3 activity and local-
ization. During fasting, the expression of Sirt1 is reduced dramatically in type II 
skeletal muscle, which leads to increased atrophy [96]. Sustained expression of 
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Sirt1 can prevent atrophy induced by fasting or denervation in the skeletal muscle 
of mice. Overexpression of Sirt1 can block the activity of FoxO1 and FoxO3 during 
atrophy and further prevent the induction of expression of autophagy genes. Sirt1- 
mediated FoxO1 and FoxO3 deacetylation inhibits their activity to induce autoph-
agy during fasting or denervation in skeletal muscle. During denervation, FoxO1 is 
hyperacetylated, increasing cytosolic distribution of FoxO3 and its degradation via 
the proteasome system [97]. However, Hussain et al. show that in the diaphragm and 
limb muscles of humans, prolonged controlled mechanical ventilation (CMV) trig-
gers autophagy, which is associated with increased gene expression of FoxO1, but 
not FoxO3 [98]. Recently, it was shown that calcitonin gene-related peptide (CGRP) 
can decrease FoxOs-mediated autophagy through protein kinase A (PKA)/CREB 
signaling in vitro and in vivo in skeletal muscle (Fig. 4.3) [99]. CGRP can elevate 
cAMP levels, stimulate PKA/CREB signaling, and increase FoxO1 phosphoryla-
tion to reduce the FoxO1 activity on autophagy-related gene expression in a 
concentration- dependent manner, while PKA inhibitors can abolish the effect of 
CGRP on FoxO1, 3, 4 and autophagy [99].

4.3.5  FoxO–Autophagy Axis in the Heart

FoxO transcription factors were found to regulate autophagy in the heart under star-
vation or ischemia–reperfusion in mice (Fig. 4.5). In cultured rat neonatal cardio-
myocytes, overexpression of either FoxO1 or FoxO3 reduced cell size and induced 
the autophagy pathway, showing increased activity of genes LC3, Gabarapl, and 
Atg12 (Fig. 4.5). These effects of overexpression of either FoxO1 or FoxO3 were 
similar to the condition of glucose deprivation [80]. Moreover, FoxO1 and FoxO3 
directly bound to the promoters of Gabarapl and Atg12. Inhibition of FoxO1 activ-
ity by overexpression of dominate negative FoxO1 (Δ256) reversed the effect of 
starvation on cardiomyocyte size [80]. Under cellular stress, such as starvation or 
ischemia–reperfusion in vivo, autophagy was induced accompanied with increased 
FoxO1 and FoxO3 activity. Thus, FoxO1 and FoxO3 regulated autophagy and cell 
size in cardiomyocytes [80]. A further study showed that Sirt1 induced deacety-
lation of FoxO1, while the upregulation of Rab7 also played a role in starvation- 
induced autophagy in cardiomyocytes [100]. FoxO3 induced autophagy via AMPK 
signaling pathway under conditions of hypoxia in H9C2 cells [24]. Insulin sup-
pressed autophagy-related genes such as LC3 and Gabarapl in cardiomyocytes 
through phosphorylation of Akt and downstream FoxO3, while acute insulin defi-
ciency caused by streptozotocin (STZ) and increased autophagy genes LC3 and 
Gabarapl as well as the muscle-specific Ub-ligases atrogin-1 and MuRF1 [101]. A 
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further study showed that cardiac sympathetic neuron (SN) ablation caused a reduc-
tion in cardiomyocyte size through FoxO-mediated atrogin-1 and MuRF1 but 
decreased stimulation of cardiomyocyte β2-adrenoceptor (β2-AR) (Fig. 4.5) [102]. 
Consistently, β2-AR agonist clenbuterol treatment prevented atrophy in denervated 
mice, while β2-AR knockout mice showed cardiac atrophy [102]. FoxO transcrip-
tion factors played roles in oxidative stress resistance in cardiomyocytes. FoxO1 
and FoxO3 and their target genes’ activities were promoted by oxidative stress. 
Overexpression of FoxO1 and FoxO3 reduced reactive oxidative species (ROS) and 
cell death, while dominate-negative FoxO1 (Δ256) increased ROS and cell death 
significantly in cardiomyocytes. Cardiomyocyte-specific FoxO1/3 knockout mice 
subjected to myocardial infarction (MI) showed reduced cardiac function and 
increased ROS and cell death compared to control. Thus, FoxO1 and FoxO3 pro-
mote cardiomyocyte survival under oxidative stress [103]. A further study con-
firmed the role of FoxO1  in protecting cardiomyocytes from oxidative stress in 
cardiomyocyte H9C2 cells [104].

FoxO1,3

Sirt1
AR

Insulin

Akt

Atrogin-1
MuRF-1 Rab7 LC3

Gabarapl
Atg12

Starvation
SN

Cardiomyocytes
size

Autophagy

Fig. 4.5 FoxOs regulate autophagy and cardiomyocytes size in the  heart. During starvation, 
FoxOs are activated and induce autophagy through upregulating LC3, Gabarapl, Atg12, and Rab7. 
The upregulated autophagy by FoxOs can reduce cardiomyocytes size. FoxOs can also activate 
ubiquitin–proteasome system by increasing atrogin-1 and MuRF-1 to reduce cell size. Insulin 
signaling, SN, and AR can inhibit FoxO-mediated reduction of cardiomyocyte size. See the text in 
Sect. 4.3.5 for detailed discussion. AR adrenoceptor, SN sympathetic neuron
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4.3.6  FoxO–Autophagy Axis in Other Tissues and Medical 
Conditions

4.3.6.1  FoxOs Regulate Autophagy in Neurology

FoxO is shown to play a role in the elimination of neural stem cells (neuroblasts) in 
Drosophila [105]. Inhibition of FoxO and reaper family proapoptotic genes can 
increase the survival of neuroblasts and maintain neurogenesis in adult mushroom 
body, which is possibly through autophagy and apoptosis, since inhibition of 
autophay-related gene Atg1 and apoptosis can also promote neuroblast survival 
[105]. FoxO1-mediated autophagy is also required for the survival of neurons in 
mice or MEFs [106]. The cJun N-terminal kinase (JNK) may act as a negative regu-
lator of FoxO1-dependent autophagy in neurons. Triple ablation of Jnk1, Jnk2, and 
Jnk3 in neurons can increase the nuclear localization of FoxO1 and its target gene 
Bnip3 to activate autophagy and increase the neuron life span [106].

4.3.6.2  FoxOs Regulate Autophagy in Immunity

The role of DAF-16 (a homologous protein of FoxO) in pathogen resistance via 
autophagy was initially illustrated in C. elegans. Overexpression of DAF-16 
increased autophagy in TJ356 animals (a strain of C. elegans) indicated by an 
increased number of GFP::LGG1 punctuate dots [107]. This DAF-16 overexpressed 
TJ356 showed resistance to Salmonella infection, while this pathogen resistance 
was blocked by the autophagy genes bec-1 and lgg-1 RNAi [107]. Thus, DAF-16 
(FoxO) transcription factor induced autophagy to resistant pathogen infection. 
Recently, one study showed that FoxO1-mediated autophagy was required for natu-
ral killer (NK) cell maturation. Strong autophagy was found in immature NK (iNK) 
cells, while autophagy deficiency in NK-specific Atg5 knockout mice (Atg5flox/flox, 
NKp46-Cre) resulted in damaged mitochondria and an increase in ROS, as well as 
cell death [108]. Interestingly, phosphorylated FoxO1  in the cytoplasm of iNK 
interacted with Atg7 to induce autophagy, which is independent of the transcrip-
tional activity of FoxO1 [108]. Of note, another group showed that FoxO1 regulated 
NK maturation negatively [109]. Further studies are needed to confirm the role of 
FoxO1 in NK maturation.

4.3.6.3  FoxOs Regulate Autophagy in Aging

It was shown that dFoxO regulates autophagy to affect longevity in Drosophila 
[110]. While the characterization of muscle aging in Drosophila is ongoing, accu-
mulation of protein aggregates and overexpression of dFoxO in the muscle can 
delay the accumulation of protein aggregates, at least partly through autophagy 
[110]. Both dFoxO and its target 4E-BP can delay aging-related muscle function 

L. Liu and Z. Cheng



63

decay and expand life span in Drosophila. Other studies show that dFoxO may 
activate autophagy through inhibition of the Activin signaling pathway to expand 
the life span in Drosophila [111]. DFoxO1 can bind and repress dawdle, an Activin 
ligand, to prevent the inhibition of the Smad binding element on autophagy-related 
gene Atg8a, leading to an increased life span [111]. During human joint aging 
from 23 to 90, the expression of FoxO1 and FoxO3 are markedly decreased in the 
superficial zone of cartilage. In the cartilage during osteoarthritis (OA), the activ-
ity of FoxO is highly inhibited with increased phosphorylation of FoxO1 and 
increased cytosolic localization [112]. Since FoxOs can activate autophagy in 
many tissues, it is possible that FoxOs-mediated autophagy is decreased during 
the aging of knee joints.

4.3.6.4  Tumorigenesis and Cancer Cells

FoxOs can regulate autophagy to inhibit colorectal cancer growth [113]. Previous 
studies show that the activity of p38α is required for proliferation and survival of 
colorectal cancer cell (CRC). P38α can increase the expression of hypoxia- inducible 
factor 1α (HIF1α) and its target glycolytic rate-limiting genes such as GLUT1, 
Hexokinase (HK) 1/2, Pyruvate kinase isozymes M2 (PKM2) and Lactate dehydro-
genase A (LDHA). Blockage of p38α using a p38α inhibitor SB202190 can decrease 
the expression of HIF1α and its target genes, while activation of FoxO3 and its tar-
get autophagy-related genes, such as MAP1LC3, GABARAPL1, ATG12, BNIP3, 
and BNIP3L induces autophagy and inhibits colorectal cancer growth. Similar 
results are also shown in ovarian cancer cells [114]. Histone deacetylase inhibitors 
(HDACIs) can induce autophagy through increasing the expression of FoxO1 and 
its transcriptional activity in HCT116 colon cancer cells [115]. Knockdown 
of FoxO1 using siRNA can block HDACI-induced autophagy. These data show that 
FoxO1 and FoxO3 can induce autophagy in different cancer cells. Interestingly, it is 
shown that cytosolic FoxO1 is required for its induction of FoxO1 and tumor sup-
pressor activity which is independent of its transcriptional activity in different can-
cer cell lines (such as HCT116, Hela, and H1299 cells) [20]. Under oxidative stress 
or serum starvation, cytosolic FoxO1 can dissociate with Sirt 2 which leads to the 
acetylation of FoxO1. The acetylated FoxO1 binds to Atg7 to induce autophagy 
[20]. Furthermore, FoxO3 can induce autophagy in a FoxO1-dependent way at least 
in the HEK293T human embryonic kidney cell line and mouse embryonic fibroblast 
(MEF) cell lines [19]. Controversially, other study shows that FoxO3 can negatively 
regulate autophagy in PC3 (prostate cancer) cells, HCT116 (colon  cancer), and 
MDA-MB-231 (breast cancer) cell lines, as FoxO3 inhibits the expression of FoxO1 
[116]. These controversial data from different research groups indicate that the roles 
of FoxO1 and FoxO3 in autophagy of cancer cells are complicated and may be due 
to their cell type-dependent expression pattern or specific signaling pathways.
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4.4  Conclusions

Metabolic health is critical for tissue homeostasis. As transcription factors, the 
FoxO proteins control the expression of an array of genes, including the genes regu-
lating metabolic pathways, autophagy, cell cycle arrest, and differentiation. The 
FoxO–autophagy axis has been identified across tissues such as liver, skeletal mus-
cle, heart, and adipose tissue (or adipocytes). FoxO1 and FoxO3 can directly regu-
late the expression of Atg12, Atg14, Binp3, Gabarapl, LC3, and P62/SQSTM1, 
suggesting that FoxOs regulate autophagy in multiple stages of the process. In addi-
tion, FoxO1 induces autophagy during adipocyte differentiation via Tfeb, the tran-
scription factor that governs expression of autophagosome and lysosome genes. 
Blockage of the  FoxO1-autophagy axis suppresses adipocyte differentiation, 
thereby inhibiting adipose tissue development. Suppression of FoxO or autophagy 
in the skeletal muscle potently prevents muscle atrophy, further corroborating the 
important role of FoxO–autophagy axis in tissue homeostasis. Given that FoxO 
transcription factors are activated by insulin resistance, one of the hallmarks of met-
abolic diseases [8], targeting the FoxO–autophagy axis may provide new options to 
preserve metabolic health and tissue homeostasis.
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Chapter 5
The Role of mTOR in Osteoclasts

Ralph A. Zirngibl and Irina Voronov

Abstract Evolutionary conserved kinase mechanistic target of rapamycin (mTOR) 
is the signaling hub for cellular responses to nutrients, cytokines, growth hormones, 
and environmental stresses in all eukaryotic cells. Increased mTOR activity has 
been demonstrated in numerous diseases, such as cancer and autoimmune diseases. 
Due to its prominent role, mTOR inhibitors are being used and tested to treat a wide 
variety of conditions. Recent evidence suggests that regulation of mTOR activity 
and function is not universal and varies between the cells. Here we summarize the 
latest research on the role and regulation of mTOR in osteoclasts, the unique multi-
nucleated bone-resorbing cells, focusing on the role of mTOR as part of the 
mTORC1 complex. Collectively, the results suggest that mTORC1 activity plays a 
double role in osteoclastogenesis: at the earlier stage, it is necessary for prolifera-
tion of the precursors, and, at the later stage, it is indispensable for cytoskeletal 
reorganization involved in the process of bone resorption. We also present evidence 
that in osteoclasts, mTOR protein levels and activity are regulated differently com-
pared to other primary cells and cell lines. Due to this prominent role of mTOR in 
osteoclast formation and function, mTOR inhibitors could be used to treat numer-
ous diseases that involve overactive osteoclasts, such as osteoporosis, inflammatory 
arthritis, Paget’s disease, and cancer-related osteolysis.

5.1  Osteoclasts

The skeleton is constantly being remodeled. New bone is deposited by osteoblasts, 
the bone forming cells, while old or damaged bone is removed by osteoclasts, the 
bone resorbing cells. These cycles of bone formation and resorption are tightly con-
trolled, with both osteoblast and osteoclasts secreting molecules regulating each 
other’s activity (reviewed in [1, 2]). Osteoclasts are multinucleated cells of hemato-
poietic origin formed by fusion of mononuclear precursors (Fig. 5.1) [1, 3]. This 
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precursor differentiation and fusion is initiated by two factors secreted by osteo-
blasts, osteocytes and stromal cells: macrophage colony stimulating factor (M-CSF) 
and receptor activator of nuclear factor κB ligand (RANKL). These two molecules 
are absolutely necessary for osteoclast differentiation, fusion, activity, and survival. 
Lack of either RANKL, its receptor RANK, M-CSF or M-CSF receptor CSF-1R 
leads to an osteoclastogenesis defect and severe osteopetrosis [4–6].

To resorb bone, mature multinucleated osteoclasts attach to the bone surface and 
form a tight sealing zone. This sealing zone is defined by a dense cytoskeletal actin 
ring structure, composed primarily of F-actin. Within this sealing zone, osteoclasts 
form a convoluted plasma membrane called a “ruffled border,” a dynamic structure 
formed by continuous fusion of lysosomes and secretory vesicles delivering proteo-
lytic enzymes for bone resorption, as well as continuous fission of transcytosing 
vesicles moving the degraded matrix away from the resorption site to the opposite 
(basolateral) side of the cell [1, 7]. The ruffled border is enriched with proton pump-
ing vacuolar H+-ATPases (V-ATPases) and chloride proton exchangers (ClC7), the 
protein complexes responsible for creating an acidic environment necessary to 

Fig. 5.1 Osteoclastogenesis (adapted from Boyle et  al. [69]). In the presence of M-CSF and 
RANKL, osteoclast precursors undergo differentiation and fusion. Transcription factors are listed 
above the cells; key functional proteins are listed below the cells. To regulate osteoclast formation 
and function, osteoblasts and stromal cells secrete osteoprotegerin (OPG), a decoy receptor for 
RANKL
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 dissolve the mineral component of bone and to allow degradation of the bone matrix 
proteins [1].

M-CSF is responsible for osteoclast precursor proliferation, precursor commit-
ment, cytoskeletal organization, and survival. M-CSF binding to its tyrosine kinase 
receptor CSF-1R (also known as c-Fms or M-CSF receptor) activates the 
phosphatidyl- inositol 3-kinase (PI3K)/AKT pathway, similar to other receptor tyro-
sine kinases. One of the downstream targets of PI3K/AKT pathway is a serine/
threonine kinase mechanistic target of rapamycin (mTOR), the main subject of this 
chapter (its activation and function will be discussed later in greater detail). RANKL 
binding to RANK initiates a number of signaling cascades and activates several 
transcription factors, such as nuclear factor κB (NF-κB), activator protein 1 (AP-1) 
and nuclear factor of activated T cells c1 (NFATc1) [1, 3, 8, 9]. These transcription 
factors control transcription of osteoclast-specific genes that play a role in osteo-
clast function (e.g., tartrate-resistant acid phosphatase (TRAP), cathepsin K (CtsK), 
calcitonin receptor (CTR), osteoclast-enriched V-ATPase subunits a3 and d2); 
attachment (e.g., integrin αvβ3); or fusion (e.g., dendritic cell-specific transmem-
brane protein (DC-STAMP) and osteoclast-associated receptor (OSCAR)) as out-
lined in Fig. 5.1 [1, 10, 11].

Osteoclastogenesis is usually described as a multistage process which includes 
proliferation of the precursors, commitment, fusion of the committed osteoclast pre-
cursors, polarization on the bone surface, formation of the sealing zone/ruffled bor-
der, and apoptosis (although the latest intravital imaging shows fission of osteoclasts 
at the end of the bone resorbing cycle [12]; therefore, it is possible that apoptosis is 
not the ultimate last stage of the osteoclast life cycle in vivo). Each stage of osteo-
clastogenesis is defined by the expression of key proteins—transcription factors and 
other proteins involved in osteoclast differentiation, fusion, and function. For exam-
ple, PU.1 is the earliest hematopoietic transcription factor expressed by the osteo-
clast precursors, and loss of PU.1 results in the complete absence of osteoclasts and 
myeloid precursors [8]. To elucidate precise molecular mechanisms activated dur-
ing different stages of osteoclast differentiation, two conditional gene targeting 
mouse models are widely used. The lysozyme M (LysM)-Cre mouse model targets 
osteoclast precursors, since LysM is expressed mainly by the cells of the myeloid 
lineage, the cells that include osteoclast progenitors, monocytes, macrophages, and 
dendritic cells [13]. Meanwhile, the Ctsk-Cre mouse model targets later stages of 
osteoclastogenesis, since CtsK is expressed primarily by mature osteoclasts and not 
by the precursors [14].

As mentioned earlier, M-CSF signaling through PI3K/AKT activates mTOR, an 
evolutionary conserved kinase responsible for cellular responses to growth factors, 
nutrient availability and other extracellular cues [15]. It regulates protein and lipid 
synthesis, lysosomal and mitochondrial biogenesis, just to name a few, in all eukary-
otic cells. The purpose of this chapter is to summarize the latest research on the role 
of mTOR in osteoclast differentiation and function. But, first, we will briefly 
describe the major players involved in mTOR signaling.

5 The Role of mTOR in Osteoclasts
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5.2  Overview of mTOR Signaling

mTOR belongs to the PI3K-related family of kinases. As the name implies, TOR 
(target of rapamycin) was identified in yeast genetic screens as the protein target of 
rapamycin, a macrolide with an antifungal and immunosuppressant activity [16]. In 
mammalian cells, mTOR exists as part of two multiprotein complexes, complex 1 
(mTORC1) and complex 2 (mTORC2) (Fig.  5.2). mTORC1 consists of mTOR, 
regulatory-associated protein of mTOR (Raptor), DEP-domain containing mTOR- 
interaction protein (DEPTOR), proline-rich AKT substrate 40 kDa (PRAS40), and 
mammalian lethal with Sec13 protein 8 (mLST8). The functions of the mTORC1 
components are well known: Raptor assists with substrate recognition and recruit-
ment [17, 18], mLST8 is a positive regulator of mTOR activity [19], while PRAS40 
and DEPTOR are the negative regulators of mTOR activity [20, 21]. mTORC2 is 
made up of mTOR, rapamycin-insensitive companion of mTOR (Rictor), protein 
observed with Rictor (Protor-1/2), mammalian stress-activated protein kinase inter-
acting protein (mSIN1), mLST8, and DEPTOR [22]. Since some of the components 

Fig. 5.2 mTORC1 and mTORC2 complexes composition and signaling (see text for detailed 
explanation)
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of these two complexes are the same, Raptor and Rictor are commonly used as 
markers to identify and distinguish mTORC1 and mTORC2, respectively. The func-
tions of these two complexes are also different: mTORC1 is involved in regulation 
of cell growth, proliferation, protein and lipid biosynthesis, as well as regulation of 
autophagy, a lysosomal degradation pathway; while mTORC2, although less stud-
ied, is involved in cell survival, metabolism and cytoskeletal reorganization [15, 
22]. Both complexes have been observed associated with various cellular compart-
ments, such as lysosomes, mitochondria, nuclei, and the cytosol and it has been 
suggested that this localization is directly connected to mTOR function [23].

mTORC1 is activated by several factors. Activation by growth factors is a com-
plicated and tightly controlled multistep process (Fig. 5.2) (reviewed in detail in 
[15, 23–25]). Briefly, growth factor/cytokine signaling through, for example, recep-
tor tyrosine kinases, activates PI3K, phosphoinositide-dependent kinase-1 (PDK1), 
and AKT.  AKT phosphorylates TSC2 on S939 and T1462 and thus inhibits the 
tuberous sclerosis TSC1/TSC2/TBC1D7 complex (TSC) [26, 27]. The TSC com-
plex is a GTPase-activating protein (GAP) for the GTPase Ras homolog enriched in 
brain (Rheb) that functions as a negative regulator of mTORC1. Inhibition of the 
TSC complex allows Rheb-GTP to bind mTORC1 and promote its kinase activity 
[25]. Both Rheb and active mTORC1 are localized on the lysosomal surface.

mTORC1 is also activated by amino acids (reviewed in detail in [24, 28]). The 
exact mechanism is still being investigated, but so far it appears to involve several 
multiprotein complexes that regulate cellular responses to individual amino acids. 
In very simplified terms, in the presence of amino acids, active mTORC1 complex 
is located on the lysosome where it phosphorylates its substrates: eukaryotic trans-
lation initiation factor 4E-binding protein 1 (4EBP1) and ribosomal protein S6 
kinase (S6K); both regulate downstream pathways necessary for protein and nucle-
otide synthesis. In the absence of amino acids, inactive mTORC1 has been reported 
to dissociate from the lysosome [29, 30]. Rheb and Rag GTPases, also located on 
the lysosomal surface, are necessary for mTORC1 activity. Several other multipro-
tein complexes, such as GATOR1 (GAP activity toward the Rag GTPases 1), 
GATOR2, KICSTOR (a scaffold for GATOR1) (reviewed in [15, 24]), have also 
been reported to regulate mTORC1 activity. Solute carrier family 38 member 9 
(SLC38A9) and CASTOR1 have been described to serve as arginine sensors [31–
33], while Sestrin1 and Sestrin2 have been identified as leucine sensors [34, 35].

In addition to all of these multiprotein complexes, active mTORC1 is tethered to 
the lysosome via Ragulator, a pentameric scaffolding complex that also anchors 
Rag GTPases to the lysosome. Furthermore, mTORC1 activation is directly linked 
to the V-ATPases: some of the subunits of the Ragulator complex directly interact 
with several V-ATPase subunits [30]. The V-ATPases are necessary for mTORC1 
activation as inhibition of the V-ATPases using inhibitors or siRNA decreases 
mTORC1 activity; however, a precise role of the V-ATPases in mTORC1 signaling 
is not known [29, 30]. In the absence of amino acids, inactive mTORC1 allows 
initiation of autophagy, a lysosomal degradation process, to raise intracellular free 
amino acid levels by degrading proteins and organelles to survive this temporary 
“starvation” [36].
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Less is known about mTORC2 signaling: mTORC2 is not activated by amino 
acids and is less sensitive to rapamycin treatment [22]. As described above, growth 
factor signaling activates AKT (S308), which, in turn phosphorylates mTOR on 
T2173 (in both mTORC1 and mTORC2 complexes) [37]. mTORC2 has been shown 
to phosphorylate AKT (S473) leading to maximal activation and stabilisation of 
AKT, thus connecting the mTORC1 and mTORC2 pathways (Fig. 5.2) [38].

5.3  Role of mTOR in Osteoclasts

Osteoclasts are unique cells: they are multinucleated (up to 20–30 nuclei per cell in 
pathological conditions); they contain numerous mitochondria; they have high lev-
els of lysosomal membrane proteins and V-ATPases; during resorption, they secrete 
large amounts of proteolytic enzymes to degrade the demineralized bone matrix. All 
these processes require increased energy demands, as well as protein and lipid syn-
thesis. The cellular master switch responsible for regulation of cell survival, cell 
proliferation, lipogenesis, protein synthesis, nucleotide synthesis, lysosome and 
mitochondrial biogenesis in all eukaryotic cells is, in fact, mTOR.  Even though 
mTOR is involved in all of these cellular processes, surprisingly little is known 
about the precise role of mTOR in regulation of osteoclast differentiation and func-
tion. Below is the summary of what we do know so far.

During osteoclastogenesis, mTOR mRNA expression is increased at the pre-
osteoclast stage, but returns to baseline levels in mature osteoclasts (our unpublished 
data and [39]). At the same time, gene expression levels of the mTORC1 and 
mTORC2 specific subunits Raptor and Rictor do not change over the course of 
osteoclastogenesis [39]. The activity of mTORC1, as measured by phosphorylation 
of S6K and S6, is also increased during the early/proliferation phase and then rapidly 
declines to almost undetectable levels in mature multinucleated osteoclasts [40, 41]. 
Both RANKL and M-CSF activate mTORC1 signaling, as determined by phosphor-
ylation of mTORC1 substrates S6K, S6, and 4EBP1 [42]. mTOR has been shown to 
play a role in osteoclast survival: mTOR downregulates Bim (also known as BCL2-
like protein 11), a proapoptotic BH3 domain only protein, and the decreased levels 
of Bim allow for osteoclast survival [43]. Treatment with mTORC1 inhibitor 
rapamycin or with mTOR siRNA inhibits osteoclast formation and induces apopto-
sis, confirming that mTORC1 is necessary for osteoclastogenesis and survival [42, 
43]. Interestingly, it was observed that rapamycin had a more pronounced effect on 
osteoclast differentiation when cells were treated with the inhibitor at the earlier 
(days 1–2), rather than later (days 3–4) stages of osteoclastogenesis [39]. Furthermore, 
genetic deletion of mTOR or Raptor in vitro also significantly suppressed osteoclas-
togenesis in cells derived from bone marrow of mTOR fl/– or Raptor fl/fl mice [39]. 
Similar observations were also made in vivo: rapamycin treatment inhibited metas-
tasis-induced osteoclastogenesis, as well as bone resorption [44]. These observa-
tions suggested that mTORC1 activity is more important at the precursor proliferation/
early commitment stage rather than at the mature osteoclast stage.

R. A. Zirngibl and I. Voronov



77

Several in vivo studies have been published in the last 2 years (summarized in 
Table  5.1), which methodically deciphered and shed the light on the role of 
mTORC1 in osteoclast biology. To elucidate the role of mTORC1 in osteoclasto-
genesis, Wu et al. [45] created two osteoclast-specific conditional knockout mouse 
models by targeting the mTORC1 negative regulator TSC1 in osteoclast precursors 
(LysM-Cre;Tsc1fl/fl mice) or in mature osteoclasts (Ctsk-Cre;Tsc1fl/fl mice). 
Unexpectedly, hyper-activation of mTORC1 resulted in high bone density/osteope-
trotic phenotype in both mouse lines; however, the underlying osteoclast defect was 

Table 5.1 Summary of the in vivo and in vitro phenotypes of the conditional knockout mouse 
models

Gene K/O 
(fl/fl)

Stage of 
OC-genesis

Bone 
phenotype

OC #
in vivo

OC #
in vitro Mechanism Reference

TSC1
↑↑mTORC1

OC 
precursor 
(LysM-Cre)

Osteopetrosis;
↑bone volume, 
↑trabecular 
number

Same OC# 
as in 
control
↓bone 
resorption 
(↓CTX, 
DPD)

↓OC# and 
↓bone 
resorption

↓NF-κB 
signaling

Wu et al. 
[45]

TSC1
↑↑mTORC1

OC 
precursor 
(LysM-Cre)

Osteopetrosis
↑bone volume, 
↑trabecular 
spacing; 
decreased 
thickness

↑OC#
↓bone 
resorption 
(↓CTX)

↑OC#
↓bone 
resorption

↓NFATc1
↓NF-κB p100
↓NF-κB p105
↓NF-κB p50

Zhang 
et al. [40]

TSC1
↑↑mTORC1

Mature OC 
(Ctsk-Cre)

Osteopetrosis;
↑bone volume, 
↑trabecular 
number, 
↑trabecular 
thickness

↑OC#
↓bone 
resorption 
(↓CTX, 
DPD)

↑OC#
↓bone 
resorption
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different [45]. LysM-Cre;Tsc1fl/fl mice had normal weight and size, and the number 
of osteoclasts in vivo did not appear to be affected by the deletion; however, bone 
resorption parameters (lower serum C-terminal telopeptide (CTX) and urine 
deoxypyridinoline (DPD) levels) were decreased. In vitro, monocyte proliferation 
was increased, while the number of multinucleated TRAP-positive cells and bone 
resorption were significantly diminished. Gene expression of the differentiation 
markers (e.g., DC-STAMP, NFATc1, CtsK, TRAP) was decreased, mainly due to 
reduced NFATc1 and NF-κB activity, therefore, explaining the failure to form mul-
tinucleated cells [45]. The bone and osteoclast phenotype, as well as an inhibition 
of NFATc1 and NF-κB were also confirmed independently by another group [40]. 
At the same time, the Ctsk-Cre;Tsc1fl/fl mice also had normal weight and size; how-
ever, the number of osteoclasts in  vivo was dramatically increased [45]. Bone 
resorption, as measured by CTX and DPD levels, was significantly decreased in 
these mice, suggesting impaired osteoclast function. In vitro, the number and size of 
the Ctsk-Cre;Tsc1fl/fl osteoclasts was increased; however, the bone resorbing func-
tion was decreased. The authors also reported that the number of ring-like actin 
structures in the bones of both mouse lines was diminished, and this defect appeared 
to be more pronounced in Ctsk-Cre;Tsc1fl/fl osteoclasts, suggesting that the impaired 
bone resorption was due to actin ring formation defect [41, 45]. Another group, also 
using osteoclasts derived from Ctsk-Cre;Tsc1fl/fl mice, showed that hyperactivation 
of mTORC1  in mature osteoclasts disturbed podosome belt/actin ring assembly, 
resulting in decreased bone resorption in vivo and in vitro [41]. Interestingly, treat-
ment with low doses of rapamycin rescued podosome belt assembly and bone 
resorbing function both in vivo and in vitro, suggesting that low levels of mTORC1 
activity are still required for proper osteoclast function. Xu et al. [41] further showed 
that this actin ring/podosome assembly defect was dependent on mTOR regulation 
of small GTPases Cdc42 and Rac1, the regulators of the actin cytoskeleton and the 
GTPases involved in osteoclast migration, formation of actin ring, podosome belt, 
and ruffled border [46]. The osteoclasts from Ctsk-Cre;Tsc1fl/fl mice had lower levels 
of Rac1/Cdc42 activity compared to controls and the authors proposed that 
mTORC1 is an upstream negative regulator of Rac1/Cdc42 [41].

Two groups generated osteoclast-specific conditional knockout mouse models 
where mTORC1 was inactivated by targeting Raptor, the unique scaffolding protein 
in mTORC1, in osteoclast precursors and in mature osteoclasts [40, 47]. Interestingly, 
the mouse models had different bone phenotypes: LysM-Cre;Raptorfl/fl mice had 
osteopenia [40], while Ctsk-Cre;Raptorfl/fl mice were osteopetrotic [47]. The LysM- 
Cre;Raptor1fl/fl mice had a reduced bone mass and a significantly higher number of 
osteoclasts in vivo, together with an elevated bone resorption rate (as measured by 
serum CTX levels). In vitro, osteoclastogenesis using the cells from the LysM- 
Cre;Raptor1fl/fl mice was increased, generating higher number of larger (5+ nuclei) 
cells; gene expression of osteoclast-specific genes was also upregulated, suggesting 
an acceleration of differentiation compared to the controls. In addition, the 
 LysM- Cre;Raptor1fl/fl osteoclasts generated larger resorption lacunae, confirming 
the in  vivo phenotype [40]. Since the protein levels of the transcription factors 
NFATc1 and NF-κB2 were increased, the authors proposed that the noncanonical 
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NF-κB2 and NFATc1 are negatively regulated by mTORC1 during osteoclastogen-
esis [40]. In comparison, when mTORC1 was inactivated in mature osteoclasts, the 
Ctsk- Cre;Raptorfl/fl mice had lower bone mass and decreased number of osteoclasts 
[47]. In vitro, the number of multinucleated Ctsk-Cre;Raptorfl/fl osteoclasts was also 
decreased, even though osteoclast progenitor proliferation was not affected. The 
authors demonstrated that the expression of a constitutively active form of S6K1 
rescued the osteoclast phenotype in vitro, confirming that mTORC1 activity is nec-
essary for proper osteoclast maturation and function [47].

In summary, these latest osteoclast-specific conditional knockout models clearly 
demonstrate that mTORC1 signaling plays a crucial role in osteoclast formation and 
function. What is apparent so far, is the fact that mTORC1 has different roles during 
different stages of osteoclastogenesis: high mTORC1 activity is necessary for early 
precursor proliferation phase, while low levels of mTORC1 activity are required for 
the later stages—osteoclast fusion, cytoskeletal reorganization/actin ring/ruffled 
border formation, and bone resorption (furthermore, mTORC1 was recently shown 
to play a role in determining osteoclast size, both in continuous osteoclast fusion 
and in fusion-independent cytoplasm growth [48]). At the moment, it is hard to 
reconcile all the observations into a simple consistent model, but it is clear that 
dysregulation of mTORC1 can potentially lead to osteopetrosis or to osteopenia 
when activated or repressed at the wrong time.

5.4  Regulation of mTOR in Osteoclasts

Based on the studies summarized in the previous section, it is clear that mTORC1 
activity levels differ at different stages of osteoclastogenesis, with higher protein 
levels of mTOR/mTORC1 activity at the earlier stages, and lower protein levels/
activity at the later stages. The mechanisms of mTORC1 regulation in osteoclasts 
are still not known; however, there are potential clues suggesting that in osteoclasts 
mTOR is regulated differently compared to other cell types and cell lines.

The majority of published studies indicate that the following factors are involved 
in mTORC1 regulation: (1) nutrient/amino acid status, with mTORC1 reported to 
localize to the surface of the lysosomes and to dissociate during starvation; (2) 
autophagy, where active mTORC1 suppresses autophagy, while inactive mTORC1 
induces autophagy [49]; (3) the V-ATPase function, where inhibition of the 
V-ATPase downregulates mTORC1 activity [29, 30]; and (4) lysosomal positioning, 
where peripheral vs. perinuclear localization of the lysosomes dictates mTORC1 
activity levels [50]. Lysosomes appear to play a central role in mTORC1 regulation 
and function: it is the place for mTORC1 activity, substrate recruitment and phos-
phorylation; furthermore, mTORC1 activity is regulated by intraluminal amino 
acids via an unknown inside-out mechanism ([30] and see detailed reviews in [25, 
51, 52]). Meanwhile, mTORC1 is responsible for regulation of lysosomal biogene-
sis: active mTORC1 phosphorylates (and inactivates) transcription factor EB 
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(TFEB), the transcription factor considered to be a master regulator of lysosomal 
biogenesis [53]. This creates an interdependent relationship between mTORC1 and 
the lysosome: the lysosome regulates mTORC1 activity, while mTORC1 controls 
lysosome formation and function.

Our laboratory is interested in investigating the role of the lysosomal pH in 
osteoclast differentiation and signaling. One of the model systems we use is a mouse 
model with the R740S mutation in the V-ATPase a3 subunit, where an evolutionary 
conserved arginine involved in proton translocation across the membrane is replaced 
with serine [54]. The a3 R740S mutation does not affect protein expression, and the 
V-ATPase multisubunit complexes are assembled and targeted to the lysosome; 
however, the proton pumping is impaired [55, 56]. The a3 containing V-ATPases are 
preferentially expressed in osteoclasts and are localized to the lysosomes and to the 
ruffled border membrane [57, 58]. Due to this high expression level, the a3 R740S 
mutation significantly affects osteoclast bone resorption: homozygous (R740S/
R740S) mice have severe osteopetrorickets, and heterozygous (+/R740S) animals 
have mild osteopetrosis [56, 59]. Lysosomal pH in osteoclasts with the R740S 
mutation is higher compared to the wild type (+/+) controls: pH ~6.3 in the R740S/
R740S cells vs. pH ~5.7 in +/R740S cells vs. pH ~4.7 in +/+ controls [55, 60]. This 
gene-dosage effect makes the R740S cells a perfect model to study the role of lyso-
somal pH in osteoclast signaling.

During characterization of the +/R740S osteoclasts, we demonstrated that the 
these cells had decreased osteoclastogenesis due to accumulation of regulator of 
calcineurin 1 (RCAN1), an endogenous inhibitor of NFATc1, resulting in impaired 
NFATc1 nuclear translocation [55]. As RCAN1 protein levels in the cells are con-
trolled by lysosomal degradation [61], we investigated autophagy, a lysosomal deg-
radation process dependent on proper lysosomal function. We made three interesting 
observations: (1) osteoclastogenesis was severely impaired in R740S/R740S cells 
(Fig. 5.3); (2) autophagic flux was blocked in cells with the R740S mutation; and 
(3) mTOR protein levels and mTORC1 activity was increased in cells with the 
R740S mutation [62, 63]. The last observation appeared to contradict the current 
model of mTORC1 signaling, a model stating that active mTORC1 inhibits autoph-

Fig. 5.3 Osteoclastogenesis in cells with R740S mutation. Spleen-derived osteoclasts were dif-
ferentiated in the presence of M-CSF and RANKL for 4 days. The cells were then fixed and stained 
for TRAP, an osteoclast marker. R740S/R740S cells had almost no cells with more than four nuclei 
(unpublished observations)

R. A. Zirngibl and I. Voronov



81

agy and, therefore, cannot coexist with active autophagic degradation. To verify our 
findings, we treated +/+ cells with the lysosomal inhibitors ammonium chloride 
(NH4Cl) or chloroquine (CHQ) and confirmed that increased lysosomal pH resulted 
in higher mTOR protein levels and mTORC1 activity [62]. Based on our results, we 
hypothesized that in osteoclasts mTOR is regulated by lysosomal degradation. 
Treatment of +/+ and +/R740S osteoclasts with CHQ and proteasomal inhibitor 
MG132 increased mTOR protein levels in +/+ cells, but not in +/R740S osteoclasts, 
confirming our hypothesis. Cycloheximide blockade (inhibition of new protein syn-
thesis) showed a decrease of mTOR protein levels in +/+ cells; however, the rate of 
the decrease in +/R740S cells was significantly slower, further supporting our lyso-
somal degradation hypothesis [62]. Our finding contradicting the current model of 
mTOR regulation is not unique and have been also observed in at least two other 
cell types: in primary mouse chondrocytes [64, 65] and in primary mouse hippo-
campal neurons [66]. Bartolomeo et al. reported that this increased mTORC1 activ-
ity was only observed in chondrocytes from the mouse model for 
mucopolysaccharidosis type VII (MPSVII), a lysosomal storage disease, but not in 
fibroblasts from MSPVII mice or HeLa cells lacking the same gene [64]. 
Furthermore, Hwang et al. showed that in ischemia-induced hippocampal neurons, 
mTOR was preferentially degraded via the autophagy/lysosomal pathway [66]. 
These results collectively suggest that mTOR/mTORC1 regulation by lysosomal 
degradation could be a special property of highly specialized cells, such as neurons, 
chondrocytes, and osteoclasts.

Lysosomal positioning is another factor reported to be involved in regulation of 
mTORC1 activity [50]. Using HeLa cells, Korolchuk et  al. showed that during 
“starvation” (corresponding to inactive mTORC1), the lysosomes are located in the 
perinuclear region of the cells, while in the presence of the nutrients/amino acids 
(corresponding to active mTORC1), the lysosomes are dispersed in the cytosol and 
move toward cell periphery [50]. Furthermore, overexpression of factors that redis-
tributed lysosomes to the periphery, e.g., kinesins KIF1Bβ and KIF2 and the small 
GTPase ARL8B, increased mTORC1 activity. Contrary to HeLa cells [50], in osteo-
clasts, lysosomes were primarily perinuclear during “fed” conditions, while “starva-
tion” caused the lysosomes to move to the periphery [63]. Similar observations were 
reported for human adipose microvascular endothelial cells, primary human macro-
phages, and dendritic cells [67, 68], suggesting that different cell types have differ-
ent pattern of lysosomal distribution. In addition to lysosomal distribution, we also 
observed that in osteoclasts mTOR does not disassociate from the lysosome during 
“starvation”. Using an ultrapure lysosomal purification method, we demonstrated 
that absence of mTORC1/lysosome dissociation in the absence of nutrients was 
only observed in differentiated mature osteoclasts, but not in undifferentiated mouse 
monocyte cell line RAW264.7 [63].

In summary, we believe that mTOR regulation in osteoclasts (and possibly in 
other highly specialized cells, such as neurons) is different compared to other cell 
types and cell lines: (1) mTOR protein levels and mTORC1 activity appears to be 
regulated by lysosomal/autophagic degradation; (2) mTORC1 activity does not 
depend on lysosomal distribution; and (3) mTORC1 does not dissociate from the 
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lysosome and remains associated with the lysosome even during “starvation.” 
However, the exact mechanisms involved in mTORC1 regulation in osteoclasts are 
not known and still need to be elucidated.

5.5  Conclusion

Osteoclasts are unique bone-resorbing cells involved in maintaining bone homeo-
stasis; however, increased osteoclast activity is responsible for pathological bone 
loss in numerous conditions, such as osteoporosis, osteoarthritis, rheumatoid arthri-
tis, Paget’s disease, and cancer-related osteolysis. As mTOR plays a key role in 
regulating osteoclast formation, activity, and function, mTORC1 signaling pathway 
could become a therapeutic target to treat diseases that involve overactive osteo-
clasts [38]. Since regulation of mTOR can be different in very specialized cells as 
we and others have shown, caution is necessary in extrapolating treatment para-
digms from one cell/organ type to another.
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Chapter 6
Apoptotic Cell Clearance in Gut Tissue:  
Role of Intestinal Regeneration

Yasunao Numata, Daisuke Hirayama, Kohei Wagatsuma,  
Tomoya Iida, and Hiroshi Nakase

Abstract Intestinal epithelial cells play a critical role in nutrient absorption as well 
as in protection against infection by pathogenic microorganisms. The cells drop out 
in a few days, and regeneration occurs subsequently; cells are eliminated by apop-
tosis. Clearance of dead cells frequently occurs in the intestinal tract, and apoptotic 
cells and phagocytes cooperate to facilitate cell clearance quickly and efficiently. 
The complex signaling network for cell clearance is well-understood. In recent 
years, the mechanism of programmed cell death accompanied by autophagy has 
been elucidated, and it has become clear that autophagy is involved in inflammation 
and intestinal tract diseases. In this review, we discuss intestinal regeneration and 
intestinal diseases through phagocytic clearance and autophagy of apoptotic cells.
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IEL Intraepithelial lymphocyte
LDL Low density lipoprotein
LPC Lysophosphatidylcholine
LRP1 Low density lipoprotein receptor-related protein 1
MFGE8 Milk fat globule-EGF-factor 8
NOD2 Nucleotide-binding oligomerization domain 2
PtdSer Phosphatidylserine
RGD Arginine-Glycine-Aspartic Acid
ROS Reactive oxygen species
S1P Sphingosine-1-phosphate
TGF Transforming growth factor
THP-1 Tamm–Horsfall glycoprotein-1
TIM1 T-cell immunoglobulin and mucin containing protein-1
TIM4 T-cell immunoglobulin and mucin containing protein-4
UTP Uridine triphosphate

6.1  Introduction

Apoptosis is known as programmed cell death, and it occurs in all tissues as part of 
normal development, homeostasis, and pathogenic processes [1]. Cells that become 
unnecessary for living bodies undergo apoptosis and are selectively cleared by 
phagocytes. Unlike necrosis, clearance of apoptotic cells by phagocytes (referred to 
as “efferocytosis”) generally maintains immune tolerance and does not cause 
inflammation [2]. Therefore, apoptosis is an important mechanism for maintaining 
the homeostasis of living bodies and for tissue repair. In recent years, abnormalities 
of interstitial cell clearance have been considered as either a cause or a result of 
many diseases [3–6].

In contrast, autophagy is an intracellular degradative mechanism that decom-
poses intracellular components using the lysosome [7]. When intracellular organ-
elles are destroyed, the proteins of the organelles are decomposed and metabolized 
in the cell; homeostasis and normal function are maintained. However, when cell 
organelle proteins cannot be completely decomposed in the cell, proteins accumu-
late and aggregate, causing the cell to commit suicide. Autophagy is recognized as 
a mechanism of programmed cell death different from apoptosis.

This review introduces the processing mechanisms of apoptotic cells, discusses 
its role in the regeneration of the intestinal tract, and describes an outline of autoph-
agy and its relation to intestinal diseases.

6.2  Migration of Phagocytes to Apoptotic Cells

For the proper clearance of apoptotic cells by phagocytes, phagocytes need to be prop-
erly translocated to the dying cell. For this to occur, it is necessary for phagocytes to 
migrate toward apoptotic cells and distinguish them from their living neighbors [8].
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When apoptosis occurs, the caspase cascade is activated, and soluble chemoat-
tractants, called the “find-me signal,” are released [9, 10]. These signals can diffuse 
through submicron vesicle membranes. Phagocytes are attracted by the signals and 
are properly translocated to the apoptotic cells, depending on the signal. It has been 
shown that the find-me signal enhances phagocyte localization to dead cells [11].

There are at least four distinct find-me signal-receptor pathways identified pri-
marily through in vitro studies; these are mediated by various molecules, including 
the extracellular nucleotides ATP and UTP, CX3CL1, sphingosine-1-phosphate 
(S1P), and LysoPC (LPC) (see Fig. 6.1). The first three have been reported to be 
associated with efferocytosis in vivo [12–16].

ATP and UTP have been identified as find-me signal mediators in  vitro and 
in vivo. For example, it has been reported that they induce strong chemotactic activ-
ity in THP-1(a human leukemia monocytic cell line) [12]; these factors generate a 
concentration gradient. The P2Y2 receptor detects the find-me signal, inducing sub-
sequent phagocytosis and drawing the phagocyte toward the apoptotic cell [12]. 
Another example of a find-me signal mediator released from apoptotic cells is 
CX3CL1 (also known as “fractalkine”). Intercellular adhesion molecule 3 (ICAM3) 
and a proteolytically processed form of CX3CL1 also prompt macrophage migra-
tion toward apoptotic cells [16, 17]. S1P is also a potent chemoattractant for mono-
cytes and macrophages [13, 15, 18, 19]. Nucleotides (ATP and UTP), CX3CL1, and 
S1P are released early by apoptotic lymphocytes, making apoptotic cell clearance 
rapid and efficient in tissues.

When apoptosis occurs, find-me signals are released from apoptotic cells. 
ATP/UTP, CX3CL1, S1P, and LPC have been identified as find-me signal medi-
ators. These molecules bind to their specific receptors present on the surface of 
phagocytes. Phagocytes are activated by their stimulation and migrate toward 
the dead cells.

Fig. 6.1 Find-me signals and migration of phagocytes
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6.3  Recognition of Apoptotic Cells 

 
Apoptotic cells release the find-me signal to be recognized by the recruited phago-
cyte. In addition, they express a specific molecule, the “eat-me signal,” on the cell 
surface to promote their recognition by the phagocyte. Among eat-me signals, phos-
phatidylserine (PtdSer) is the most well-known [8].

Effects of enzymes such as aminophospholipid translocase have preserved the 
asymmetry of the phospholipids in the cell membrane. When these enzyme activi-
ties are inhibited in the early stages of apoptosis, PtdSer is expressed on the cell 
surface [2]. This increased exposure of PtdSer on the surface of the cell, thought as 
a unique feature of apoptotic cells, is recognized by the phagocytic PtdSer receptor 
and functions to trigger of phagocytosis [20].

However, it seems that the expression of certain eat-me signals alone is insuffi-
cient to cause the phagocytosis of apoptotic cells [21, 22].

In contrast to the eat-me signals, there are also “don’t-eat-me” signals. Some 
surface proteins, such as adhesion-related proteins CD47 and CD31, act as signals 
to suppress phagocytosis [11].

It is reported that apoptotic cell clearance by phagocytosis requires both the suf-
ficient expression of an eat-me signal on the surface of an apoptotic cell, and the 
absence of a don’t-eat-me signal [1].

6.4  Phagocytosis of Apoptotic Cells

On the surface of phagocytes, receptors are expressed excessively to recognize eat-
 me signals on the surface of apoptotic cells. These play a role to connect phagocytes 
and apoptotic cells (tethering) [2].

The integrin αvβ3/5 is an apoptotic cell receptor expressed on phagocytes. It binds 
MFGE8, a PtdSer binding protein, to phagocytes via its RGD motif. Then, this 
complex binds PtdSer on apoptotic cells [5, 23–27]. It is reported that receptors 
such as BAI1, TIM-4, and TIM-1 recognize PtdSer on apoptotic cells directly 
[28–31].

Aside from lectins that bind modified sugars on apoptotic cells [32], CD36 (in 
conjunction with integrins αvβ3 and αvβ5) that binds thrombospondin [27], LRP1/
CD91 (in conjunction with calreticulin) that binds complement component C1q 
[33], CD14 that binds ICAM3 [34], and the scavenger receptors that bind oxidized 
LDL [35] have all been identified as receptors expressed on the surface of 
phagocytes.

However, phagocytes do not take up apoptotic cells at this stage. When PtdSer 
receptors are involved (thickling), cellular uptake is initiated [2]. When phago-
cytes capture apoptotic targets, actin filaments within the phagocytes assemble 
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and separate, the cytoskeleton is rearranged, and apoptotic cells are taken up in the 
 membrane. The engulfment of apoptotic cells is regulated by Rho family GTPases 
(Rac1, RhoA, Rab5, etc.) [36]. When RhoA is deleted or downregulated in phago-
cytes, phagocytosis is enhanced; on the other hand, when RhoA is upregulated, 
phagocytosis is suppressed. RhoA activation is regulated by the acidification of 
phagocytes [37]. When phagocytes begin to engulf apoptotic cells, Rac1 and inte-
grins activate the formation of the phagocytic cup made of actin filaments. As soon 
as apoptotic cells are taken up by the cup of the phagocyte, Rac1 is inactivated, 
and actin is depolymerized. Then, the components of the dead cell are transferred 
to the lysosome, mediated by Rab5 [38, 39].

In another pathway, actin polymerization in phagocytes is regulated. This path-
way involves CrkII, Dock180, and ELMO [40–44], which activate Rac-GTP. The 
pathway is thought to be involved in apoptotic cell engulfment, cell migration, and 
neurite growth. However, the upstream receptors involved in the activation of this 
signaling pathway are still unknown (see Fig. 6.2).

Apoptotic cells express eat-me signals on the surface to promote their recog-
nition by the phagocyte. Phosphatidylserine (PtdSer) is the most well-known 
among eat-me signals. In the early stages of apoptosis, apoptotic cells expose 
inner- membrane PtdSer on the surface. When phagocytes start to engulf apop-
totic cells, phagocytosis is regulated by the Rho-GTPase-dependent pathway; 
actin polymerization and phagocyte migration are regulated by the Rac-GTPase-
dependent pathway.

6.5  Cell Clearance and Anti-inflammatory Response

Clearance of apoptotic cells is initiated from the earliest stages of apoptosis to 
avoid the release of cell contents upon the collapse of the cell membrane. 
However, when cell membrane integrity is lost, necrosis ensues, cell contents are 
released, and the immune response is activated [45]. If proper recognition, clear-
ance, and degradation of the apoptotic cellular material is not carried out, auto-
antigens are exposed, causing an autoimmune response and uncontrolled 
inflammation to occur [39, 46, 47]. To maintain an environment protecting the 
host from autoimmunity, rapid clearance of apoptotic cells is essential. The 
clearance of early-stage apoptotic cells occurs and anti-inflammatory mediators 
such as IL-10 and TGF-β are released to decrease the severity of inflammation 
[48]. In contrast, the retardation or impairment of clearance of apoptotic cells 
may exacerbate inflammation and result in inflammatory diseases. Recent stud-
ies suggest that apoptotic cells are major factors in the presentation of autoanti-
gens, causing systemic autoimmunity in susceptible hosts [49].
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6.6  Exclusion and Regeneration of Intestinal Epithelial Cells

Apoptosis of intestinal epithelial cells under physiological conditions occurs at the 
tips of villi. Macrophages and intraepithelial lymphocytes induce apoptosis; TNF-α, 
released from macrophages, is known to induce apoptosis in epithelial cells, in par-
ticular [50, 51]. T lymphocytes in the intestinal epithelium are called intraepithelial 

Fig. 6.2 Phosphatidylserine as an Eat-me signal and Phagocytosis
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lymphocyte (IEL). The activation of IEL in vivo has been shown to induce epithelial 
apoptosis, eventually leading to mucosal damage [52]. IEL is thought to induce 
apoptosis through cytotoxic substances or through physical attack as a result of cel-
lular processes [51].

Intestinal epithelia have many opportunities to contact apoptosis-inducing fac-
tors (toxins, bacteria, virus, etc.), and the strong action of these external factors can 
lead to the breakdown of the epithelial barrier and damage to the mucous mem-
brane. Epithelial cells are therefore tightly closed with cell adhesion mechanisms. 
The barrier function provided by cell adhesion mechanisms is necessary; when cells 
escape from the epithelial line, they fall off the epithelium, and apoptosis is thought 
to ensue upon detachment [53]. In mice, a-zipper like cell adhesion mechanism is 
responsible for maintaining barrier function. In guinea pigs, epithelial cells are 
phagocytosed by lamina propria macrophages. Microvilli remain attached to the 
cytoplasm on the luminal side; this area is associated with normal epithelial cells on 
both sides, with the barrier function maintained. Neighboring epithelial cells subse-
quently come into contact and create assemblies that facilitate cell adhesion mecha-
nisms. The epithelium that was sloughed off falls into the lumen [53, 54].

Thus, intestinal tract apoptosis and regeneration are necessary processes in main-
taining barrier function.

6.7  Autophagy

Regarding physiological programmed cell death, there is also a mechanism for 
degrading intracellular proteins called “autophagy.” The big picture behind the 
molecular mechanisms of apoptosis and its physiological significance is currently 
being revealed. In contrast, there is still so much to be discovered regarding the 
mechanisms behind autophagy-based cell death. Autophagy is a bulk protein degra-
dation system for digesting cytoplasmic contents; it is a normal cell function essen-
tial for survival.

Autophagy refers to any cellular degradative pathway that involves the delivery 
of cytoplasmic cargo to the lysosome [55]. In this process, the endoplasmic reticu-
lum or other membranous cellular structures generate a double-membrane structure 
called a “phagophore,” this elongates to envelop the cytoplasmic contents or organ-
elles to be degraded, forming an “autophagosome,” a unique double-membrane 
organelle. The outer membrane of the autophagosome fuses with a lysosome to 
form an “autolysosome,” and the inner membrane degrades and absorbs its contents 
[56–58]. The whole process is involves more than 30 kinds of autophagy-related 
genes and proteins (see Fig. 6.3) [59, 60].

Autophagy plays roles not only in facilitating the degradation of damaged cel-
lular components, but also in stress response. Starved cells degrade their own pro-
teins into amino acids and either transform them into energy sources, or use them as 
raw materials to produce new proteins. Autophagy is also an important mechanism 
for cells dealing with pathogenic infections [61].
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It has been reported that autophagy is associated with apoptosis, inflammation, 
immune reaction, ROS stress, and mitochondrial dysfunction. Autophagy is an 
important factor in the pathogenesis and regulation of various types of inflammation 
and immune related diseases [62–65]. Currently, autophagy is recognized to be 
involved in many diseases such as cancer, neurodegeneration, autoimmune diseases 
like CD, rheumatoid arthritis, and infection [61].

The process of autophagy begins with the formation of a double-membrane 
structure which is generated from the endoplasmic reticulum or from other mem-
branous cellular structures. The double-membrane structure is known as the phago-
phore. It elongates to envelop the cytoplasmic contents organelles to be degraded 
and forms a double-membraned organelle, the autophagosome. Then the outer 
membrane of autophagosome fuses with the lysosome to generate the autolyso-
some, inside of which the sequestered cargo is degraded.

6.8  Intestinal Self-Defense and Immune Response

The intestinal tract houses a great diversity of microorganisms; thus, the host has to 
maintain a stable coexistence with them. However, the gut must still appropriately 
uphold immunity against pathogenic microorganisms that may arise [66, 67]. In 

Fig. 6.3 Schematic diagram of Autophagy

Y. Numata et al.



95

general, the intestinal mucosal barrier is composed of two layers, the intestinal 
mucus layer and the epithelium. The intestinal mucus layer is covered with a layer 
of sticky gel [68, 69].

The epithelium is mostly composed of several kinds of intestinal epithelial cells, 
including absorptive enterocytes, goblet cells, enteroendocrine cells, and Paneth 
cells [70].

In the large intestine, the mucus layer covering the intestinal epithelial cells is a 
physical barrier against bacterial invasion into the epithelium. Furthermore, recent 
research has revealed that the protein Lypd8 mediates the separation of intestinal 
bacteria and epithelia cells by binding to flagella and suppressing the motility of 
flagellated bacteria [71].

Paneth cells are specialized epithelial cells that are involved in the innate immu-
nity in the small intestine. When they come into contact with bacteria or other 
immunogens, these cells release secretory granules containing antimicrobial pep-
tides and a variety of proteins to prevent pathogenic infection [62]. In recent years, 
researchers have discovered that autophagy and autophagy-related genes have a 
specific role in the physiology of Paneth cells [72]. Paneth cells are mainly localized 
in the small intestine; therefore Paneth cells are implicated in the development of 
inflammatory bowel diseases, particularly CD [73].

Currently, many genome-wide association studies (GWAS) have been per-
formed, and over 100 genes have been identified to influence susceptibility to CD 
[74]. NOD2 was the first disease-susceptibility gene discovered for CD [75]. The 
NOD2 protein is responsible for immunity against intracellularly bacterial infection 
by associating with ATG16L1, an important molecule in the autophagy pathway, 
and mediating autophagy.

Mutant NOD2 resulted in the impaired encapsulation of invading bacteria by 
autophagosomes. In this regard, CD patients with mutant NOD2 are considered to 
exhibit disorders of autophagy. ATG16L1 was also identified as a disease- 
susceptibility gene of CD; it encodes autophagy-related proteins. In addition to the 
decomposition of intracellular organelles, ATG16L1 is involved in the degradation 
and elimination of bacteria, viruses, and other infectious substances. It is reported 
that the incidence of CD is twice as high in the ATG16L1 mutants; this is because 
the level of occurrence of autophagy in the Paneth cells of ATG16L1 mutant has 
been altered, inhibiting the formation of normal secretory granules [73, 76].

The relationship between autophagy and CD is currently being actively 
researched around the world. The results of future research are expected to guide the 
development of new policies for the treatment and prevention of CD.

6.9  Summary

Apoptotic cell clearance is an important process that helps to suppress excessive 
immunological response and to maintain homeostasis. In this review, we have out-
lined and discussed the steps of the cell clearance process, the function of find-me 

6 Apoptotic Cell Clearance in Gut Tissue: Role of Intestinal Regeneration



96

signals for locating phagocytes on apoptotic cells properly, the recognition of apop-
totic cells via PtdSer, and the regulation of phagocytes. We have also mentioned 
apoptosis and intestinal regeneration in intestinal epithelial cells, as well as the rela-
tionship between autophagy and intestinal tract diseases. A better understanding of 
autophagy can further shed light on the pathophysiology of several diseases and the 
development of new therapies.
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Chapter 7
Autophagic Regulation of Cardiomyocyte 
Survival and Heart Regeneration

Toshihiko Aki, Kanako Noritake, Kana Unuma, and Koichi Uemura

Abstract Autophagy is regarded as an essential cellular protective mechanism of 
cardiomyocytes against a panel of stresses such as myocardial infarction and isch-
emia–reperfusion. Autophagy-dependent protection against such stresses is espe-
cially important in cardiomyocytes, since adult cardiomyocytes are terminally 
differentiated cells and considered not to proliferate any more. However, this con-
cept of adult cardiomyocyte nonproliferation has recently been challenged by many 
studies. Although the presence of cardiac stem cells in adult heart remains a subject 
of debate, there is ample evidence for the presence of cardiac progenitor cells that 
can differentiate into several heart-resident cells. Furthermore, adult cardiomyo-
cytes can reenter the cell cycle and proliferate upon activation of YAP, a transcrip-
tional coactivator downstream of the hippo pathway. In addition, cardiac cells in the 
epicardium can also transform into cardiofibroblasts, which contribute to tissue 
regeneration by filling damaged parts of tissue with themselves as well as extracel-
lular matrix. This process seems to be executed through epithelial–mesenchymal 
transition (EMT). Autophagy has been supposed to participate in the maintenance 
of cardiomyocyte homeostasis not only by protecting the cells against stress, but 
also by facilitating regeneration. In this chapter, we discuss the possible roles of 
autophagy in protection as well as the promotion of regeneration of cardiomyocytes 
by regulating the hippo/YAP pathway and EMT.
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8-OHdG 8-Oxo-2′-deoxyguanosine
Atg Autophagy-related
BH Bcl-2 homologous
CMA Chaperone-mediated autophagy
CTGF Connective tissue growth factor
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EMT Epithelial–mesenchymal transition
FIP200 Focal adhesion kinase family interacting protein of 200 kDa
LAMP Lysosome-associated membrane protein
LATS Large tumor suppressor homolog
LC3 Microtubles-associated protein light chain3
MET Mesenchymal–epithelial transition
Mst Mammalian STE20-like protein kinase
RASSF1 Ras association domain-containing protein 1
ROS Reactive oxygen species
Sav Salvador homolog
TAZ Transcriptional coactivator with PDZ-binding motif
TEAD Transcriptiona enhancer-associated domain
ULK Unc-51-like kinase
YAP Yes-associated protein

7.1  Proliferation of Mammalian Cardiomyocytes

Mammalian adult heart is composed of various cells such as cardiomyocytes, car-
diofibroblasts, epicardial cells, and vascular endothelial and smooth muscle cells. In 
developed and industrialized nations, cardiovascular diseases are among the most 
frequent causes of human mortality. This is because the heart is an essential organ 
in vertebrates due to its critical role in the circulation of oxygen, nutrients, growth 
factors, and other essential molecules required by multicellular organisms. On the 
other hand, cardiomyocyte do not proliferate in the adult heart in mammals, sug-
gesting the risk that cardiomyocyte death and resultant heart damage can lead 
directly to the death of an individual organism. During embryogenesis, cardiomyo-
cytes are generated both through the differentiation of cardiac progenitor cells and 
the proliferation of existing cardiomyocytes [1–5]. In mammals, the primary struc-
ture of the heart is completed before birth, and after 1–2 weeks following birth, 
hypertrophy becomes the main contributor to the expansion of cardiac volume. In 
other words, cardiomyocytes exit the cell cycle soon after birth. Recently, a tran-
scription factor called Meis1 has been suggested to be responsible for the arrest of 
the cardiomyocyte cell cycle after birth [6]. In mice, the expression of Meis1 is 
induced rapidly after birth and is responsible for the induction of several important 
cyclin-dependent-kinase inhibitors [7]. Indeed, it has also been shown that in the 
Meis1-knock out (KO) mice, cardiomyocytes continue to proliferate to repair inju-
ries in the heart [6]. Another feature of mammalian adult cardiomyocytes is that 
substantial populations of cells are multinucleated, and many nuclei contain more 
than one set of chromosomes [8]. In contrast to mammals, zebrafish can regenerate 
cardiomyocytes even during adulthood [9, 10]. All of the cardiomyocytes in adult 
zebrafish are mononuclear and contain one set of chromosomes per nucleus, sug-
gesting that adult cardiomyocytes still undergo proper cell cycle progression in 
zebrafish.
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Because of the demand of blood circulation for survival, the heart is created dur-
ing the early periods of embryogenesis. Although mammalian cardiomyocytes can 
proliferate during the fetal and neonatal periods, adult cardiomyocytes are termi-
nally differentiated and ordinarily no longer proliferate. It has been shown in mice 
that cardiomyocytes can regenerate until 7 days after birth, but that this ability is lost 
between 7 and 21 days after birth [11]. This inability of adult cardiomyocyte to 
proliferate prevents the heart from regenerating following severe damage such as 
that caused by myocardial infarction. This lack of proliferative capability of cardio-
myocytes is in sharp contrast to hepatocytes, which can regenerate to compensate 
for even ~70% loss of the whole liver even after the completion of development 
[12]. Skeletal muscle can also easily regenerate because of the existence of satellite 
cells, which possess stem cell-like properties and can undergo self-renewal as well 
as differentiation into myoblasts [13, 14]. Damaged cardiomyocytes are eliminated 
after their death and, in contrast to liver and skeletal muscle, damaged cardiac tis-
sues have been believed to be replaced solely with cardiac fibroblasts, and not with 
new cardiomyocytes. Therefore, these scar tissues are detrimental to cardiac perfor-
mance and lead eventually to heart failure.

Although it has long been believed that adult cardiomyocytes do not proliferate, 
recent research has shown that the turnover of adult cardiomyocyte occurs through-
out life. Evidence for the renewal of adult cardiomyocytes in humans was shown by 
the use of carbon isotope analysis based on the incorporation of 14C generated by the 
explosions of nuclear weapons during the Cold War era. Since 1963, when the test 
ban treaty for nuclear weapons was adopted, the amount of 14C in the atmosphere 
has been declining exponentially, and the 14C concentration in human tissues has 
also been declining. However, 14C incorporated into the genome of postmitotic cells 
during the Cold War era should retain the concentration of 14C at that time, since the 
half-life of 14C is very long (5730 years). Based on this fact, Bergman et al. esti-
mated the percentage of cardiomyocyte renewal as 1% in humans aged 25 and 
0.45% at age 75 [15]. Other studies using isotope [16] as well as fluorescence [17] 
labeling methods confirmed the natural renewal of cardiomyocytes in mice, sug-
gesting that, although rate is low, postmitotic mammalian adult cardiomyocytes can 
reenter the cell cycle and proliferate. Recent research has pointed out that oxidative 
DNA damage is one of the reasons for the inability of adult cardiomyocytes to pro-
liferate [18]. Since cardiomyocytes have a large number of mitochondria due to the 
demand for high levels of ATP for actomyosin contraction, oxidative DNA damage, 
such as caused by the generation 8-OHdG, accumulates in the cells through mito-
chondrial ROS generation. Oxidized DNA accumulation triggers the DNA-damage 
response, which leads to mitotic arrest after birth. Indeed, it has been shown that the 
natural renewal of cardiomyocytes is accelerated under hypoxic conditions, con-
firming that mitochondrial oxygen-dependent respiration is involved in the mitotic 
arrest of cardiomyocytes [19].

It has been suggested that there are c-kit-positive cardiac progenitor/stem cells 
(CSCs) that could differentiate into not only cardiomyocytes, but also into vascular 
smooth muscle cells and endothelial cells in the heart [1, 20]. However, the contri-
bution of CSCs to the repair of damaged heart is still controversial [21, 22]. In 
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contrast to the as yet controversial role of these endogenous progenitor/stem cells in 
heart repair, the reprogramming of preresident cardiac fibroblasts into cardiomyo-
cytes via cardiac transcription factors (GATA4, MEF2c, and Tbx5) is regarded as a 
promising method [23, 24].

Taken together, recent research has shown that adult cardiomyocyte renewal 
occurs, but that most cells remain outside of the cell cycle progression cycle. The 
postmitotic nature of adult cardiomyocytes has forced the cells to develop highly 
efficient processes to maintain homeostasis. Autophagy is one of these processes 
essential for cardiomyocyte survival in the face of stresses.

7.2  Process and Function of Autophagy

Autophagy is a lysosome-based bulk protein degradation system first pointed out by 
Christian de Duve, a Nobel laureate who discovered lysosomes, the cellular diges-
tive organelle [25, 26]. The core machinery of autophagy was elucidated in budding 
yeast (Saccharomyces cerevisiae) by another Nobel laureate, Yoshinori Ohsumi. 
Extensive studies by Ohsumi’s group discovered Atg (Autophagy-related) proteins 
required for the execution of autophagy [27]. Up until now, at least 35 Atg genes 
have been reported in budding yeast. Although autophagy was discovered as a pro-
tein degradation system to recycle amino acids during periods of starvation [28, 29], 
it has been shown that autophagy involves the degradation of not only proteins but 
also lipids [30] and organelles [31]. Moreover, autophagy is involved in the elimina-
tion of bacteria [32], fungi [33], and viruses [34], suggesting that the machinery of 
autophagy is used to degrade not only intracellular substances but also extracellular 
xenobiotics.

There are at least three types of autophagy: macroautophagy, microautophagy, 
and chaperone-mediated autophagy (CMA) (Fig. 7.1). Microautophagy is a process 
during which cytoplasmic materials are engulfed by lysosomes and digested; how-
ever, the molecular mechanisms by which this process is executed in unicellular as 
well as multicellular organisms has been poorly understood [35, 36]. Like microau-
tophagy, cytoplasmic materials are also delivered directly into lysosomes during 
chaperone-mediated autophagy (CMA). Various machineries have been identified 
as necessary for CMA [37]. First, hsc-70 binds to KFERQ-like amino acid 
sequences, which causes them to become sequestered to lysosomes [38]. LAMP2A, 
a splicing isoform generated from the LAMP2 gene, receives hsc-70 bounded pro-
teins at the lysosomal membrane [39]. Specific proteins, including GAPDH, 
RNAse-A [40], and α-synuclein [41], have been suggested as CMA substrates. 
When it comes to cardiomyocytes, the type-2 ryanodine receptor has recently been 
shown to be a CMA substrate [42]. It has been shown that liver-specific CMA-KO 
mice develop hepatosteatosis, suggesting a role of CMA in liver homeostasis. 
However, the role of CMA in heart homeostasis remains to be discovered. 
Macroautophagy, as compared to microautophagy and CMA, is a dynamic membra-
nous process [43, 44]. While cytoplasmic materials are delivered directly from the 
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cytoplasm into lysosomes during microautophagy and CMA, during macroautoph-
agy, materials are isolated by specified vesicles called autophagosomes. The first 
step in macroautophagy is the creation of the phogophore, which gradually elon-
gates, and the closure of the elongated phagophore results in the formation of a 
double membrane structure (autophagosome) in which cytoplasmic materials are 
enclosed (Fig.  7.2). Autophagosomes fuse to lysosomes and the materials inside 
them are degraded by lysosomal hydrolyases. During cargo-specific autophagy, 
such as mitophagy, specified adaptors, such as p62, bind to LC3 on autophago-
somes. Hereafter in this chapter, the term “autophagy” will be used to mean 
“macroautophagy.”

The core machinery of autophagy involves the formation of the ULK (Unc51- 
like kinase, mammalian homolog of yeast Atg1) complex, which comprises ULK1/2, 
FIP200 (focal adhesion kinase family interacting protein of 200 kDa), Atg13, and 
Atg101. The activation of the ULK1/2 complex facilitates the formation of another 
complex, the beclin-1/classIII PI3K (phosphatidylinositol 3-kinase) complex [45], 
by the direct phosphorylation of beclin-1 at Ser-14. This complex generates PI3P 
(phosphatidylinositol 3-phosphate), which is required for the initiation of 
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Fig. 7.1 Schematic representation of autophagy process in cardiomyocytes
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 autophagosome formation. The expansion of the autophagosome membrane is 
mediated by two ubiquitin-like conjugation systems [46] that interact with each 
other. One ubiquitin- like conjugation system is the Atg12–Atg5 system. The ubiq-
uitin-like molecule Atg-12 is activated sequentially by E1-like Atg7 and E2-like 
Atg10, and thereby conjugated to Atg5. Another ubiquitin-like system is the Atg8 
(LC3)-PE system. LC3 is first cleaved by Atg4 to leave a glycine residue at its 
C-terminus [47]. Subsequently, the cleaved LC3 is activated by E1-like Atg7 and 
E2-like Atg3, finally conjugated to phosphatidylethanolamine (PE) via the 
C-terminal glycine residue [47]. The formation of Atg12–Atg5 has been shown to 
be a prerequisite for the LC3-PE system, suggesting that these two systems operate 
in parallel during the production of autophagosomes. The fusion between an 
autophagosome and lysosome is executed in a manner similar to other membrane 
fusion events, by SNARE proteins. Syntaxin17 has been shown to be the autopha-
gosome-specific SNARE for this membrane fusion event [48]. Syntaxin 17 on the 
outer autophagosomal membrane recruits SNAP29 (synaptosomal-associated pro-
tein 29) and interacts with lysosomal VAMP8 (vesicle-associated membrane protein 
8) to form a complex (Syntaxin 17-SNAP29-VAMP8 complex), which allows 
autophagome–lysosome fusion [48].

The most typical triggering event that induces autophagy is nutritional starva-
tion. Mechanically, in mammals during starvation, decreased levels of amino acids 
and ATP are sensed by mTORC1 [mammalian target of rapamycin (mTOR) com-
plex 1] and AMPK, respectively. Sufficient levels of amino acids render mTORC1 
on lysosomes through a tetrametric complex of Rag GTPase [49]. mTOR on the 
lysosomal membrane phosphorylates several components of the ULK complex, 
thereby inhibiting the activity of this kinase complex to suppress autophagy [50]. 

Fig. 7.2 Transmission electron microscopic image of autophagy in rat heart. In normal heart (left 
panel), mitochondria are localized to the side of the sarcomere structure. In damaged heart (right 
panel, LPS-administered rat heart), almost all the mitochondria are swollen and many vacuoles are 
seen. Some mitochondria are surrounded by membranous structures (arrows), suggesting they will 
be eliminated through autophagy. Scale bars, 500 nm. Adopted from “Unuma K, Aki T, Funakoshi 
T, Yoshida K-i, Uemura K (2013) Cobalt Protoporphyrin Accelerates TFEB Activation and 
Lysosome Reformation during LPS Induced Septic Insults in the Rat Heart. PLoS ONE 8(2): 
e56526. doi:10.1371/journal.pone.0056526”
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On the other hand, cellular ATP levels are transmitted to the gamma subunit of 
AMPK, in which AMP binding to this subunit renders the kinase insensitive to 
upstream LKB1 kinase [51, 52]. Decreased ATP levels (increased AMP levels) acti-
vate AMPK, and this kinase in turn phosphorylates a component of mTORC1, rap-
tor [53]. The phosphorylation of raptor inhibits mTORC1 activity, thereby inducing 
autophagy [54]. TFEB (transcription factor EB) has been supposed to act as a mas-
ter transcription factor for autophagy as well as lysosome genesis [55, 56] (Fig. 7.3).

Alternative (macro) autophagy, which is independent of both Atg5 and Atg7, has 
recently been suggested [57]. The microscopic features of autophagy, such as the 
engulfment of cytoplasmic materials into double membranous autophagosomes, are 
also observed in alternative autophagy. However, the formation of LC3-II, a fre-
quently used marker of macroautophagy, is not observed during alternative autoph-
agy. Close inspection has shown that the membrane required for alternative 
autophagy should be derived from the Golgi apparatus [58], in contrast to conven-
tional autophagy during which the autophagosomal membrane is derived mainly 
from ER. To date, only a few roles for alternative autophagy, such as the elimination 
of mitochondria during erythrogenesis [59], have been attributed both physiologi-
cally as well as pathophysiologically. The discovery of alternative autophagy points 
to the need to reconsider the role of autophagy in the homeostasis of the human 
body including heart, because many studies use Atg5- and Atg7-KO mice as model 
animals, or LC3-II as a marker, to show the involvement of autophagy. Indeed, it has 
been pointed out that Atg5-independent alternative autophagy is required for the 
generation of iPSC (induced pluripotent stem cells) through its requirement for 
eliminating mitochondria during cellular transformation into stem cells [60]. In 
addition, autophagy has been shown to promote longevity in Drosophila [61] and 
mice [62].

Fig. 7.3 Activation of TFEB in damaged heart tissue. In normal heart (left panel), immunohisto-
chemical analysis reveals the cytoplasmic localization of TFEB. In contrast, TFEB is found in the 
nucleus (arrows) in damaged heart tissue (right panel). Adopted from “Unuma K, Aki T, Funakoshi 
T, Yoshida K-i, Uemura K (2013) Cobalt Protoporphyrin Accelerates TFEB Activation and 
Lysosome Reformation during LPS Induced Septic Insults in the Rat Heart. PLoS ONE 8(2): 
e56526. doi:10.1371/journal.pone.0056526”
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7.3  Autophagy and the Homeostasis of Mammalian Adult 
Cardiomyocytes

Since nutrient starvation is one of the main components of autophagy-inducing car-
diac damage such as ischemia, it is quite natural that autophagy plays essential roles 
in maintaining cardiac homeostasis. Although the roles of microautophagy, CMA, 
and alternative autophagy in cardiomyocyte homeostasis have not been examined 
so far, there is ample evidence for the essential role of autophagy in cardiomyocyte 
homeostasis. Autophagy has been shown to be involved in the protection of cardio-
myocytes from injuries caused by aortic occlusion, myocardial infarction, and sub-
sequent hemodynamic stresses [63, 64]. The essential roles of autophagy in 
cardiomyocytes were observed for the first time during the analysis of the mouse 
deleted LAMP2 gene. In hearts of LAMP2-KO mice, numerous autophagic vacu-
oles were observed, suggesting that cardiomyocytes undergo autophagy under basal 
conditions: autophagosome/autolysosomes should accumulate in the heart when 
lysosomal function is severely impaired due to the lack of LAMP2 [65]. This phe-
notype resembles that observed in Danon disease, a lysosomal storage disorder 
associated with cardiomyopathy. The same cardiac phenotype is also observed in 
humans harboring the mutation for familial-type Danon disease in the LAMP2 gene 
[66]. Further, it has been shown that cardiomyocyte-specific Atg5-KO results in no 
outcome under healthy conditions, but leads to decreased heart performance with 
the concomitant loss of cardiomyocytes by apoptosis upon transaortic constriction 
[63]. Indeed, studies using autophagy inhibitors have shown that autophagy partici-
pates in protecting cells during reperfusion injuries after ischemia, while autophagy 
itself is detrimental to ischemic heart injuries [64]. This observation, together with 
the accumulation of autophagic vacuoles in the heart of LAMP2-KO mouse, shows 
that incomplete autophagy does not fulfill the cytoprotective role and is rather det-
rimental to cells. Since lysosomes consume a lot of cellular ATP to acidify its inside 
milieu though the operation of proton-ATPase, the decline in ATP during ischemia 
should also result in a decline in lysosomal function. Incomplete autophagy or 
autophagy failure might occur when lysosomal function is severely impaired and/or 
when excessive autophagy overwhelms lysosomal capacity.

7.4  Process and Function of Hippo/YAP Pathway

The hippo/YAP pathway is another important process for cardiomyocyte homeosta-
sis. Like autophagy, the hippo pathway, including its downstream target Yes- 
associated protein (YAP), is a highly conserved process among higher organisms 
and Drosophila. The hippo pathway molecules were first identified as genes whose 
mutation causes tissue overgrowth in Drosophila. During the 2000s, Drosophila 
Hippo, Warts, and Yorkie were shown to correspond to mammalian Ste20 like 
kinase 1/2 (Mst1/2), large tumor suppressor 1/2 (LATS 1/2), and YAP, respectively 
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[67–69] (Fig. 7.4). The core pathway of hippo signaling is composed of Mst and 
LATS, and their associated molecules WW45 (45 kDa WW domain protein) and 
MOB1 (mps one binder 1), respectively. In mammals, LATS phosphorylates YAP, 
and phosphorylated YAP is bound to 14-3-3 and retained in the cytoplasm [70]. 
Upon inactivation of the hippo pathway, YAP is de-phosphorylated and enters the 
nucleus [71] where it acts as a transcriptional coactivator of the TEAD 
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Fig. 7.4 Schematic representation of the hippo/YAP pathway
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transcriptional activator complex [72]. Target genes of the YAP-TEAD transcrip-
tional activator complex include CTGF (connective tissue growth factor), which is 
involved in the growth of connective and other tissues [72]. These genes facilitate 
cell survival and proliferation. In contrast to plasma membrane receptor-mediated 
signaling pathways, such as growth factors and cytokines, regulation of the hippo 
pathway is a complicated process. The hippo pathway is activated through a 
G-protein-coupled receptor residing on the plasma membrane, adherens cell–cell 
junction and/or cell–matrix interaction, and cytoplasmic actin filaments that trans-
mit cellular tension to inhibit the hippo/YAP pathway [73–75]. In addition, recent 
reports have shown that the extracellular agrin-plasma membrane dystrophin–gly-
coprotein complex system governs the activation of hippo/YAP in cardiomyocytes 
[76, 77].

The hippo/YAP pathway is regulated by the physical status of the environment. 
In general, cells stop proliferating when they contact adjacent cells, a phenomenon 
known as “contact inhibition.” The hippo pathway senses the density of cells: after 
contacting adjacent cells, hippo pathway activity is strengthened and YAP is subse-
quently inactivated [70]. It has also been shown that YAP is more activated when 
cells are cultured on solid agar than on soft agar [78]. This report clearly shows that 
YAP acts as a sensor of mechanotransduction. Interestingly, the hippo pathway does 
not seem to be involved in this process [78]. In addition to the status of the extracel-
lular environment, intracellular tension also regulates hippo/YAP signaling. This is 
achieved mainly by the transmission of actomyosin tension to the hippo pathway 
[79]. Therefore, it might be said that the decision for cells to proliferate is deter-
mined, at least in part, by sensing the intracellular environment as well as the extra-
cellular physical status by the hippo/YAP pathway. When extracellular physical 
conditions are such as to allow cells to grow, YAP is activated. When intracellular 
actomyosin tension is strong enough for proliferation, the hippo pathway is inacti-
vated and its downstream effector YAP is activated to promote cell growth.

On the other hand, the chemical status of the extracellular environment is also 
important for the decision as to whether cells will proliferate or not, since sufficient 
nutrients are required for cells to double. Autophagy has been considered to be the 
main regulator by which cells sense the availability of extracellular nutrients through 
mTOR [80]. Interestingly, it has recently been shown that the extracellular nutri-
tional status can be transmitted to the hippo pathway through the LKB-AMPK 
energy sensor pathway [81, 82]. Moreover, cholesterol availability has been shown 
to be involved in the regulation of the hippo pathway. Geranylgeranyl pyrophos-
phate, one of the intermediate metabolites in the cholesterol synthesis pathway 
(mevalonate pathway) acts as a repressor of the hippo pathway through direct gera-
nylgeranylation of Rho-kinase [83]. Since the availability of cholesterol as a source 
of cellular membranes is also required for cell proliferation, this connection between 
the cellular lipid synthesis pathway and growth regulating pathway represents an 
elegant example of a cellular fine-tuning system.
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7.5  Roles of Hippo/YAP Pathway in Cardiomyocyte 
Proliferation

Recently, the emerging role of the proliferation-suppressing hippo-pathway and its 
downstream target, proliferation-stimulating Yes-associated protein (YAP), in car-
diomyocyte proliferation has been extensively described (Fig.  7.5): it has been 
shown that gene transfer of YAP into adult cardiomyocytes gives them the ability to 
proliferate [84]. Consistently, suppression of the hippo pathway causes cardiomyo-
cytes to proliferate through the nuclear translocation of YAP [85]. It has also been 
shown that the hippo pathway is involved in the regulation of autophagy. A direct 
link between the hippo/YAP pathway and autophagy has been suggested by several 
studies in various tissues including cardiac tissues. In a mouse model of cardiac 
ischemia created by coronary artery ligation, the forced expression of dominant- 
negative Mst1, a hippo pathway molecule, in cardiomyocytes enhanced autophagy 
and reduced the formation of aggresomes, including autophagy substrate p62 [86]. 
In mice harboring the heterozygous deletion of beclin1, the effects of Mst1 
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Fig. 7.5 Schematic representation of the hippo/YAP pathway and EMT during cardiomyocyte 
regeneration
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deficiency on autophagy as well as cardiac performance were canceled, suggesting 
that Mst1 exerts its negative effect on cardiomyocytes by regulating beclin1 and 
autophagy [86]. Indeed, it has also been shown that Mst1 directly phosphorylates 
beclin1 at residue Thr108 within its BH3-domain [86]. The Mst1-dependent phos-
phorylation of beclin1 results in facilitating its binding to the antiapoptotic bcl-2 
and bcl-xL proteins, thereby reducing their antiapoptotic function [86]. The same 
group also pointed out that Mst1 associates specifically with K-Ras and RASSF1A 
(ras-associated domain family polypeptide 1A) on mitochondria, and that the mito-
chondrial localization of this complex is dependent on RASSF1A, since the deple-
tion of RASSF1A alters the localization of cellular Mst1 from mitochondria to the 
cytoplasm [87]. On mitochondria, Mst1 phosphorylates bcl-xL at Ser14 in the 
N-terminal BH4 domain. This Mst1-dependent phosphorylation of bcl-xL impairs 
its antiapoptotic function, and stimulates its association with bax, thereby stimulat-
ing the mitochondrial apoptosis pathway [87]. Indeed, the overexpression of Mst1 in 
cardiomyocytes results in an enhancement of cytochrome c release from mitochon-
dria as well as the activation of caspases 9 and 3 [87]. Thus, Mst1 stimulates cardio-
myocyte apoptosis, at least in part, by phosphorylating downstream targets, bcl-2 
family proteins (beclin1 and bcl-xL), and subsequently facilitating apoptosis and 
inhibiting autophagy.

Evidence for a direct link between the hippo pathway and autophagy machinery 
has also come from an experiment using both mouse embryonic fibroblasts and C. 
elegans [88]. Core hippo pathway molecules in C. elegans, STK3/4 (Mst2/1), have 
been shown to phosphorylate LC3 directly. The phosphorylation of LC3 at Thr50 by 
STK3/4 has been shown to be essential for autophagy [88]. The depletion of STK3/4 
or the replacement of Thr50 in LC3 with a nonphosphorylatable amino acid results 
in the accumulation of autophagosomes, suggesting an impairment of fusion 
between autophagosomes and lysosomes [88]. Thus, the STK3/4-dependent phos-
phorylation of LC3 is essential for the creation of autolysosomes, at least in some 
types of mammalian cells.

7.6  Epithelial to Mesenchymal Transition (EMT) and Heart 
Regeneration

Although cardiomyocytes can proliferate even during adulthood, such proliferation 
is rare event in adults. Therefore, the cells/tissues lost due to cardiac injuries are 
ordinarily repaired by replacement with extracellular matrix (ECM) (Fig.  7.5). 
ECM synthesized by fibroblasts is important to fill the injured areas of tissues for 
regeneration, but excessive amounts of ECM impair the function of the tissue, 
something known as fibrosis. In the heart, fibroblasts (cardiofibroblasts) are gener-
ated from epicardium through epithelial to mesenchymal transition (EMT). EMT is 
a process by which epithelial cells transform their phenotype from epithelial to the 
phenotype of mesenchymal cells, such as smooth muscle cells and fibroblasts. 
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Epicardium is the tissue from which fibroblasts, vascular smooth muscle as well as 
endothelial cells are derived during the development of the heart. Loss of YAP/TAZ 
(transcriptional coactivator with a PDZ-binding motif, another mammalian homo-
log of Drosophila Yokie) in epicardium has been shown to affect vascular formation 
from epicardium during embryonic heart development [89]. YAP and TAZ are acti-
vated in the embryonic epicardium and direct the transformation of epicardial cells 
into cardiofibroblasts or vascular cells through EMT, suggesting a relationship 
between hippo/YAP signaling and EMT [89]. Interestingly, epicardial YAP/TAZ is 
also involved in the regeneration of injured myocardial tissue in adult heart, sug-
gesting a role of YAP/TAZ and epicardium in the regeneration of the myocardium 
damaged by stresses [90].

7.7  Conclusion and Perspectives

Many studies have shown that autophagy is essential for cardiomyocyte survival 
against a panel of stresses including coronary occlusion, ischemic injury, and hyper-
trophy. Similarly, hippo/YAP has been shown to be necessary as well as sufficient 
for the regeneration of cardiomyocytes. Nevertheless, there are only a few reports 
describing the roles of autophagy in cardiomyocyte regeneration as well as hippo/
YAP pathway regulation. Since autophagy is a catabolic rather than anabolic pro-
cess, autophagy should not help cell proliferation directly. Indeed, it is generally 
accepted that autophagy is not advantageous for the late stages of tumorigenesis, 
during which immortalized cells proliferate extensively using the rich environmen-
tal materials provided by newly created microvessels. In contrast, autophagy is 
often needed during the early stages of tumorigenesis when cells need to survive 
under nutrient-poor conditions. Therefore, during the process of cardiomyocyte 
regeneration in response to heart-damaging insults, autophagy might be favored 
during the earlier periods when cells must survive their life-threatening stresses. On 
the other hand, autophagy might not be favored during the latter half of the process, 
since cell proliferation is an extensively anabolic process. However, heart regenera-
tion is complicated, and extensive research is required to elucidate the precise role 
of autophagy in heart regeneration.
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Chapter 8
The Role of Autophagy in Mesenchymal Stem 
Cell-Based Suppression of Immune Response

Vladislav Volarevic, Jelena Jakovljevic, C. Randall Harrell,  
Crissy Fellabaum, and Nebojsa Arsenijevic

Abstract Mesenchymal stem cells (MSCs) are, due to their capacity for differen-
tiation, immunomodulatory and proangiogenic characteristics, widely used as new 
therapeutic agents for the treatment of autoimmune, ischemic and degenerative dis-
eases. One of the major barriers for successful transplantation of MSCs is their poor 
survival after engraftment in the inflamed and hypoxic tissues. Since autophagy 
regulates survival, differentiation potential, immunomodulatory and proangiogenic 
characteristics of engrafted MSCs, modulation of autophagy in transplanted MSCs 
may represent a novel strategy to improve MSCs-based therapy. Until now, modula-
tion of autophagy as a new approach for enhancement of functional characteristics 
of MSCs has been examined in animal models of multiple sclerosis, osteoporosis, 
diabetes, myocardial infarction, and graft-versus-host disease. Obtained results sug-
gest that regulation of autophagy may represent a new therapeutic approach that 
will enhance the efficacy of MSC-based therapy.
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DCs Dendritic cell
EAE Experimental autoimmune encephalomyelitis
ECM Extracellular matrix
ECs Endothelial cells
EGF Epidermal growth factor
EPCs Endothelial progenitor cells
FGF-2 Fibroblast growth factor
GIOP Glucocorticoid-induced osteoporosis
HGF Hepatic growth factor
HIF-1 Hypoxia-inducible factor 1
HLA Human leukocyte antigen
HLA-G Human leukocyte antigen-G
HO-1 Heme oxygenase-1
IDO Indolamine 2,3-dioxygenase
IFN-γ Interferon gamma
IL Interleukin
IL-1Ra IL-1 receptor antagonist
IL-6 Interleukin-6
LIF Leukocyte inhibitory factor
LPS Lipopolysaccharide
MCP-1 Monocyte chemoattractant protein-1
MHC Major histocompatibility complex
MI Myocardial infarction
miRNAs microRNAs
MMPs Matrix metalloproteinases
MS Multiple sclerosis
MSCs Mesenchymal stem cells
mTOR Mammalian target of rapamycin
NK Natural killer
NKT Natural killer T
NO Nitric oxide
PD-1 Programmed death 1
PGE2 Prostaglandin E2
PLGF Placental growth factor
ROS Reactive oxigene species
TGF-α Transforming growth factor α
TGF-β Transforming growth factor-beta
TGF-β Transforming growth factor-β
TNF-α Tumor necrosis factor alpha
TSG-6 Tumor necrosis factor α-stimulated gene 6
UCB Umbilical cord blood
VEGF Vascular endothelial growth factor
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8.1  Introduction

Autophagy, as an evolutionary conserved process, plays an important role in homeo-
stasis and embryogenesis, functioning both as a survival and cell death pathway [1]. 
However, despite its importance in cell physiology, there is little information about 
the role of autophagy in stem cell survival and function. Although autophagy is 
sometimes associated with cell death, it is generally considered to be a survival 
mechanism because autophagy, unlike apoptosis and necrosis, is activated in condi-
tions of stress represented by hypoxia, nutrient deprivation, and metabolic, oxida-
tive, and proteotoxic stress [2]. Therefore, it has been argued that autophagy is a 
crucial cellular pathway that regulates development, differentiation, survival, and 
homeostasis of adult stem cells [3]. Accordingly, herewith, the effects of autophagy 
on stemness, survival, immunomodulatory and therapeutic characteristics of mesen-
chymal stem cells (MSCs), the most commonly used adult stem cells in clinical 
trials, has been emphasized.

8.2  Mesenchymal Stem Cells: New Players in Regenerative 
Medicine

MSCs (also known as multipotent mesenchymal stromal cells) were first described 
as fibroblast-like bone marrow populating cells by Friedenstein and coworkers [4]. 
Due to their immunomodulatory and proangiogenic ability, self-renewal, and dif-
ferentiation capacity, MSCs are becoming new and promising therapeutic agents for 
the treatment of autoimmune, ischemic and degenerative diseases [5]. These cells 
can differentiate into all cell types of mesodermal origin and due to their plasticity, 
they are able to, in vitro, differentiate into cells of neuroectodermal (neurons, astro-
cytes, oligodendrocytes, epithelial cells) or endodermal (hepatocytes) origin [6].

Among stem cells, MSCs have several advantages for therapeutic use such as 
ability to migrate to the sites of tissue injury, strong immunosuppressive effects, 
better safety after infusion of allogeneic MSCs, and lack of ethical issues, such as 
those related to the application of human embryonic stem cells [7]. Simple acquisi-
tion, rapid proliferation, maintenance of differentiation potential after repeated pas-
sages in vitro, minor immunological rejection due to the low surface expression of 
major histocompatibility complex (MHC) antigens, efficient engraftment and long- 
term coexistence in the host are the main characteristics of MSCs that enable their 
therapeutic use [5–7]. Accordingly, the past decade has witnessed an extraordinary 
scientific production focused toward the possible clinical use of MSCs in the ther-
apy of autoimmune, ischemic, and chronic inflammatory diseases with very promis-
ing findings [5–9].

As with other multipotent stem cells, MSCs have a high capacity for self-renewal 
while maintaining multipotency. The exact nature and localization of MSCs in vivo 
remain undefined, but it appears that they reside in almost all postnatal organs and 
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tissues [8]. Apart from bone marrow (BM), MSCs or MSC-like cells have also been 
isolated from skeletal muscle, adipose tissue (AT), umbilical cord, blood (UCB) 
synovium, blood vessel walls, dental pulp, amniotic fluid as well as fetal blood, 
liver, and lungs [9]. BM, UCB, and AT have been most usually used as sources for 
the isolation of MSCs [10]. Differences between UCB-MSCs and other MSCs 
could be observed concerning the success rate of isolating, proliferation capacity 
and clonality. In contrast to BM-MSCs and AT-MSCs, UCB-MSCs have the highest 
rates of cell proliferation and clonality and significantly lower expression of p53, 
p21, and p16, well-known markers of senescence [10].

Diverse antigens have been found on the surface of MSC, but none of them 
appear to be unique for MSCs [7]. MSCs express CD105 (endoglin, also identified 
as SH2, a component of the receptor complex of transforming growth factor-beta 
(TGF-β) involved in proliferation, differentiation, and migration), CD73 (SH3/4, 
ectoenzyme that regulates the purinergic signaling through the hydrolysis of ade-
nosine triphosphate (ATP)), CD44 (hyaluronan receptor involved in migration), 
CD90 (Thy-1, regulates differentiation of MSCs), stromal antigen 1 (involved in 
MSC migration), CD166 (vascular cell adhesion molecule), CD54/CD102 (intra-
cellular adhesion molecule), and CD49b (Integrin alpha-2, involved in adhesion and 
osteogenic differentiation of MSCs) [10]. The International Society for Cellular 
Therapy has proposed minimal criteria to define human MSCs: (a) the cells must 
adhere to plastic in standard culture conditions using tissue culture flasks; (b) more 
than 95% of the cell population must express CD105, CD73, and CD90 but must 
lack expression (<2% positive) of CD45, CD34, CD14 or CD11b, CD79a or CD19, 
and HLA class II which are expressed on leukocytes, endothelial cells and trombo-
cytes; and (c) the cells must be able to differentiate into adipocytes, osteoblasts, and 
chondrocytes under standard in vitro differentiating conditions [11].

MSC are a heterogenous population consisting of cells with variable growth 
potential, distinct morphologic and functional characteristics, but all of them have 
immunomodulatory and proangiogenic characteristics, representing a powerful tool 
in transplantational and regenerative medicine [12].

8.3  Molecular and Cellular Interactions Between MSCs 
and Immune Cells

The most intriguing aspect of the biology of MSCs is their immunomodulatory 
potential, such as capacity to suppress T cell proliferation and activation, dendritic 
cell (DCs) maturation and function, polarization of macrophages, suppression of B 
cell proliferation and differentiation in antibody producing plasma cells, and attenu-
ation of cytotoxicity of natural killer (NK) and natural killer T (NKT) cells [13].

MSCs modulate proliferation, activation and function of immune cells in cell-to- 
cell contact (juxtacrine manner) or through the production of soluble factors (para-
crine manner) [13]. Interraction between inhibitory molecule programmed death 1 
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(PD-1) with its ligands PD-L1 and PD-L2 is responsible for MSC-mediated sup-
pression of T-cell proliferation [8, 13]. Despite this mechanism, the capacity of 
MSC to alter immune response is largely due to the production of soluble factors 
such as: transforming growth factor-β (TGF-β), hepatic growth factor (HGF), nitric 
oxide (NO), indolamine 2,3-dioxygenase (IDO), interleukin (IL)-10, IL-6, leuko-
cyte inhibitory factor (LIF), IL-1 receptor antagonist (IL-1Ra), galectins, tumor 
necrosis factor α-stimulated gene 6 (TSG-6), human leukocyte antigen-G (HLA-G), 
heme oxygenase-1 (HO-1) and prostaglandin E2 (PGE2) [9, 13]. Through the pro-
duction of TGF-β, MSCs suppress activation of Jak-Stat signaling pathway and 
cause the G1 cell cycle arrest, attenuating T, NK, and NKT cell proliferation [9]. 
IDO, an enzyme induced by proinflammatory cytokines (particularly interferon 
gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α)) converts tryptophan to 
kynurenine. The degradation of tryptophan, amino acid that is essential for lympho-
cyte proliferation, has been suggested to inhibit lymphocyte proliferation [9]. 
Through the production of IDO, MSCs suppress proliferation of T lymphocytes and 
attenuates cytotoxicity and cytokine production in NKT cells [14–17]. Immediately 
after tissue injury, tissue resident macrophages produce inflammatory chemokines 
and cytokines which attract MSCs to the sites of wounding where they produce NO 
that suppress immune cells [16]. Additionally, MSC-derived NO can increase IDO 
activity and augment MSC-based suppression of immune response [17]. Through 
the secretion of PGE2, MSCs suppress IL-2 production and the expression of IL-2 
receptor on T cells attenuating their proliferation and promote generation of immu-
nosuppressive regulatory T cells [9, 13]. Additionally, MSC-derived PGE2 is 
responsible for inhibited maturation of DCs and increased alternative activation of 
macrophages [9].

MSCs modulate function of all immune cells affecting both innate and acquired 
immunity [13]. MSCs inhibit the division of stimulated T cells by preventing their 
entry into the S phase of the cell cycle and by mediating irreversible G0/G1 phase 
arrest [18]. In contrast to the strong inhibitory effects of MSCs on T cell prolifera-
tion, there are only relatively minor and reversible effects on T cell effector func-
tion, particularly IFN-γ production [19]. Additionally, MSCs do not significantly 
affect T cell activation (based on CD25 and CD69 surface expression on MSC- 
primed T cells), does not appear to be antigen specific, works across human leuko-
cyte antigen (HLA) barriers and targets both primary and secondary T cell-driven 
immune response [19].

MSCs also inhibit the differentiation of monocytes into immature DCs blocking 
of the monocyte cell cycle at the G0 phase [20]. Cell contact between MSCs and 
DCs is not required for MSC-based modulation of DC maturation [13]. As a result 
of cross talk with DCs, MSCs produce soluble factors that attenuate maturation of 
DCs, downregulate expression of costimulatory molecules and suppress production 
of cytokines in DCs significantly reducing their ability to stimulate T cells [13].

B cell proliferation is inhibited by MSCs-derived soluble factors [9, 13]. B cell 
inhibition by MSCs is attributable to blockade of the G0/G1 phases of the cell cycle, 
similar to what occurs with T cells [21]. MSCs also reduce the expression of che-
mokine receptors and immunoglobulin production by activated B cells [21]. They 
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do not, however, appear to alter surface molecules involved in stimulatory cell coop-
eration, such as HLA-DR, CD40 and the B7 costimulators, or to inhibit the produc-
tion of TNF-α, IFN-γ, IL-4, and IL-10 [21].

MSCs significantly inhibit IL-2-stimulated proliferation of resting NK cells, but 
only partially impair proliferation of activated NK cells [13, 22]. Cell-to-cell con-
tact and soluble factors such as TGF-β, NO, IDO, and PGE2 are responsible for this 
effect [9, 22]. Similarly, in NO and IDO dependent manner, MSCs suppress cyto-
toxicity and production of inflammatory cytokines in liver NKT cells [17, 23]. 
MSCs, through the secretion of immunosuppressive factors, suppress inflammatory 
M1 macrophages and promote their conversion in alternative M2, significantly 
attenuating macrophage driven inflammation [9, 13, 24].

8.4  Impact of MSCs on Angiogenesis

During ischemic injury, MSCs have been shown to promote angiogenesis through 
the: (a) secretion of trophic factors; (b) stimulation of endogenous endothelial pro-
genitor cells (EPCs); (c) immune regulation of the microenvironment to enhance 
survival and proliferation of endothelial cells (ECs) [25].

A broad repertoire of angiogenic factors have been detected in the secretome of 
BM-MSCs, including vascular endothelial growth factor (VEGF), fibroblast growth 
factor (FGF)-2, angiopoietin-1 (Ang-1), monocyte chemoattractant protein-1 
(MCP-1), interleukin-6 (IL-6), and placental growth factor (PLGF), that enhance 
angiogenesis [26–30]. Additionally, recently, in secretome of BM-MSCs, Cyr61 
protein (cysteine-rich, angiogenic inducer 61), an important proangiogenic mole-
cule, was identified [27] indicating its role in MSC-mediated generation of new 
blood vessels. It is well known that hypoxic conditions, TNF-α and lipopolysac-
charide (LPS) upregulate the secretion of angiogenic factors by MSCs in an 
NF-kappa β dependent manner [29]. Transforming growth factor α (TGF-α), pro-
duced after ECs injury, through the activation of MEK/MAPK and the PI3K/AKT 
signaling pathways, induces production of proangiogenic factors (VEGF, HGF, 
IL-6, IL-8, and Ang-2) in BM-MSCs [30]. In order to grow, capillaries require deg-
radation of the surrounding extracellular matrix (ECM) to allow endothelial cell 
sprouting. Matrix metalloproteinases (MMPs) are a group of enzymes that are 
responsible for the degradation of extracellular matrix proteins [29]. Some of them, 
including MMP2, MMP9, and MMP14 are secreted by MSCs [29], playing an 
important role in MSC-dependent modulation of angiogenesis.

Since MSCs can be found in the perivascular space in virtually all organs from 
where MSCs were obtained, particularly interesting is their interaction with peri-
cytes and EPCs [31, 32]. Pericytes may be considered as vascular MSCs capable of 
migrating under appropriate stimulation from the MSC vascular niche to the vascu-
lar tube where they regulate the neovascularization by secreting cytokines, such as 
VEGF-A [33, 34]. EPCs stimulate angiogenesis mainly by secreting proangiogenic 
cytokines (VEGF, HGF, G-CSF, and IL-8) that induce recruitment, proliferation and 
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survival of mature ECs [35]. MSC-EPC interaction relies on both paracrine and 
cell-to-cell communication [36]. Effects of MSCs and EPCs on angiogenesis are 
complementary since factors that are produced by EPCs successfully stimulate 
engraftment and MSC-mediated neovasculogenesis of transplanted MSCs [36]. 
Intercellular communication between MSCs pericytes and EPCs can also be modu-
lated via the production of microcellular or nanocellular membrane vesicles, which 
can carry mediators (growth factors, cytokines, lipids, proteins) and genetic infor-
mation (mRNA, premiRNA, miRNA, tRNA) between cells [37]. The ability of such 
microvesicles to stimulate angiogenesis has been described both in vitro and in vivo 
and emerging evidence indicates that microRNAs (miRNAs) play a significant role 
in MSC-mediated vascular biology and tissue repair [38].

8.5  The Role of Autophagy in the Maintenance of MSC 
Stemness, Survival, and Function

Appearing evidence indicates that autophagy plays a consistent role in the modula-
tion of proliferation, differentiation and stemness of MSC [3]. Therefore, a great 
effort has been made trying to evaluate the role of autophagy induced by various 
extracellular or intracellular stimuli in the maintenance of MSC stemness, survival, 
and function [3].

In order to maintain their stemness, MSCs actively reduce a deterioration process 
by establishing low-reactive oxygen species environments [3]. Results from a recent 
study indicate that autophagy may have an important role in protecting stemness of 
MSCs from irradiation injury. It has been demonstrated that autophagy induced by 
starvation or rapamycin can reduce reactive oxygen species (ROS) accumulation- 
associated DNA damage, therefore maintaining stemness of MSC, whereas inhibi-
tion of autophagy leads to ROS accumulation and DNA damage, ultimately resulting 
in cell death [39].

Several studies investigated the role of hypoxia-induced autophagy for stem-
ness, proliferation and survival of MSCs [40–43]. Hypoxia-inducible factor 1 (HIF-
1) is a transcription factor, which functions as a master regulator of adaptive 
responses to hypoxia by improving a local microcirculation via its effects on vascu-
lar growth [40]. Recent studies have indicated that HIF-1 regulates the autophagy 
when MSCs are cultured under hypoxic conditions [41–43]. Hypoxia has been 
shown to promote BM-MSC proliferation, through the activation of apelin–APJ 
axis and through the activation of downstream autophagy pathway [41, 42]. 
Hypoxia-induced apoptosis of MSCs was increased by the autophagy inhibitor 
3-methyladenine (3-MA), and decreased by rapamycin, a positive inducer of 
autophagy, suggesting that the self- eating process might protect MSCs from 
hypoxia-induced apoptosis. Additionally, atorvastatin, a commonly prescribed 
statin, could effectively activate autophagy via AMPK/mTOR pathway increasing 
survival of MSCs under hypoxic conditions [43].
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Although results obtained in all these studies [40–43] strongly indicate beneficial 
effects of autophagy on stemness and survival of MSCs, opposite findings were 
recently reported [44, 45]. As demonstrated by Chang and colleagues, BM-MSCs 
cultured in a medium containing high glucose concentrations have premature senes-
cence, genomic instability and telomere changes [44]. Activation of autophagy, cor-
related with senescence changes in BM-MSCs and deletion of autophagy-related 
genes accelerates senescence of MSCs [44, 45]. In line with this data, 3-MA-induced 
inhibition of autophagy prevents cell death of MSCs [44], suggesting that inhibition 
and not activation of autophagy was important for survival of MSCs that were cul-
tured in conditions not optimal.

Commitment of transplanted and engrafted MSCs to different lineages is regu-
lated by many cues in the local tissue microenvironment, such as plating density, 
cell shape, cytoskeleton tension and adhesive, mechanical or structural cellular 
properties, and is determined by a variety of growth factors [9]. Among these, FGF, 
epidermal growth factor (EGF) and HGF stimulate proliferation of engrafted MSC 
and promote their differentiation toward specific cell types [9]. In line with these 
findings, it has been recently shown that autophagy as well, can play an important 
role in the commitment of MSC to different lineages, especially toward the osteo-
blastic and adipogenic lineages [3]. It was demonstrated that undifferentiated MSC 
exist in a state of arrested autophagy with an accumulation of undegraded autopha-
gic vacuoles and little autophagic turnover, whereas stimulation of osteogenic dif-
ferentiation leads to a consistent increase in autophagis turnover [46]. Thus, 
autophagy seems to be of fundamental importance in the control of osteogenic dif-
ferentiation and this seems to be related to the early mammalian target of rapamycin 
(mTOR) inhibition and the late activation of the Akt/mTOR signaling axis [3]. On 
the contrary, during adipogenic differentiation, the alteration in the autophagosome 
balance led to significant changes in differentiation efficiency of MSCs. Activation 
of autophagy inhibited adipocyte formation while accelerated fat accumulation was 
noticed after autophagosome blockade [46].

Autophagy also has an influence on the immunosuppressive function of MSCs. 
Most recently, Gao and coworkers demonstrated that rapamycin-induced activation 
of autophagy strengthened the capacity of MSCs to inhibit CD4+ T cell prolifera-
tion, whereas 3-MA-induced inhibition of autophagy weakened the immunosup-
pressive potential of MSCs against effector T helper cells. It seems that autophagy 
mainly affected production of immunosuppressive TGF-β in MSCs modulating 
their capacity to inhibit CD4+ T cells. Rapamycin-pretreated MSCs secreted more 
while 3-MA-pretreated MSCs secreted less amounts of TGF-β when compared with 
the control MSCs. Also, exogenous addition of TGF-β recovered the immunosup-
pressive capacity of 3-MA-pretreated MSCs, whereas blocking of TGF-β (by anti- 
TGF- β monoclonal antibody) significantly reduced the immunosuppressive capacity 
of rapamycin-pretreated MSCs toward CD4+ T cells, indicating the importance of 
cross talk between TGF-β signaling and autophagy pathways for MSC-mediated 
inhibition of T cell-driven pathology [47]. However, completely opposite findings 
were reported by Dang and colleagues who investigated the role of autophagy in 
MSC-mediated suppression of CD4+ T cells in experimental autoimmune 
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 encephalomyelitis, murine model of multiple sclerosis [48]. They indicated that 
inhibition and not activation of autophagy is important for enhancement of MSC-
mediated suppression of effector T cells. An inhibition of autophagy significantly 
increased MAPK 1/3 activation in MSCs, which was essential for PGE2-dependent 
suppression of CD4+ T cells and attenuation of EAE in MSC-treated animals [48].

In addition to its effects of immunomodulatory functions of MSCs, activation of 
autophagy in tumor-infiltrated MSCs may provide support for the growth of neigh-
boring tumor cells [49]. MSCs, cultured in serum-free medium, survive prolonged 
serum deprivation by utilizing autophagy to recycle macromolecules in beclin-1, 
ATG10, ATG12 and MAP-LC3 dependent manner. At the same time, MSCs with 
upregulated autophagy-related genes, increased production of antiapoptotic factors 
(insulin-like growth factor 1, insulin-like growth factor 2, TGF-β, and insulin-like 
growth factor binding protein 2) that facilitated the survival of surrounding tumor 
cells enabling rapid tumor growth [49]. Among all these MSC-derived antiapoptotic 
factors, it seems that TGF-β had the most important role since TGF-β neutralization 
completely abrogated protective effects of autophagy activated MSC-derived secre-
tome on tumor cell survival [49].

8.6  The Effects of Autophagy on the Therapeutic Potential 
of MSCs

One of the major barriers for successful transplantation of MSCs is their poor sur-
vival after engraftment in the inflamed and hypoxic tissues [3]. Since autophagy 
regulates survival [40–43], differentiation potential [46] and immunomodulatory 
characteristics [47, 48] of engrafted MSCs, modulation of autophagy in transplanted 
MSCs may represent a novel strategy to improve MSCs-based therapy of autoim-
mune, ischemic and degenerative diseases [3]. Until now, modulation of autophagy 
as new approach for enhancement of immunomodulatory properties of MSCs has 
been examined in animal models of multiple sclerosis (MS), osteoporosis, diabetes, 
myocardial infarction, and graft-versus-host disease.

MS is an autoimmune disease that is characterized by inflammation of central 
nervous system (CNS), demyelination, axonal loss, and degeneration. Results 
obtained in EAE, well established murine model of MS, indicated the crucial impor-
tance of myelin-specific T cells in the pathogenesis of this disease. These CD4+ T 
cells, activated on periphery, migrate and infiltrate into the CNS, where they, through 
the production of inflammatory cytokines (TNFα, IFN-γ, IL-17A) induce damage 
of the myelin and axons [50]. MSC-mediated suppression of CNS-infiltrated 
CD4+T cells has been shown as promising cell based therapy for the treatment of 
MS [50]. However, only paucity of transplanted MSCs have been noticed in CNS of 
MSC-treated mice suffering from EAE indicating that modulation of autophagy 
should be tested as new approach for enhancement of MSC survival in CNS. It is 
well known that MSCs, engrafted in CNS, enhance autophagy of neighboring 

8 The Role of Autophagy in Mesenchymal Stem Cell-Based Suppression of Immune…



128

 neuronal cells having neuroprotective effect [51]. Additionally, in response to 
inflammatory cytokines (TNF-α and IFN-γ), MSCs that were transplanted in mice 
with EAE undergo autophagy, as well, by inducing expression of Beclin 1. Activation 
of autophagy significantly attenuates capacity of MSCs to suppress CD4+ T cells 
while inhibition of autophagy (by knocking down Beclin 1), significantly improved 
the therapeutic effects of MSCs on EAE increasing their immunosuppressive effects 
on CD4+ T cells [48].

Glucocorticoid-induced osteoporosis (GIOP) is a widespread clinical complica-
tion of glucocorticoid therapy, and the most common type of secondary osteoporo-
sis [52]. Oral glucocorticoids reduce the proliferation and increase the apoptosis of 
osteoblasts, prolong the survival of osteoclasts and enhance bone resorption, so the 
risk of bone fracture is increased in patients that receive glucocorticoid therapy. At 
the same time, BM-MSCs represent key cellular source for bone repair and regen-
eration in GIOP patients [52]. Recently, autophagy was determined as an important 
mechanism responsible for maintenance of bone tissue homeostasis in GIOP due to 
its effects on survival of BM-MSCs [52]. Glucocorticoid therapy induced autoph-
agy in BM-MSCs as a mechanism of protection from starvation-induced apoptosis. 
Accordingly, 3-MA-induced inhibition of autophagy reduced proliferation of 
BM-MSCs and increased apoptosis of BM-MSCs resulting with the reduction in 
bone mass. These findings strongly suggest that regulation of autophagy should be 
considered as a new strategy aimed to increase effects of BM-MSC-based therapy 
in GIOP patients [52].

Due to their immunomodulatory and proangiogenic characteristics BM-MSCs 
have been widely used as an attractive candidate for cell-based therapy of myocar-
dial infarction (MI) [53]. However, previous studies have revealed that BM-MSCs 
have undergone an acute death in 1 week after transplantation in the infarcted heart 
[53]. Since poor viability of engrafted MSCs limits their therapeutic efficiency, new 
approaches that will enhance viability of transplanted MSCs are urgently needed. A 
recently published study has shown that survival of MSCs after transplantation in 
damaged myocardium can be enhanced by drugs like atorvastatin, which activates 
autophagy via the AMPK/mTOR pathway [41]. Activation of autophagy in MSCs 
enables their survival under hypoxic conditions [41]. Additionally, apoptosis of 
BM-MSCs under hypoxic condition was regulated by autophagy and AMPK/mTOR 
pathway, as well, indicating that activation of autophagy may be useful approach to 
enhance survival of engrafted MSCs in ischemic myocardium [54].

The possible therapeutic effect of MSCs in diabetes is suggested by their capac-
ity to generate insulin-producing cells in  vitro and to normalize hyperglycemia 
in vivo, in a diabetic animal model [10]. Additionally, several lines of evidence sug-
gested that mainly due to their proangiogenic characteristics, MSCs may be used for 
the treatment of diabetic complications: lower limb ischemia, polyneuropathy, car-
diomyopathy, nephropathy, erectile dysfunction [5]. However, as previously dis-
cussed, MSCs transplanted into an ischemic environment have reduced cell survival 
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rates and impaired angiogenic capacity. Therefore, pretreatment of MSCs in vitro 
has become a primary method to improve their survival and efficiency. Liu J and 
colleagues found that hypoxic pretreatment and elevated expression of HIF-1-α did 
not alter phenotype and differentiation potential of MSCs, but managed to signifi-
cantly enhance their survival by promoting autophagy and by inhibiting apoptosis 
through the activation of AMPK/mTOR signaling pathway [55]. Furthermore, acti-
vated autophagy in MSCs correlated with increased angiogenesis in the lower limbs 
of MSC-treated ischemic diabetic rats [55], suggesting that induction of autophagy 
can be a useful approach for enhancement of proangiogenic characteristics of 
MSCs. Similar conclusions were made by Liu G and coworkers who evaluated 
induction of autophagy in MSCs as a new approach for the enhancement of their 
therapeutic potential in the therapy of diabetic erectile dysfunction [56]. Autophagy 
can be induced through the JNK-mediated phosphorylation or degradation of Bcl-2, 
which attenuates Bcl-2 dependent inhibition of Beclin-1 [57]. When MSCs engraft 
in inflammatory microenvironment, ROS induce, at the same time, apoptosis and 
autophagy in transplanted MSCs through JNK-mediated Bcl-2 degradation. An 
augmentation of autophagy counteracts apoptosis in MSCs, thus prolonging MSC 
survival and improving their therapeutic efficacy in the treatment of diabetic erectile 
dysfunction [56].

Acute graft-versus-host disease (aGVHD) remains a lethal and significant com-
plication in allogeneic bone marrow transplantation (BMT) recipients [58]. MSCs 
can protect BMT recipients from the lethal aGVHD through the production of 
immunosuppressive factors (IL-10, TGF-β and IDO) [58]. However, it has to be 
highlighted that MSCs are not always immunosuppressive [13]. When MSCs are 
transplanted in the tissue with high levels of inflammatory cytokines, MSCs develop 
an immunosuppressive phenotype, but when MSCs are engrafted in the microenvi-
ronment with low levels of inflammatory mediators, they obtain proinflammatory 
phenotype, produce large amounts of proinflammatory cytokines and chemokines 
that stimulate activation and migration of neutrophils and T cells and increase 
inflammation [13]. These opposite actions may limit therapeutic use of MSCs in the 
treatment of aGVHD, and the optimization of their immunomodulatory properties 
can increase safeness of MSC-based therapy of aGVHD. Kim and colleagues dem-
onstrated that rapamycin-induced activation of autophagy in AT-MSCs significantly 
increased expression of autophagy related genes (ATG5, LC3A and LC3B) that 
resulted with increased production of immunosuppressive factors (IL-10, IDO, and 
TGF-β). Additionally, by promoting expansion of T regulatory cells and by attenu-
ating proliferation and effector functions of CD4+ Th17 cells, rapamycin-treated 
AT-MSCs more efficiently attenuated aGVHD than control AT-MSCs in vivo [58]. 
Therefore, activation of autophagy can be further explored as new approach for 
optimization of the immunomodulatory characteristics of AT-MSCs in the cell- 
based therapy of aGVHD patients.
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8.7  Conclusions

Despite the fact that MSCs are, due to their differentiation, immunomodulatory, and 
proangiogenic properties, widely used for the treatment of autoimmune, ischemic, 
and degenerative diseases, these cells have undergone an acute death within 1 or few 
weeks after transplantation in the ischemic microenvironment. Since an augmenta-
tion of autophagy significantly enhances viability, immunosuppressive, and proan-
giogenic characteristics of engrafted MSCs, regulation of autophagy may represent 
a new therapeutic approach that will enhance the efficacy of MSC-based therapy.
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Chapter 9
Emerging Connections: Synaptic  
Autophagy in Brain Aging and Disease

YongTian Liang

Abstract The imbalance of proteostasis has been implicated in brain aging and 
neurodegenerative diseases. Therefore, clearing dysfunctional proteins and organ-
elles in neurons via macroautophagy opens a new avenue to rejuvenate the protein 
pools and, thus, promotes synaptic and neuronal integrity and function. Evidence 
shows that autophagy is crucial in regulating neuronal development and maintain-
ing neuronal integrity. Recent work has demonstrated that autophagosome forma-
tion is prominent at synaptic terminals, stimulating research interest in the process 
of synaptic autophagy. Furthermore, the roles for autophagosomes in transfering 
neuronal signaling during their retrograde transport to the soma, maintaining neuro-
nal homeostasis and synaptic plasticity are beginning to emerge, yet we are only at 
the inception of our understanding of synapse-specific regulatory factors involved 
in synaptic autophagy. Hence, delineating interactions between synaptic cargoes 
and synaptic autophagy will provide a more comprehensive understanding of the 
roles for autophagy in maintaining neuronal function by regulating synaptic trans-
mission and plasticity. In this chapter, I will briefly review how synaptic autophagy 
intersects with brain aging and disease.
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ASM Anesthesia-sensitive memory
Aß Amyloid-ß
AZs Active zones
BDNF Brain-derived neurotrophic factor
CMA Chaperone-mediated autophagy
CNS Central nervous system
DR Dietary restriction
eIF5A Eukaryotic translation initiation factor 5A
FTLD Frontotemporal lobar degeneration
HD Huntington’s disease
HTT Huntingtin
MFRTA Mitochondrial free radical theory of aging
PD Parkinson’s disease
PN Proteostasis network
STED stimulated emission depletion
SV Synaptic vesicles
UPS Ubiquitin–proteasome system

9.1  Aging and Aging-Associated Diseases

Since time immemorial, kings and emperors have searched the longevity elixir for 
eternal life to reverse the aging process. Mankind’s quest to live longer has been 
successful to a certain degree. With the advances in public health and medical con-
ditions, life expectancy has been increasing considerably throughout the twentieth 
century. However, the potentially more important metric health span does not neces-
sarily come along with extending life span. It is reassuring that healthy aging has 
been recognized at least as equally important as longer life span. Considerable evi-
dence suggests that aging is one of the highest risk factors known for most human 
diseases and mortality [1]. Put differently, it is the increased threat for maladies 
such as cardiovascular disease, cancer, diabetes, sarcopenia, osteoporosis, and cog-
nitive decline that is more troublesome than the endpoint [2]. Intuitively, it is now 
imperative that we discuss more intensively attributes of cellular aging and aging 
biochemistry as well as its impact on neurodegenerative diseases.

In fact, age-related disorders have already become a great socioeconomic burden 
around the world. Among them age-induced memory impairment (AMI) is deemed 
as one of the biggest challenges. In recent years, interventions and potential thera-
peutics that aim to improve life span and health span are being extensively investi-
gated. Undeniably, the examinations of such novel interventions and/or therapeutics 
that act to slow the aging process will, in turn, help steer the field toward facilitating 
prolonged periods of healthiness and extending life span in humans.

Despite a growing body of literature and remarkable progress in aging research 
over the past few decades, the detailed mechanisms that drive aging and how the 
process of aging is regulated on a molecular and cellular level have yet to be fully 
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elucidated. Astonishingly, over 300 theories of aging have been proposed to 
explain the events that lead to the death of an organism [3]. To complicate things 
further, they may interact with each other in a complex manner. Of note, the mito-
chondrial free radical theory of aging (MFRTA) remained arguably the main the-
ory for aging for many decades. Yet this theory has been strongly challenged 
[4–6]. Thus far, modern theories of biological aging in humans mainly fall into 
two categories: programmed and random process, neither of which arrives at a full 
satisfaction. In brief, there is currently no consensus on these theories of aging, 
because the aging process is highly complex, involving multiple regulatory and 
executive mechanisms at different levels. Unsurprisingly, in the past few years it 
has been of great interest to understand which factors influence this inevitable and 
complex process. As a result, a wide array of molecular and cellular damages has 
been identified and shown to accumulate during aging. The lifelong accumulation 
of such damages will eventually result in frailty and diseases [7]. Thus, it remains 
a major challenge to identify and categorize factors that cause aging and their 
relative contribution to aging.

9.2  Aging and Neurodegenerative Diseases Converge 
on an Imbalance in Proteostasis Network

The cellular and molecular hallmarks that represent common denominators of aging 
have been proposed [8]. Aging is associated with a loss of proteostasis, altered 
nutrient sensing, organellar and mitochondrial damage, cellular senescence, and 
stem cell exhaustion, among other dysfunctions [8]. Lopez-Otin and collaborators 
identified the loss of protein homeostasis (proteostasis) and stem cell exhaustion as 
major processes involved in the decline of the regenerative potential capacity related 
to the buildup of age-associated damage [9]. Above all, loss of proteostasis was 
considered a primary hallmark, while stem cell decline emerged as an integrative 
hallmark [8].

Mechanistically, proteostasis is attained by the coordinated action of multiple 
cellular pathways known collectively as the proteostasis network (PN) [10], which 
regulates protein synthesis, folding, transport, quality control, and degradation to 
preserve the proteome integrity and limit the accumulation of protein aggregates 
[11]. Aging, disease-associated mutations, polymorphisms, and energetic deficits 
challenge the PN [12], and the accumulation of instable proteins gives rise to ubiq-
uitous protein aggregation [13, 14] (see Fig. 9.1).

Fig. 9.1 Aging and 
disease challenge the 
proteostasis network
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Compelling evidence pinpoints that compromised or impaired proteostasis is 
major characteristics implicated in aging and neurodegenerative diseases [12, 
15]. How might the impairment or even loss of proteostasis contribute to synap-
tic and neuronal dysfunction? Several studies have characterized the mouse 
brain synaptosomal proteome [16–18] and age-related proteomic changes in the 
brain [19–21].

Indeed, the accumulation of intracytoplasmic protein aggregations in neurons is 
a common hallmark implicated in many neurodegenerative diseases, including 
Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis 
(ALS), and Alzheimer’s disease (AD) [22]. The etiology of PD remains elusive, but 
virtually all cases of PD involve the formation of intraneuronal presynaptic protein 
aggregates of α-synuclein [23], although the accrual of dysfunctional mitochondria 
and their turnover failure should not be neglected [24]. HD is caused by the 
Huntingtin (HTT) gene mutations which leads to polyglutamine (polyQ) expansion 
and, hence, neuronal proteostasis collapse [25, 26]. A common pathological hall-
mark of both ALS and frontotemporal lobar degeneration (FTLD) is the existence 
of cytoplasmic protein aggregates and inclusions in affected neurons and glia cells 
[27–29]. The most common dementia, namely AD, is characterized by the buildup 
of amyloid-ß (Aß) plaques and tau [22, 30–33].

In short, alterations in cellular proteostasis are a common feature of aging and 
many neurodegenerative disorders. The current challenge is to explore and identify 
the pathogenic mechanisms of neuronal proteostasis imbalance in different brain 
regions, and to understand how these proteostasis pathways ensure and confer neu-
ronal and synaptic integrity.

9.3  Maintaining the Synaptic and Neuronal Integrity: 
A Formidable Challenge

Neurons are connected to each other via specialized contacts known as synapses, 
which are very dynamic structures that allow the relay of information between the 
presynaptic neuron and postsynaptic neuron via the release of neurotransmitters. 
These synaptic connections form neural networks, which is fundamental to diverse 
neural activities and brain functions, including motor action, sensory perception, 
learning, cognition, emotion, and sleep [34, 35]. Somewhat surprisingly, the fact 
that the “average” synapse may host around 300,000 proteins [36], which, beyond 
doubt, poses a great challenge for keeping the homeostasis of neuronal and synaptic 
proteome.

Moreover, increases of neuronal activities, especially energy-demanding 
synaptic transmission [37], render synaptic proteins and organelles (particularly 
mitochondria) vulnerable to accumulated damages. The intense synaptic activ-
ity places synaptic and neuronal proteome at high risk for misfolding and 
molecular damages [38].
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Structurally, neurons are asymmetric cells that consist of somatodendritic and 
axonal compartments. This unique neuronal morphology complicates the long jour-
ney for protein transport from the soma to the presynaptic and postsynaptic special-
izations [39].

Studies in the adult human hippocampus show that neurogenesis occurs only 
very infrequently during adulthood, and then only within certain areas [40, 41]. 
Most synapses and neurons have to maintain their plasticity and integrity for the 
lifetime of an organism. Being post-mitotic, neurons simply cannot dilute defective 
proteins and organelles through cell division.

Collectively, these hostile circumstances raise the chance of an accumulation of 
defective proteins and/or organelles for extended periods of time. Intuitively, main-
taining synaptic and neuronal integrity, while concurrently allowing for fine-tuning 
of synaptic plasticity constitute a formidable challenge [39]. Thus, one might expect 
specific mechanistic adaptations and solutions that support neurons in removing 
toxic proteins and defective organelles? Along these lines, it would be central to 
pinpoint how the mechanisms of synaptic protein homeostasis are tailored to the 
specific proteomic demands in neurons.

9.4  Autophagy Efficacy Critical for Neuronal Development 
and Integrity

In the course of evolution, neurons have utilized a number of adaptations and strate-
gies to remove defective proteins in order to preserve the synaptic and neuronal 
homeostasis [12, 42]. Quality control mechanisms of the stability and functionality 
of the proteome include molecular chaperones and co-chaperones, the ubiquitin–
proteasome system (UPS), and the autophagy machinery [12]. Notably, distinct 
forms of autophagy exist in the cell: macroautophagy (hereafter referred as autoph-
agy), microautophagy, and chaperone-mediated autophagy (CMA) [38, 43–45]. 
Autophagy will be specifically focused in subsequent sections.

Autophagy is an evolutionarily conserved intracellular catabolic process that 
sequesters cytosolic proteins, membrane proteins, organelles, and protein aggre-
gates into autophagosomes, which then fuse with lysosomes for bulk degradation. 
Selective autophagy recognizes and recruits targets via autophagy receptors. These 
targets have been described, such as aggregate-prone proteins (aggrephagy), dam-
aged mitochondria (mitophagy), excess peroxisomes (pexophagy), ribosomes 
(ribophagy), endoplasmic reticulum (reticulophagy), and invading pathogens 
(xenophagy) [46].

The fundamental importance of autophagy is demonstrated by the fact that its 
dysregulation is implicated in multiple human diseases, including neurodegenera-
tion, infection, and cancer [47, 48]. Multiple major diseases (including but not 
 limited to age-associated and neurodegenerative pathologies) are being scrutinized 
for pathogenic aberrations in autophagy and their pharmacologic correction [49].
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Clear-cut evidence pointed to the importance of autophagy in the developing 
central nervous system (CNS). Early studies established that a deficiency of Atg7 or 
Atg5 specifically in the brain causes neurodegeneration and the accumulation of 
polyubiquinated proteins as inclusion bodies [50, 51]. Fimia and colleagues found 
that Ambra1 (activating molecule in Beclin1-regulated autophagy) functional defi-
ciency in mouse embryo results in severe neural tube defects related to impaired 
autophagy [52]. Dragich and colleagues reported that Alfy (autophagy linked FYVE 
protein) is required for axonal tracts formation throughout the brain and spinal cord 
[53]. Tang and colleagues found that developmental spine pruning is disrupted, 
whose deficits correlate with hyperactivation of mTOR (inhibiting autophagy). 
Moreover, neuronal specific autophagy-deficient mice exhibit autism spectrum dis-
orders (ASD)-like behaviors and synaptic pathology [54]. Shedding more light on 
this issue, recent work has further demonstrated that restoration of autophagy in the 
brain suffices to rescue the neonatal lethality in Atg5-null mice [55].

It has been demonstrated that alterations in autophagy are also associated with 
neurodegeneration in humans [56–60]. Similarly, studies in different model organ-
isms have implicated autophagy as a crucial regulator of aging [49, 61–63]. The last 
few years have witnessed an accural of evidence that efficacy of neuronal autophagy 
declines with age [62, 64–66]. In the aging human brain, autophagic core machin-
ery, including ATG5 and ATG7, are transcriptionally downregulated with age [67].

Compromise in autophagic flux and efficacy seems causally involved in the pro-
gression of brain aging and neurodegeneration, but that neurons may upregulate 
autophagy to adapt and stimulate protective changes upon stress could be equally 
possible [39]. Interestingly, preliminary findings support the possibility that inter-
cellular coordination of autophagy [68–70] may exist between neurons and glia in 
the brain. In addition, novel pathways may shuttle cellular garbage [71, 72] and 
even transfer signaling information from neurons to glia. Thus, the quality control 
pathways between neurons and glia might provide alternative mechanisms to sup-
port neuronal survival and function upon neurotoxic stress [73]. While the exact 
mechanistic adaptations of autophagy to the specific neuronal status must be further 
deciphered, autophagy, without doubt, operates as a critical checkpoint to assure the 
continuous renewal of intracellular proteins and organelles in neurons. Thus, the 
question arises whether promoting neuronal autophagy could protect from age- 
associated impairments?

9.5  Autophagy in Brain and Synapse Aging

A decade ago, elevating autophagy specifically in neurons was shown to extend life 
span in drosophila [74]. On the contrary, decreasing autophagy reduces life span 
and provokes neurodegeneration [74, 75]. Therefore, the restitution or promotion of 
autophagic function via different avenues has been proposed as one promising 
approach to delay aging, including brain aging [76].
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In this regard, treatments such as physical exercise, dietary restriction (DR), 
rapamycin, and spermidine have been tested in different context (see Fig. 9.2). Luo 
and colleagues reported that physical exercise preserves cognitive function via acti-
vated autophagy/mitophagy in the aged hippocampus, and lysosomal degradation is 
required for this process [77]. However, implementing healthy lifestyles, such as 
dietary restriction and/or physical exercise, might not be universally applicable. 
Thus, substances that may work as DR mimetics without (serious) side effects have 
spurred extraordinary interest. Rapamycin is found to extend life span across many 
species [78, 79] (see Fig. 9.2). Moreover, independent of its autophagy activation 
mechanism, rapamycin has been found to inhibit protein aggregates, an effect cor-
related with reduced protein translation [80, 81]. Chronic rapamycin treatment has 
been shown to improve cognitive performance [82]. However, rapamycin-based 
therapy suppresses immune function and might cause serious side effects when 
applied alone. Combination therapy with rapamycin or rapalogs might improve 
drug efficacy and delay the emergence of drug resistance, but further experiments 
exploring novel drug combinations with optimal doses should be carried out [83].

Is there body-endogenous substances that could reset autophagy at juvenile lev-
els in aging tissues? Notably, polyamines were shown to decrease in an age-related 
fashion in a broad spectrum of animals and tissues investigated, and resubstitution 
of juvenile polyamine levels was shown to restore autophagy and thereby promote 
longevity in yeast, C. elegans, Drosophila and mice [84, 85]. While the exact 

Fig. 9.2 Neuronal autophagy and proteostasis intersecting with synaptic aging and cognitive 
decline. An age-associated upshift in the active zone scaffolds (Bruchpilot, Unc-13) size and 
release function might contribute to age-induced memory impairment (AMI). Antiaging treat-
ments (spermidine and rapamycin supplement, dietary restriction, physical exercise) may rejuve-
nate autophagy and thus restore proteostasis. The retrograde transport of autophagosomes might 
also play a role in protective neuronal signaling (Modified from https://www.tandfonline.com/doi/
full/10.1080/15548627.2016.1265193)
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 mechanistic route linking spermidine levels to autophagy needs further attention, 
modulation of the proteome acetylation status via the inhibition of specific acetyl-
transferase might be involved [86]. Lately, regulation of autophagy at the level of 
translation has been revealed, where Lubas and colleagues discovered eukaryotic 
translation initiation factor 5A (eIF5A) hypusination promotes autophagy by 
enhancing ATG3 translation [87]. It is worth mentioning that eIF5A is the only 
known protein to contain spermidine-derived (spermidine transfers its aminobutyl 
moiety to one specific lysine residue of eIF5A precursor) hypusine [88]. Thus, it 
seems possible that spermidine-induced autophagy might, to some degree, stem 
from the hypusination of eIF5A.

Drosophila (the fruit flies) are a well-established powerful model used to study 
the mechanisms of aging and age-induced memory impairment [89–91], at least 
partially due to their short life span and easily manipulated genetics [90]. 
Intermediate-term memory can be further divided into anesthesia-sensitive memory 
(ASM) and anesthesia-resistant memory (ARM), with the latter being more stable 
[92]. The underlying mechanisms of AMI remain elusive, because when examining 
causative changes in brain structure it is hard to distinguish between adaptive and 
protective changes. Spermidine feeding was found to block AMI, namely age- 
sensitive memory component (ASM) which normally declines with age [93], while 
the age-insensitive component (ARM) was not altered (by spermidine). The protec-
tive effects in cognitive function are autophagy-dependent, as the loss of a single 
copy Atg7 eliminated spermidine-mediated memory rescue in aged flies [62].

Studies in humans and animal model imply that impairments in cognitive 
function, including AMI, are not due to the loss of neurons, but linked to subtle 
age- associated alterations in synaptic plasticity [94]. Thus, a deeper understand-
ing of AMI, especially at the synapse would ultimately deliver a conceptual 
framework for delaying and/or preventing AMI.  Indeed, changes in the ultra-
structural levels and, hence, “synapse strength” has been considered a key mech-
anism for memory formation [94, 95]. In our context, a brain-wide, age-dependent 
up-shift (termed RAMP-UP) was found in the ultrastructural size (in this context 
Bruchpilot and Unc-13) (see Fig.  9.2) and release function of the presynaptic 
active zones (AZs) in the fly brain from both electron microscopy and stimulated 
emission depletion (STED) microscopy quantifications [96] (see Fig. 9.2). This 
upshift may push synapses beyond their upper operational limit, narrow the “syn-
aptic plasticity” process, and consequently interfere with learning and memory 
[97] (see Fig. 9.2).

In the aforementioned scenario, the synaptic basis for AMI, and the role of 
boosting autophagy via spermidine at the synapse in aged fruit flies exemplify 
how synaptic autophagy might tangle with cognitive function and many other 
functional aspects of the brain. These are only just emerging which should be 
subject to further scientific scrutiny. Obviously, synaptic autophagy has the poten-
tial to become of vital importance for protective strategies in the context of aging-
associated dysfunctions of the brain. This brings up the question of what cargoes 
are degraded in neurons.
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9.6  Emerging Synaptic Cargoes: Substrates for Synaptic 
Autophagy

So far, it remains ambiguous whether the presynaptic specializations (including 
synaptic proteins and synaptic vesicles), postsynaptic receptors, and synaptic organ-
elles might be direct and/or specific substrates of the autophagic clearance 
program.

Several lines of evidence identify the molecular machinery (see Table 9.1) that 
controls autophagy at presynaptic terminals. Synaptic proteins such as EndophilinA 
[98] and Synaptojanin-1 [99] were reported to intersect with autophagy machinery 
to promote synaptic autophagy. Contrarily, a presynaptic scaffolding protein 
Bassoon [100] inhibits presynaptic autophagy by sequestering Atg5. These seem-
ingly opposing regulation and coordination of presynaptic autophagy by synaptic 
proteins might serve as a dynamic switch during aging and neurodegenerative dis-
eases [39].

Moreover, autophagosomal and endolysosomal mechanisms have been found to 
mediate synaptic vesicles (SV) degradation (see Table 9.1). Recently, it was shown 
that Rab26 links synaptic vesicles to the autophagy pathway [101]. Besides, synap-
tic endosomes act as sorting stations for synaptic vesicle proteins degradation, such 
as Rab5 [102] and Rab35 [103]. It is worth mentioning that autophagy and endoly-
sosomal pathways are connected, as autophagosomes fuse with late endosomes 
prior to lysosomal degradation. Whether these two pathways work in parallel, or 
whether autophagy operates only as a complementary mechanism for SV degrada-
tion at the synapse remains unanswered.

Intriguingly, postsynaptic cargoes, including neurotransmitter receptors (see 
Table 9.1), can also be substrates for autophagic degradation. In 2006, Rowland and 
colleagues showed that GABAA receptors, but not acetylcholine receptors, can traf-
fic to autophagosomes from the plasma membrane following removal by endocyto-
sis [104]. Subsequently, Shehata and colleagues found that neuronal stimulation 
induces NMDA-receptor-dependent autophagy, which contributes to AMPA recep-
tor degradation [105]. Furthermore, Nikoletopoulou and colleagues [106] reported 
that postsynaptic scaffold proteins, namely PICK1, PSD-95, and SHANK3 consti-
tute substrates of autophagy. These studies, once again, hint at the possible role of 
autophagy in regulating synaptic plasticity.

Notably, selective degradation of damaged or unneeded mitochondria (see 
Table 9.1) by autophagy (mitophagy) might be crucial in maintaining cellular ener-
getics under both basal and stressed situations at the synapse (see Fig. 9.3). Mitophagy 
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Table 9.1 Emerging synaptic cargoes of autophagy

Synaptic cargoes Location Synaptic and neuronal maintenance

Synaptic proteins Pre- and postsynaptic Regulate autophagy
Synaptic vesicles Presynaptic Regulate neurotransmission
Postsynaptic receptors Postsynaptic Regulate synaptic plasticity
Synaptic organelles Presynaptic (e.g., mitochondria) Maintain neuronal homeostasis
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research has garnered much attention in the last decade, and some insights have been 
deciphered. The Youle group made a groundbreaking discovery that Parkin [107] and 
PINK1 [108] are recruited selectively to damaged or uncoupled mitochondria and 
promote their autophagy, providing evidence that links mitophagy and Parkinson’s 
disease (see Fig. 9.3) [107, 108]. Cai [109] and Sung [110] found that Parkin-targeted 
mitochondria predominantly accumulate in the somatodendritic regions in neurons, 
which argued a gating mechanism might exist to allow only healthy mitochondria to 
be transported anterogradely. Perhaps not so surprisingly, Ashrafi [111] found that 
damaged mitochondria can be “eaten” locally within the mid-axon of primary hip-
pocampal neurons and such local neuronal mitophagy is PINK1/Parkin-dependent. 
Overall, this finding supports the notion that mitophagy can take place in neuronal 
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Fig. 9.3 Neuronal signaling via the autophagosome retrograde transport to the soma and con-
ferred neuroprotection through local mitophagy. (Source from https://www.sciencedirect.com/sci-
ence/article/pii/S0959438817301241) Autophagosome formation occurs mainly in axons, and 
autophagosomes can mediate neuronal signaling during their retrograde transport to the soma. 
Autophagosomes are shown to engulf dysfunctional mitochondria and return them to the soma. 
Mitophagosomes fuse locally with lysosomes. Axonal mitophagy (zoom-in) likely provides quick 
neuroprotection against neurotoxic stress given the extreme neuronal structure and high local 
demand for ATP production posing formidable challenges for maintaining well-functional 
mitochondria
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axons, and that local mitophagy could provide prompt neuroprotection by removing 
severely damaged mitochondria (see Fig. 9.3). However, it remains obscure how the 
homeostasis of presynaptic mitochondria is maintained in both physiological and 
pathological conditions, especially in the context of brain aging. Cao and colleagues 
[112] showed that axonal mitochondria are maintained independently of mitophagy, 
and that mitophagy-independent  mechanisms such as fission–fusion may be central 
to maintain axonal mitochondrial integrity during normal aging. Indeed, the mecha-
nisms of mitochondrial quality control are multitiered, operating at protein, subor-
ganelle, organelle, and cell levels [113].

9.7  A Role for Autophagosomes in Neuronal Signaling 
and Synaptic Plasticity

By now, there is persuasive evidence that autophagosome biogenesis is very pro-
nounced at presynaptic terminals. Neuronal autophagosome formation and matura-
tion takes place mainly at the axonal compartment [114, 115].

Work from the Holzbaur lab and other labs showed that neuronal autophagosome 
biogenesis and maturation originate mainly in the axonal compartment [114–116]. 
Their follow-up study demonstrated that neurons show robust, constitutive autoph-
agy with a marked augmentation of autophagosome formation in distal axons, 
though a minority of autophagosome can still be formed within the somatodendritic 
regions [117]. Overall, autophagy appears highly compartmentalized in primary 
neurons. Concerning the fact that different populations of autophagosomes may exist 
in different neuronal compartments, it is tempting to ask whether synaptic autophagy 
may execute distinct functions as to autophagy in the somatodendritic domain.

In contrast to other cell types and tissues where autophagy is induced upon star-
vation [118], autophagy shows no induction in the brain when following mTOR 
inhibition [117, 119, 120]. These outcomes indicate neuronal autophagy may pri-
marily function to regulate neuronal development and maintain neuronal homeosta-
sis [52–54, 121]. These surprising connections were manifested in recent work in 
the Haucke lab, where they demonstrated while neuronal autophagosomes undergo 
retrograde transport from the axon to the soma, they concurrently transport brain- 
derived neurotrophic factor (BDNF)-activated TrkB receptors (see Fig. 9.3), pro-
moting neuronal branching and preventing neurodegeneration [122, 123]. Indeed, 
regulation of autophagy by fasting differs in distinct brain regions [106]. Recently, 
BDNF has been shown to suppress autophagy in cortical and hippocampal neurons, 
respectively [106, 124]. Moreover, the suppression of autophagy by BDNF might 
be required for synaptic plasticity [106].

Taken together, these findings reveal noncanonical functions of autophagosomes in 
neuronal signaling and synaptic plasticity, which are distinct from their canonical role 
in degradative pathways. Deciphering the mechanistic regulations of such “signaling 
autophagosomes” in details and various contexts is a forthcoming challenge and 
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might open up a new therapeutic avenue for aging and diseased brain. One fascinating 
question is whether autophagosomes at the presynaptic and postsynaptic specializa-
tions have unique characteristics and/or regulatory mechanisms. Despite lingering 
questions, future studies are needed to disentangle and clarify the many roles autoph-
agy plays on both sides of the synaptic cleft. A comprehensive understanding of the 
mechanisms and coordination of autophagy, other proteostasis pathways and homeo-
static regulations at the synapse may provide new avenues for therapeutic intervention 
to delay brain aging and mitigate neurodegenerative diseases.
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Chapter 10
Virus and Autophagy: Enemies or Allies

José A. Boga, Zulema Pérez-Martínez, Ana Coto-Montes,  
Marta E. Alvarez- Argüelles, and Russel J. Reiter

Abstract Viral infection is one of the several stimuli which trigger autophagy, a 
self-degradative process that is important for balancing sources of energy at critical 
times in development and in response to nutrient stress. This process also plays a 
housekeeping role in removing misfolded or aggregated proteins and clearing dam-
aged organelles. Virus-induced autophagy has a dual role since it may be beneficial 
to the host by eliminating intracellular pathogens or it may benefit some viruses, 
which have developed strategies to directly or indirectly subvert autophagy in order 
to promote different stages of the viral life cycle. The upregulation of both oxidative 
and endoplasmic reticulum stresses has been reported as a means by which virus- 
induced pathways trigger autophagy. In this chapter the relationships between 
autophagy and viral infection are considered.

10.1  Introduction

Autophagy is a self-degradative process which, under basal conditions, allows cells 
to break down long-lived proteins and damaged organelles. It can be induced under 
conditions of cellular stress, such as starvation, growth factor deprivation, hypoxia, 
oxidation of critical molecules, DNA damage, protein aggregation, or infection by 
intracellular pathogens. Autophagy, which is important for balancing sources of 
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energy at critical times in development and in response to nutrient stress, exhibits a 
dual role, facilitating stress adaptation and promoting cell survival or providing an 
alternative pathway of cell death [1]. In the case of viral infection-induced autoph-
agy, it may be part of the defense response of the host or promote viral replication 
at different stages.

10.2  Autophagy Molecular Pathway

Autophagy is a complex process that can be categorized into several sequential 
steps at molecular and cellular levels. The autophagic machinery requires the for-
mation of a double membrane structure, the phagophore, which is generated de 
novo from the endoplasmic reticulum, Golgi apparatus, or other plasma membrane- 
derived endocytic organelles. This involves the mediation of ULK1/FIP200/
ATG101/ATG13 protein kinase and VPS34/beclin1/VPS15/ATG14 lipid kinase 
complexes. These complexes induce the formation of the ATG5/ATG12/ATG16L1 
complex (formed with the help of ATG7 and ATG10), which promotes the elonga-
tion of the phagophore the latter eventually engulfs a portion of the cytosol or spe-
cific cargoes (proteins, lipids, organelles), forming a double-membraned vacuole 
called the autophagosome. Aided by ATG3 and ATG7, these complexes facilitate 
the addition of a phosphatidylethanolamine group to the cytosolic form of mam-
malian LC3 homologues (LC3A, LC3B, LC3C, Gabarap, Gabarap-L1, and 
Gabarap-L2), which is referred to as the LC3-I to LC3-II conversion. The lipid- 
bound form of LC3 homologues is then recruited to the autophagosome, which 
matures and fuses with the lysosome, forming a single-membraned vesicle termed 
the autolysosome. The contents are then degraded by several lysosomal membrane 
proteins (GTPase RAB7, LAMP1, LAMP2, as well as SNARE proteins, such as 
syntaxin 17 and SNAP29) with the aid of another beclin1/VPS34 complex, where 
the UV radiation resistance-associated gene (UVRAG), rather than ATG14, is 
required [2].

10.3  Autophagy and Virus Infection

The induction of autophagy is triggered by a variety of stressful stimuli, including 
nutrient deprivation, danger-associated molecular patterns (DAMPs), ER stress, 
hypoxia, redox stress and mitochondrial damage. Many of these stimuli can be trig-
gered by viruses during different stages of their replication cycle [3]. Thus, a cel-
lular process dedicated to degrading cytosolic contents that also engulfs and destroys 
pathogens has been described and termed “xenophagy” [4]. The fact that virus- 
induced autophagy is capable of preventing the early apoptotic death of cells sug-
gests that xenophagy might limit the cytopathic effect of viruses and the pathological 
consequences associated with cell death triggered by viral infection [5].
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One autophagic stimulus is the attachment of the virus particle to the host cell. 
Adenovirus types B and D, human herpesvirus 6, and measles virus stimulate 
autophagy upon viral binding to the cell surface receptor CD46. In case of the mea-
sles virus, autophagy is activated by Vps34-Beclin-1 complex via interaction of 
CD46 with Golgi-associated PDZ and coiled-coil motif-containing protein (GOPC) 
[6]. The binding of the C-terminal domain of the fusogenic gp41 subunit of HIV to 
CD4+ T-cells triggers autophagy [7, 8].

The first mechanism to limit the extent of viral spread involves a large repertoire 
of pattern recognition receptors (PRRs), including Toll-like receptors (TLRs), Nod- 
like receptors (NLRs), RIG-I-like receptors (RLRs), and AIM2-like receptors 
(ALRs). These receptors recognize pathogen-associated molecular patterns 
(PAMPs), which are mostly viral nucleic acids or their synthetic analogs produced 
during the viral infection [9–12]. As an organelle gathering cytosolic content into a 
double-membrane vesicle that fuses with endosomal compartments, the autophago-
some can specifically deliver intracellular PAMPs to endosomal PRRs and MHC- 
loading compartments to initiate innate and adaptive immune responses. Thus, 
Coxsackie virus B3 (CVB3)-infected kidney fibroblasts show autophagy-dependent 
activation of TLR3 [13]. Vesicular stomatitis virus (VSV)-infected plasmacytoid 
dendritic cells (pDCs) produce interferon-α (IFN-α); this production is dependent 
on the autophagic delivery of viral replication intermediates to TLR7 present on late 
endosomes. The fact that ATG5−/− VSV-infected mice exhibited higher viral loads, 
suggests a control of VSV replication in vivo by autophagy [14].

Induction of autophagy also occurs via direct activation of TLRs [15]. Upon 
stimulation of TLR 3, 4 and 7 with different purified PAMPs, myeloid differentia-
tion primary response gene 88 (MyD88) and TIR-domain-containing adapter- 
inducing interferon-β (TRIF) interact with beclin-1 leading to the formation of 
beclin-1-Vsp34 complexes that induce autophagy [16, 17]. The role of autophagy in 
delivering viral PAMPs to TLRs and the subsequent induction of autophagy upon 
TLR activation play important roles in the autophagic sequestration and delivery of 
PAMPs to endosomal compartments. They also serve for autolysosomal degrada-
tion of virions and viral proteins, as well as for antigen presentation via MHC-I and 
MHC-II molecules, thereby triggering the adaptive immune response.

The cytoplasm offers a diverse range of autophagic targets that vary in size and 
complexity, ranging from protein aggregates up to complete organelles, which can 
be selectively recognized and sequestered by proteins that function as autophagic 
adaptors. The main autophagic adaptors that are classified as sequestosome-1/p62- 
like receptors (SLR) in response to bacterial and viral infections include p62, neigh-
bor of BRCA1 gene 1 (NBR1), nuclear dot protein of Mr 52,000 (NDP52) and 
optineurin. Cargo receptors typically have one or more LC3-interacting region 
(LIR) and a cargo-binding domain such as an ubiquitin-associated (UBA) domain 
for ubiquitylated proteins, as well as additional protein interaction domains that are 
involved in inflammatory processes [18]. Autophagic degradation of Sindbis virus, 
which involves the selective degradation of the viral capsid in a p62-dependent 
manner, is an example of this mechanism [19].
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Viral replication itself frequently elicits stress responses, such as production of 
reactive oxygen species (ROS) or ER stress that induce autophagy. ER stress, which 
is produced by an accumulation of misfolded or unfolded proteins in this compart-
ment, activates an unfolded protein response (UPR) mediated by three ER 
membrane- associated proteins. These three proteins, PERK (PKR-like eIF2α 
kinase) ATF6 (activating transcription factor 6) and IRE1 (inositol requiring enzyme 
1), are normally bound to and inactivated by the chaperone BiP/GRP78 at the side 
of the ER lumen. The BiP interaction with unfolded luminal proteins leads the 
release of PERK, IRE1 and ATF6. Among other effects, it has been reported that 
while PERK and ATF6 act as inducers of autophagy, IRE1 functions as a negative 
regulator [20]. PERK mediates the phosphorylation of eukaryotic translation initia-
tion factor 2α (eIF2α). This results in rapid reduction of mRNA translation, thereby 
reducing the load of new proteins in the ER. This also leads to the selective transla-
tion of activating transcription factor 4 (ATF4) and C/EBP homologous protein 
(CHOP) to induce the transcriptional activation of the proteins LC3 and Atg5. In a 
recent study, sets of autophagic genes including ATG3, ATG12, ATG16, Map, 
Beclin1, and Gabarapl2 were identified as targets for ATF4. Meanwhile, transcrip-
tion of autophagic genes including Sqstm1, NBR1, and ATG7 were boosted when 
ATF4 and CHOP were coactivated [21]. IRE1 is responsible for the unconventional 
splicing of the X box-binding protein 1 (XBP1) mRNA, which regulates transcrip-
tion of genes encoding ER chaperones, biogenesis of phospholipids and 
ER-associated protein degradation (ERAD) components [22] Moreover, it has been 
hypothesized that IRE1/XBP1-dependent signals dampen excessive autophagy trig-
gered via the PERK/eIF2α pathway [21]. The cytoplasmic domain of ATF6, which 
is released by regulated intramembrane proteolysis (RIP) by site 1 and site 2 prote-
ases, functions as a transcription factor to transactivate genes encoding ER chaper-
ones, components of the ERAD machinery and protein foldases. ATF6 interacts 
with transcription factor C/EBP-β and induce expression of Dapk1, which promotes 
apoptosis and autophagy and suppresses cell division [23].

HCV infection induces ER stress and activates all three sensors of UPR [20]. The 
silencing of any of the three UPR signaling proteins, mediated by siRNA, results in 
a significant reduction of the amount of LC3-II and an inhibition in HCV replication 
[23]. On the other hand, subgenomic replicons expressing nonstructural proteins 
(NS3-5B), as well as a mutant virus lacking the envelope glycoproteins, potently 
induced autophagy in the absence of detectable UPR [24]. Nevertheless, expression 
of the replicase protein NS4A of other related flaviviruses, such as dengue virus 
(DENV) and Modoc virus induce autophagy via UPR [25]. DNA viruses, such as 
VZV, can also induce autophagy via ER-stress and UPR-related pathways. Abundant 
VZV glycoprotein biosynthesis induces ER stress, which in turn triggers UPR and 
thus autophagy to maintain cellular homeostasis [26].

Autophagic process are also associated with changes in the cellular production 
of ROS and reactive nitrogen species (RNS), a range of oxygen- and nitrogen- 
derived molecules formed during oxidative metabolism. Among them, O2

•− and 
H2O2, which can be formed by controlled mechanisms in cells and act as cell signal-
ing molecules, interact with NO to generate nitrating species, such as ONOO−. ROS 
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and ONOO− oxidize lipids to produce reactive lipid species (RLS). ROS and RNS 
can modify proteins posttranslationally and, thus regulate antioxidant defence and 
autophagy in the cell. A prominent redox signaling pathway responsive to ROS/
RNS/RLS is nuclear factor-erythroid 2-related factor 2/Kelch-like ECH (enoyl- 
CoA hydratase)-associated protein 1 (Nrf2/Keap1) pathway. Nrf2 can bind to the 
ARE (antioxidant-response element) sequence to activate transcription of antioxi-
dant and cellular detoxification genes. Nrf2 is negatively regulated by the cytoplas-
mic redox-sensor protein Keap1 via its Nrf2/ECH homology 2 (Neh2) domain. The 
modification of a cysteine residue of Keap1 release Nrf2, which is translocated to 
the nucleus. The released Nrf2 activates the transcription of both antioxidant and 
autophagic genes, such as p62 [27]. Thus, autophagy can be indirectly regulated by 
transcriptional mechanisms in response to ROS/RNS via Nrf2/Keap1 pathway. The 
role of Nrf2 in viral infections is currently under investigation. Nrf2-mediated anti-
oxidant pathways play a pivotal role in protection against the oxidant-induced exac-
erbation of influenza A virus infection by the upregulation of antioxidants [28]. 
DENV infection results in an intracellular accumulation of ROS.  A role for the 
transcription factor Nrf2 in limiting both antiviral and cell death responses to the 
virus by feedback modulation of oxidative stress has been proposed [29]. An induc-
tion in the expression of Nrf2-regulated cytoprotective genes by HBV has been 
reported, suggesting that an increase in Nrf2-dependent antioxidants could protect 
HBV-infected cells from oxidative-mediated cell damage [30].

Autophagy also plays a key role in the adaptive immune response by processing 
and delivering antigens for presentation in complex with MHC-I and MHC-II mol-
ecules [31]. In the case of EBV, the viral protein EBNA1 is targeted to MHC-II 
compartments via autophagic uptake and fusion of autophagosomes with these 
compartments [32]. Blocking of autophagy specifically inhibits endogenous MHC 
class II processing of EBNA1 [33]. While autophagy is not required for viral anti-
gen processing and presentation of MHC-I peptides at early time points HSV-1 after 
infection, it comes into play at a late stage of infection [34].

Despite autophagy can play a key role in antiviral defense, such as has been 
shown below, autophagy or individual factors of the autophagy pathway can also 
enhance viral replication. Thus, viruses have developed strategies to directly or indi-
rectly subvert autophagy in order to promote different stages of the viral life cycle.

Most positive-strand RNA viruses trigger autophagy to reshape the endomem-
brane system in order to create membrane-associated replication factories [35]. 
Double-membrane vesicles (DMVs), which are characteristic of autophagosome- 
like structures, were detected in cells infected by several picornaviruses, such as 
poliovirus, coxsackievirus B3 (CVB3), enterovirus 71 (EV71), and foot-and-mouth 
disease virus (FMDV). Moreover, the formation of autophagosome-like DMVs is 
induced by the lipidation of LC3, which is mediated by expression of the picornavi-
ral proteins 2BC and 3A [36]. Although autophagosomes, per se, are dispensable for 
the biogenesis of viral replication sites, in some cases a decrease in virus production 
is observed in the absence of autophagy [37, 38].
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Autophagy can also promote viral replication. During EBV replication, autoph-
agy is blocked at the final degradative steps. Because of the blockade, EBV hijacks 
the autophagic vesicles for its intracellular transportation and enhances viral repli-
cation allowing the virus to skip its degradation by the lysosomes [39]. In addition, 
an essential viral protein for Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic 
reactivation, the replication and transcription activator (RTA), enhances the autoph-
agic process, leading to an elevation in the number of autophagic vacuoles, an 
increase in the level of the lipid bound form of LC3 protein, and the formation of 
autolysosomes. Moreover, the inhibition of autophagy affects RTA-mediated lytic 
gene expression and viral DNA replication [40]. Immunity-associated GTPase fam-
ily M (IRGM) is a GTP-binding protein with a key function in the innate immune 
response by regulating autophagy induction in response to intracellular pathogens. 
IRGM, which interacts with the autophagy proteins Atg5, Atg10, microtubule- 
associated proteins 1A/1B light chain 3 beta 2 (MAP1CL3C) and SH3-domain 
GRB2-like endophilin B1 (SH3GLB1), has been recently shown to be a common 
target of several RNA viruses which subvert the autophagy network. Silencing of 
IRGM expression impaired both measles virus (MeV), HCV and HIV-1 induced 
autophagy and viral replication [41]. Japanese encephalitis virus (JEV) infection- 
induced autophagy can promote viral replication. Cells transfected with a plasmid 
that expresses the viral protein NS3 show that NS3 signals are completely colocal-
ized with the IRGM signals, documenting that NS3 could target IRGM which may 
play a role in the replication of JEV [42]

Upon replication of the viral genome, it must be packaged into a virus particle 
that is released from the infected cell. For many viruses, this particle is surrounded 
by a double membrane envelope. Autophagosomes might serve as a membrane 
source. Thus, efficient envelopment of HBV was shown to depend on induction of 
autophagy. Furthermore, the fact that major HBV envelope protein (HBsAg) binds 
to and colocalizes with LC3-I and LC3-II during HBV infection indicates that this 
interaction might be important for acquiring the viral envelope [43]. On the other 
hand, autophagy has been shown to serve also in the nonlytic release of nonenvel-
oped viruses via the formation of DMVs, such as those described in the case of 
picornaviruses (poliovirus, rhinovirus 2, or rhinovirus 14). A potential mechanism 
for the release of cytosolic picornaviral particles via the formation of these DMVs 
is supported by the presence of both LC3 and poliovirus capsid protein VP1  in 
extracellular structures adjacent to poliovirus-infected cells [44].

Viruses can also manipulate autophagy to dampen key molecules of the innate as 
well as the inflammatory immune response. Murine cytomegalovirus (MCMV) 
infection-induced autophagy was shown to selectively target the NF-kB essential 
modulator (NEMO), via its interaction with the viral protein M45; this leads to the 
degradation of NEMO in lysosomes and the inhibition of the inflammatory response 
[45]. UPR induced by HCV activates the complete autophagy pathway, which is 
required for efficient viral replication and correlates with suppression of innate anti-
viral immunity [23]. An analogous pathway has been described for DENV infection 
revealing a novel mechanism to evade an antiviral innate immune response [46].
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10.4  Conclusions

Organisms have developed highly complex defense networks against invading 
viruses, and in turn, viruses have also developed mechanisms to disable or manipu-
late host defenses to hijack their host’s defenses. As described in this chapter, 
autophagy is a clear example of these mechanisms, because depending of the type 
of viral infection, it can either contribute to limit or promote viral replication. 
Further studies about the role of autophagy in viral infection will increase our 
understanding about pathogen–host interactions and open new avenues for the 
development of novel prophylactic or therapeutic antiviral strategies.
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Chapter 11
Cancer Stem Cells and Autophagy: Present 
Knowledge and Future Perspectives

Bakiye Goker Bagca and Cigir Biray Avci

Abstract Macroautophagy, commonly referred to as autophagy, is a recycling pro-
cess involving lysosomal degradation of the cell components such as proteins and 
organelles. This process prevents damage to the cell through the degradation of 
nonfunctional cellular components and provides raw material and energy which are 
required to realize biosynthesis reactions. Since autophagy has evolutionarily con-
served complex molecular mechanisms, the relationship between autophagy and 
cancer is multifaceted. There are some insights in which autophagy, also referred to 
as type 2 cell death, has been suggested as an alternative approach to kill cancer 
cells have defected apoptosis mechanism. On the other hand, it has also been shown 
in recent studies that autophagy mechanism, especially in cancer stem cells, may be 
responsible for obtaining epithelial–mesenchymal transition, invasion, metastasis, 
drug resistance and recurrence. This chapter focuses on the role of autophagy mech-
anisms on cancer stem cells and its place in future treatment approaches.

11.1  Introduction

The odyssey of autophagy which led Yoshinori Ohsumi to be awarded with Nobel 
Prize in Physiology or Medicine in 2016 began with Christian de Duve’s discovery 
of lysosomes in 1955 [1, 2]. The term autophagy, which consists of the words “self” 
(auto) and “eating” (phagy), was also coined by Christian de Duve in 1966 [3]. 
According to their function and distribution of their cargo to lysosomes, three dif-
ferent autophagy types are defined as “macroautophagy,” “microautophagy,” and 
“chaperone-mediated autophagy” [4]. Microautophagy is characterized as the recy-
cling process of intracellular components, usually long-lived proteins, through non-
specific lysosomal degradation [5]. Proteins which are transported to the lysosomal 
membrane through the heat shock protein family chaperones and they are digested 
in chaperone-mediated autophagy to prevent proteotoxicity [6]. However, 
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autophagy term is usually used to describe macroautophagy which is characterized 
by the formation of “autophagosomes” for lysosomal degradation of cytoplasmic 
macromolecules such as organelles [7]. In addition to these subtypes, specifically 
degradation of mitochondria and peroxisome by autophagic mechanisms are defined 
as “mitophagy” and “pexophagy,” respectively [Fig. 11.1] [8, 9].

Autophagy was firstly described by its morphological characteristics. The phag-
ophore originating from the endoplasmic reticulum associated structure named 
“omegasome” or “phagophore assembly site (PAS)” expands around the material to 
be degraded and forms a characteristic double-membrane vesicle called the 
“autophagosome.” Mature autophagosome forms “autolysosome” via fusion with 
lysosomes. The material in the autolysosomes is degraded by lysosomal hydrolases 
[Fig. 11.1] [10]. The molecular mechanism of autophagy has begun to be illumi-
nated by the discovery of the ATG, initially called as APG, genes which encode the 
“autophagy-related proteins” that are responsible for de novo autophagosome for-
mation in yeast. Since ATG proteins organize multiprotein complexes and partici-
pate in all stages of autophagy, inhibition of even just one ATG gene prevents the 
autophagic flux. The most important key of autophagy is the mTORC1 (Mechanistic 
Target of Rapamycin) serine–threonine kinase protein complex, which responds to 
nutrient levels. In the physiological state, this complex suppresses the ULK1 (Unc- 
51 Like Autophagy Activating Kinase 1) protein complex that initiates autophagy. 
Autophagy may be initiated by the AMPK (AMP-activated protein kinase) which 
activates ULK1 protein complex via directly or inhibiting MTORC1 complex. This 
complex initiates nucleation step. The BECN-VPS complex, including also ATG14 
and ATG9 proteins, triggers phagophore formation. Phagophore formation may be 
inhibited by the BCL-2 (B-Cell CLL/Lymphoma) family. The complex consisting of 
ATG12, ATG5, and ATG16 allows both phagophore elongation and translocation of 
LC3-II, which is formed via ATG4, ATG7, and ATG3, to the autophagosome mem-
brane [Fig. 11.2] [11–13].

Autophagy, like all other genetic mechanisms, is regulated epigenetically. The 
most important epigenetic regulators are noncoding RNAs (ncRNA) which include 
microRNAs (miRNAs) are about 20 nucleotides and long-noncoding RNAs 
(lncRNAs) are longer than 200 nucleotides that regulate gene expression. The 
ncRNAs usually control autophagy by regulating expression level of ATG genes. 

Fig. 11.1 Types of autophagy mechanisms
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The most known autophagy regulator miRNAs are listed: miR-100, miR-101, miR- 
106, miR-10a, miR-124, miR-125b1, miR-126, miR-129, miR-130a, miR-137, miR- 
138, miR-140-5p, miR-143, miR-144, miR-152, miR-155, miR-155-3p, miR-16, 
miR-17-5p, miR-181a, miR-183, miR-18a, miR-193b, miR-199A-5p, miR-19b, miR- 
200b, miR-200c, miR-204, miR-205, miR-20a, miR-21, miR-212, miR-214, miR- 
216a, miR-216b, miR-218, miR-22, miR-224, miR-224-3p, miR-23a, miR-23B-3p, 
miR-24-3p, miR-25, miR-26a, miR-290-295, miR-29a, miR-29b, miR-30a, miR-30d, 
miR-32, miR-340, miR-34a, miR-372, miR-373, miR-374a, miR-375, miR-376a, 
miR-376b, miR-409-3p, miR-4487, miR-451, miR-451a, miR-487b-5p, miR-502, 
miR-5195-3p, miR-519a, miR-595, miR-630, miR-634, miR-638, miR-7, miR- 
885- 3p, miR-93, miR-9-3p, miR-96, miR-let7f1 [14]. The current known autophagic 
regulator lncRNAs are also NBR2, Ad5-AlncRNA, loc146880, Linc-ROR, MEG3, 
TGFB2-OT1/FLJ11812, HULC, PCGEM1, AK156230, PTENP1, Chast, MALAT, 
HOTAIR, GAS5, HNF1A-AS1 [15].

Autophagy is an evolutionarily conserved, two-faced, complex process that must 
be tightly regulated by cellular signaling pathways. Autophagy functions differently 
from apoptosis, both prosurvival and prodeath mechanisms. In stress situations such 
as starvation or hypoxia, the lysosomal degradation of cellular materials provides 
the energy and raw material needed to keep the cell alive. However, if autophagy is 
unable to keep the cell alive, it triggers “programmed-type II cell death” [16].

Since autophagy plays a fundamental role in the homeostatic process, it is closely 
related to many pathological situation as well as the physiological conditions. Abnormal 
autophagy flux has been associated with numerous pathologies including cancer, aging, 

Fig. 11.2 Molecular mechanisms of autophagy (macroautophagy)
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metabolic, cardiovascular, pulmonary, infectious, and neurodegenerative disorders. 
Because of the illuminating of the molecular mechanism of autophagy is critical for 
treatment of these diseases, many studies have been conducted to clarify the autophagic 
flux. Selectively targeting of autophagy induction or inhibition is in the focus of molec-
ular and clinical researches, particularly to overcome cancer stem cells [17].

11.2  Stem Cell: Queen of Competence

To achieve homeostasis in multicellular organisms, the death of cells have potency 
to damage the organism must be balanced by the proliferation of new cells. Stem 
cells are undifferentiated cells which have potential to transform and generate to all 
cell types of specialized tissues [18]. Stem cells were firstly discovered in 1961 by 
Till and McCulloch as progenitor cells in the hematopoietic system [19].

Stem cells have the potential to produce different tissue types with their self- 
renewal, pluripotency, clonality, differentiation, plasticity, transdifferentiation, 
and stemness properties. Self-renewal means the proliferation of the stem cell 
without any differentiation, thereby the stem cell functions as a stem cell source 
which can continuously produce new stem cells. Pluripotency term defines the 
capacity of the stem cell to differentiate into which cells it produces [20]. Stem 
cells have totipotent, pluripotent, multipotent, or unipotent properties according to 
their potency [21]. Zygote, two- and four-cell stage blastomeres are totipotent 
stem cells. Each totipotent stem cell has the potential to form a complete organism 
by itself [22]. Differentiation capacity of stem cells is gradually being limited dur-
ing developmental process according to extrinsic signals. Embryonic stem cells 
are pluripotent which have differentiation potential to all cell types in the organ-
ism. However, embryonic stem cells are not able to generate a whole organism 
alone [23]. Multipotent stem cells are undifferentiated cells in the adult tissue and 
they have limited differentiation capacities which generate specific cell types of a 
certain tissue. Mesenchymal stem cells, hematopoietic stem cells, and endothelial 
progenitor cells in adult tissues are multipotent stem cells and they produce cells 
when needed [24]. The stem cells that can differentiate into one type of cell are 
unipotent [25]. In addition, induced pluripotent stem cells (iPSC) were also pro-
duced by induction of fibroblasts using pluripotency factors [26].

The differentiation characteristics of stem cells are controlled by genetic and epi-
genetic mechanisms [27, 28]. OCT4 (POU homeodomain transcription factor), SOX2 
(SRY-related HMG-box transcription factor), and NANOG (DNA binding homeobox 
transcription factor) transcription factors were defined as essential pluripotency fac-
tors in embryonic stem cells [29–31]. Positive feedback loop between the pluripo-
tency factors is major regulator of self-renewal. LIF (interleukin 6 family cytokine)/JAK 
(Janus Kinase)/STAT3 (signal transducer and activator of transcription 3), BMP (bone 
morphogenetic protein)/SMAD (Sma- and Mad-related protein)/ID (inhibitor of dna 
binding), FGF (fibroblast growth factor)/PI3K (phosphatidylinositol- 4,5-bisphosphate 
3-kinase)/AKT1 (AKT serine/threonine kinase1) signaling pathways and FOXO 
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(forkhead box O), TP53 (tumor protein P53) proteins also play critical role for main-
taining of pluripotency through inhibition of MAPK (mitogen-activated protein 
kinase) pathway which induces differentiation [32]. In addition to these oncogenes 
MYC (proto-oncogene, BHLH transcription factor) and KLF4 (Kruppel like factor 4) 
are also pluripotency factors which are used for inducing iPSC by Yamanaka [26].

Moreover, the strict regulation of the cell cycle is necessary to the limited dif-
ferentiation ability and “quiescent” characteristic in adult stem cells. Cell cycle 
regulators such as cyclins, cyclin-dependent kinases, and cyclin-dependent kinase 
inhibitors are critical for regulation of this differentiation process [33]. WNT 
(Wingless-Type MMTV Integration Site Family), Hedgehog, Notch signaling path-
ways are responsible for differentiation of progenitor cells appropriately, as well as 
self-renewal of stem cells, during embryogenesis. These mitogenic signaling path-
ways which compose of proto-oncogenes are tightly controlled in adult tissues by 
tumor-suppressors [34–36].

11.3  Cancer Stem Cell: More Than a Stem Cell

Cancer stem cells originate from the genetic and epigenetic abnormalities of normal 
stem cells or differentiated cells in normal tissues [37, 38]. Cancer stem cells are 
analogs of normal stem cells which responsible for the production and differentia-
tion of new cells to maintain tissue homeostasis. Because it is responsible for the 
onset of the tumor, it is also called “tumor-initiating cells.” However, it is more 
commonly called “cancer stem cell” in order to emphasize its role in tumor hetero-
geneity [Fig. 11.3] [39]. Chronologically, it was first noticed that heterogeneity in 
the tumor bulk, and then a small number of cells in the tumor mass had the potential 
to initiate tumors independently. Subsequently, when heterogeneous tumor tissue 
was examined, it was discovered that cells were present in undifferentiated state. 
Finally, CSCs were described the cells only have CD34+CD38− surface marker pat-
tern may initiate new tumor by Bennet and Dick in acute myeloid leukemia [40].

CSCs have all the properties of normal stem cells such as self-renewal, clonality, 
and stemness. In addition to these abilities, CSCs have the ability to slow proliferation 
which plays a role in treatment resistance, dormancy (quiescence), and relapse [41]. 
CSCs acquire these distinctiveness through the abnormal activation of the Notch, 
Hedgehog, and WNT signaling pathways which are the developmental regulators of 
embryonic stem cells [42–44]. In addition, aberrations of the JAK/STAT, PI3K, 
NFKB (nuclear factor kappa B subunit) signaling pathways, involved in normal tissue 
homeostasis and their cross talks are also important in CSC maintaining [45]. 
Epithelial–mesenchymal transition (EMT) and the escape of anoikis also support the 
cancer cells in metastasis and chemotherapy/radiotherapy resistance as well as tumor 
initiation [46]. EMT is a developmental, reversible process that allows epithelial cells 
to transform into mesenchymal cells during embryogenesis. Therefore, cells that are 
able to motility can migrate to distant regions and generate different tissues and 
organs. This process is particularly tightly controlled by E-cadherin, β-catenin, and 
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especially TGFβ (Transforming Growth Factor Beta) signaling [47]. Anoikis is a spe-
cial form of cell death in which cells that separate from their extracellular matrix 
undergo apoptosis through cell adhesion molecules such as integrins and cadherins. 
Thus, the cells are prevented from being placed in different tissues [48]. It has been 
suggested that EMT induction, particularly due to anoikis resistance, plays a critical 
role in cancer stem cell motility and secondary tumor focus formation [49].

11.4  Autophagy in Cancer: Same Pathway, Different Effect

The dual role of autophagy which makes a choice between the qualities of 
either promoting or suppressing cancer is determined according to the type and 
grade/stage of the cancer that is dependent on physiological conditions, like 
normal cells [50]. Initially, it has been determined that disregulations and loss-
of-function/heterozygosity mutations of the BECN1 (Beclin 1), UVRAG (UV 

Fig. 11.3 Cancer stem cell
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radiation resistance associated), PTEN (phosphatase and tensin homolog), 
AMPK, LKB1 (serine/threonine kinase 11), and TSC1/2 (tuberous sclerosis) 
genes which are positive regulators of autophagy, play role in the initiation and 
promotion of cancer. These genes are referred to as tumor suppressors or candi-
dates. Moreover, oncogenes such as RAS (proto-oncogene, GTPase), RHEB 
(Ras homolog, MTORC1 binding), and AKT1 are defined as negative regulators 
of autophagy [51]. For these reasons, autophagy is mainly regarded as a tumor 
suppressor mechanism. On the other hand, there are numerous studies showing 
that autophagy is also related to uncontrolled cell proliferation, invasion, angio-
genesis, metastasis, and escape from programmed cell death in different cancer 
types. It is crucial to understand the autophagy mechanism in CSCs since these 
cells are the primary actors in the tumor initiation, progression, metastasis, and 
treatment resistance.

11.5  Autophagy and CSC: Paradoxical Couple

It is known that autophagic flux promotes the stemness feature which allows the 
stem cells maintaining through eliminating potential harmful substances in autolyo-
sosomes. However, this flux is necessary to maintain the continuity of CSCs as well 
as “normal” stem cells [52].

Autophagy affects the energy dynamics of the CSCs which leads to the develop-
ment of adaptive behavior of cancer stem cells by altering the tumor microenviron-
ment. Especially hypoxia induced autophagy has been suggested to provide 
advantages to CSCs in nutrition recycling as well as tumor microenvironment alter-
ation which affects the cellular signaling pathways and promotes to CSC continuity 
and evolution [53].

The relationship between autophagy and the role of different CSCs in tumor 
initiation, progression, and aggressiveness is emphasized by evidences obtained 
from scientific studies.

11.5.1  Breast Cancer

Autophagy has been associated with stem cell formation, continuity, metastasis, and 
chemotherapy resistance in different types of breast cancer. It has been shown that 
autophagy induction through ATG4A and BECN1 genes promotes stem cell 
 formation and tumorigenicity of CSCs and as a result of this autophagy has been 
suggested to play an important role in chemotherapy resistance in HER2 (Erb-B2 
receptor tyrosine kinase) overexpressing breast cancer [54–56]. It is also reported 
that autophagy promotes breast cancer stem cell continuation through interleukin 
levels especially IL6 (Interleukin 6) [57]. It has been reported that autophagy  
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causes dormancy by regulating MAPK8 signaling in breast cancer stem cells [58]. 
In HER2 overexpressing breast cancer, as well as in triple negative breast cancer 
where there is lack of expression of HER2, estrogen, and progesterone receptors, 
autophagy has been shown to play an essential role in stem cell development lead-
ing to chemotherapy [59]. From this point of view, it maybe suggested that autoph-
agy is associated with breast cancer stem cells independent of tumor status. 
Moreover, the negative effects of inhibition of autophagy on breast CSCs have been 
illuminated. Suppression of epithelial-to-mesenchymal transition through autoph-
agy inhibition reduces stem cell frequency in breast cancer [60]. Autophagic flux 
inhibits the effects of cytotoxic agents on HER2 overexpressing breast cancer cells 
and it provokes to occurence of chemotherapy resistant cells [61]. On the other 
hand, the conflicting state of autophagy is also evident in breast CSCs. In a study 
involving hormone-independent mammary cancer cells, it has been shown that reg-
ulating autophagy through PKCD (Protein Kinase C Delta) has dual role which 
includes both reduction of cancer stem cell population and induction of self-renewal 
property [62]. Moreover, it has been also suggested that lower autophagy level may 
be promote stemness and lead to poor prognosis in triple-negative breast cancer 
stem cells [63]. This situation can be explained that autophagy is suggested as a 
fundamental cell death mechanism in some situations for cancer stem cells which 
have insufficient apoptotic cell death [64].

11.5.2  Glioblastoma

DRAM1 (DNA damage regulated autophagy modulator) and SQSTM1 (sequesto-
some 1), basic regulators of autophagy were defined as crucial players in glioblas-
toma stem cells [65]. In addition to this, the silencing of the ATG7 gene of autophagy 
in glioblastoma cancer stem cells supports the efficacy of chemotherapy [66].

11.5.3  Pancreatic Cancer

Autophagy induction has been shown to play an essential role in the development of 
pancreatic cancer. It has been shown that primer pancreatic cells and pancreatic cell 
lines have increased level of autophagy which is essential for tumour initiation and 
development [67]. This situation is particularly associated with cancer stem cells. 
Autophagy suppression via knockdown of ATG5 and ATG7 induces the efficiency 
of antiproliferative agent used in the CD133 positive stem cell fraction in pancreatic 
cancer [68]. Autophagy inhibition has been shown to decrease and regress in the 
pancreatic cancer stem cell population [69].

B. Goker Bagca and C. Biray Avci



171

11.5.4  Gynecologic Cancers

Autophagy induction promotes the stemness and self-renewal properties of stem 
cells through the upregulation of FOXA2 (forkhead box A2) gene in ovarian cancer 
stem cells [70]. In the cervical cancer mouse model, the autophagic pathway 
 promotes stem cell stemness and tumor progression via expression of beclin-1 
which controls the protein level of pluripotency-associated transcription factors 
such as OCT4, SOX2, and NANOG [71]. Autophagy flux is defined as one of the 
critical process which supports chemoresistance and stem cell stemness in endome-
trial cancers [72].

11.5.5  Bladder Cancers

It is reported that the inhibition of autophagy inhibits stem cell progression in  bladder 
cancer [73]. In a study conducted with urothelial carcinoma stem cells, autophagy 
inhibition has been shown to reduce the expression levels of glycolysis genes, drug 
resistance genes (ABCG2, ABCB1 (ATP binding cassette subfamily)), and stemness 
genes (OCT4, NANOG). Therefore, autophagy inhibition has been defined as an 
important target to overcome drug resistance in urothelial carcinoma [74].

11.5.6  Hepatocellular Carcinoma/Liver Cancer

In a mouse model with liver cirrhosis, abnormal autophagy causes the hepatocellu-
lar carcinoma via stimulating the transition of normal hepatic cells into CD90+ liver 
CSCs. It is suggested that the activation of the MET (proto-oncogene, receptor tyro-
sine kinase)/MAPK8 and MET/STAT3 pathways through HGF (hepatocyte growth 
factor) overexpression following autophagy induction plays a key role in this pro-
cess [75]. Conversely, liver CSCs have also been shown to be resistant to interferon- 
gamma-induced autophagy [76].

11.5.7  Colorectal Cancer

Colorectal cancer is one of the most malignant tumors with a highly metastatic 
character which originate from cancer stem cells. The induction of autophagy in 
colorectal CSC contributes to tumor development through PROX1 (Prospero 
Homeobox 1) [77]. Epigenetic regulators also play a role in colorectal cancer. 
Overexpressed hsa-miR-140-5p which targets a critical autophagosome formation 
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gene ATG12 and SMAD2 (SMAD Family Member2) gene reduces cell viability by 
inhibiting autophagy in colorectal cancer stem cells [78].

11.5.8  Renal Cell Carcinoma

In renal cell carcinoma cells, induction of autophagy causes formation of stem 
 cell- like phenotype through stimulating EMT [79]. Autophagy is also defined as a 
biomarker and it is suggested as a potential therapy target in renal cell carcinoma 
CSCs [80].

11.5.9  Lung Cancer

Inhibition of autophagy enhances the cytotoxic and apoptotic effects of chemo-
therapeutic agent in stem-like lung cancer cells [81].

11.5.10  Neuroblastoma

It is shown that autophagic degradation of Id proteins (inhibitor of differentiation 
1/2) and BECN1 were triggered by CaMKII (Calcium/calmodulin-dependent pro-
tein kinase II) regulates neuroblastoma stem cell number via regulating abnormal 
cell differentiation in neuroblastoma [82].

11.6  Conclusions and Future Perspective

The preclinical use of autophagy inhibitors such as 3-methyladenine, wortmannin, 
chloroquine and hydroxychloroquine alone or in combination with chemotherapy/
radiotherapy for eliminating of various cancer cells has been suggested to increase 
the efficacy of the treatment [83]. It has been also reported that the anticancer agents 
treated to breast, colorectal, hepatocellular carcinoma, urothelial, renal, cervical, 
glioma, glioblastoma, ovarian, pancreatic, prostate, liver, lung, leukemia, myeloma, 
oral cancer and rhabdomyosarcoma cells induce autophagic death [84, 85]. However, 
these studies only involve cancer cell lines that have a homogenous genetic struc-
ture and do not contain CSCs that cause cancer heterogeneity. CSCs, called tumor- 
initiating cells, are originated from genetic or epigenetic alterations of normal stem 
cells, normal cells or cancer cells. CSCs are also responsible for tumor heterogene-
ity, progression, invasion, metastasis, chemotherapy and radiotherapy resistance 
and relapse, as well as the tumor initiation. The abnormal activation of signaling 
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pathways and metabolic rearrangements have been occurred in CSCs allow cancer 
to gain tumorigenic advantages. Increased glycolysis in cancer cells is an adaptation 
mechanism to meet the energy need. Similarly, the enhanced autophagy may also 
provide both nutrients and energy support to the cancer cells. Besides nutritional 
support, it has been shown that autophagy also gives CSCs advantage over hypoxia 
and metabolic stress situations like chemotherapy or radiotherapy. For this reason, 
inhibition of autophagy has begun to be regarded as a new therapeutic approach 
with the elimination of CSCs which are the most critical target in cancer treatment. 
Autophagy is also anticipated as a tumor suppressor mechanism since it is involved 
in the degradation of potentially destructive materials for the normal cell homeosta-
sis. Moreover, autophagy, named type II cell death, is an alternative targeted therapy 
approach for eliminating CSCs which have disregulated apoptosis mechanism.

For these reasons, it is still contradictory whether it is the induction or inhibition 
of autophagy that should be aimed at in cancer treatment. Additional work is needed 
to decide whether to inhibit or activate autophagy to explore its potential role in 
cancer therapy.
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