
Role of Chaperone-Mediated
Autophagy in Ageing Biology and
Rejuvenation of Stem Cells
Emanuela Vitale*, Sadia Perveen, Daniela Rossin, Marco Lo Iacono, Raffaella Rastaldo† and
Claudia Giachino†

Department of Clinical and Biological Sciences, University of Turin, Orbassano, Italy

What lies at the basis of the mechanisms that regulate the maintenance and self-renewal of
pluripotent stem cells is still an open question. The control of stemness derives from a fine
regulation between transcriptional and metabolic factors. In the last years, an emerging
topic has concerned the involvement of Chaperone-Mediated Autophagy (CMA) as a key
mechanism in stem cell pluripotency control acting as a bridge between epigenetic,
transcriptional and differentiation regulation. This review aims to clarify this new and not yet
well-explored horizon discussing the recent studies regarding the CMA impact on
embryonic, mesenchymal, and haematopoietic stem cells. The review will discuss how
CMA influences embryonic stem cell activity promoting self-renewal or differentiation, its
involvement in maintaining haematopoietic stem cell function by increasing their
functionality during the normal ageing process and its effects on mesenchymal stem
cells, in which modulation of CMA regulates immunosuppressive and differentiation
properties. Finally, the importance of these new discoveries and their relevance for
regenerative medicine applications, from transplantation to cell rejuvenation, will be
addressed.
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BACKGROUND: STEM CELLS, AGEING AND AUTOPHAGY

Stem cells are cells that during their replication cycle can give rise to either stem or differentiated
daughter cells. Stem cells are classified into embryonic stem cells (ESCs) and adult stem cells (ASCs)
(Young, 2011; De Los Angeles et al., 2015). ESCs derive from the inner cell mass of the pre-
implantation blastocyst and are undifferentiated pluripotent cells, having the potential for many
different cell fates (Evans and Kaufman, 1981; Young, 2011; De Los Angeles et al., 2015). ASCs are
rare populations of cells found in the postnatal organism; they are also undifferentiated cells yet
capable of differentiating into limited cell types (Wagers and Weissman, 2004; De Los Angeles et al.,
2015). The nucleus of an adult cell can be forced into an altered gene expression pattern to obtain the
induced pluripotent stem cells (iPSCs), which are reprogrammed, ESC-like somatic cells (Yamanaka,
2009). ESCs and iPSCs are generally referred to as pluripotent stem cells for their abilities to self-
renew and to differentiate into a wide range of cell types (De Los Angeles et al., 2015).

In recent years, much attention has been paid to the processes underlying the regulation of stem
cells and the differentiation capacity of cells with particular interest in transcriptional factors,
epigenetic modifications and metabolic factors (Ren et al., 2017; Shapira and Christofk, 2020; Sueda
and Kageyama, 2020; Ludikhuize et al., 2021). The search for the key to youth is one of the main
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objectives of these studies. Indeed, if at the beginning it was
thought that stem cells were “always young” cells, with an
unlimited capacity for self-renewal, it is now known that stem
cells are subject to ageing with a consequent decline in
regenerative capacity of tissues and organs (Turinetto et al.,
2016; Ren et al., 2017; De et al., 2021). Moreover, ageing being
associated with a gradual functional decline of organs and tissues,
is the highest risk factor for cancer (Zouabi and Bardin, 2020).
Demographic change and the ageing of the population have
therefore prompted researchers to understand the mechanisms
underlying ageing that would allow us to understand the age-
related diseases and to identify anti-ageing drugs with the aim of a
longer and healthier life.

The link between ageing and the decline in somatic stem cell
functions has been known for at least 15 years (Rando and
Thomas, 2006; Brunet and Rando, 2007; Hammond and
Sharpless, 2008; Lapierre et al., 2015; Bernitz et al., 2016;
Kalamakis et al., 2019). Owing to their self-renewal and multi-
lineage differentiation properties, during development, stem cells
originate the distinct cell populations that compose the different
tissues; then they play a key role in maintaining homeostasis and
activating repair mechanisms on different tissue levels. However,
ageing causes a continuous exposure of stem cells to both intrinsic
and extrinsic stress factors, generating cell damage and
compromising tissue homeostasis and repair.

Many studies indicate a close correlation between ageing
processes and degradation of aberrant and harmful protein
accumulations. Damaged proteins can be removed either by
the ubiquitin-proteasome system or through autophagy
(Vilchez et al., 2014; Llamas et al., 2020; Schaum et al., 2020;
Schüler et al., 2020; Kruta et al., 2021).

Autophagy through lysosomal degradation allows the
elimination of damaged proteins, cytosolic fractions and
cellular organelles. Although autophagy has been extensively
studied in the physiology of somatic cells, very little is known
about this process in stem cells (Mizushima et al., 2001;
Mortensen et al., 2011; Sanchez et al., 2011; Ren et al., 2017;
Rastaldo et al., 2020).

It is well-known that mechanisms of self-renewal,
differentiation and ageing of stem cells are correlated with the
processes of protein degradation. These processes would be
responsible for the degradation of aberrant protein
accumulations harmful for the functionality and homeostasis
of stem cells. Fernàndez et al. (2018) showed that genetically
modified mice with higher levels of basal autophagy and
consequent improved cellular detoxification capabilities
exhibited anti-ageing effects, a reduced rate of spontaneous
tumour occurrence and an increased life expectancy of 10%.
The beneficial effects of autophagy have also been highlighted in
mouse models of Alzheimer’s disease in which the increase in
autophagy has preserved the function of stem cells in the brain
and prevented cognitive decline (Rocchi et al., 2017).

The Different Types of Autophagy
Autophagy is a highly regulated and lysosome-dependent
catabolic process aimed at degrading cytosolic components.
Based on the different ways of cargo delivery to the lysosomes,

autophagy is classified into three types: macroautophagy,
microautophagy, and Chaperone-Mediated Autophagy (CMA)
(Figure 1).

In macroautophagy the substrates are sequestered within
cytosolic double-membrane vesicles termed autophagosomes
and delivered to lysosomes through vesicular fusion.
Macroautophagy begins with the formation of the phagophore
assembly site and continues with nucleation in which the
phagophore is formed; then, during the expansion process, the
phagophore closes to form the autophagosome (Sotthibundhu
et al., 2018). Degradation occurs as a result of fusion of the
autophagosome with the lysosome. Alternatively, the lysosomal
membrane can invaginate to internalize cargo in vesicles that
pinch off from the invaginated membrane. This process known as
microautophagy allows for degradation of proteins and organelles
sequestered either “in bulk” or in a selective manner (Tekirdag
and Cuervo, 2018). In contrast, in the process known as CMA,
cytosolic proteins can enter lysosomes for degradation through a
protein translocation system which directs them at the lysosomal
membrane. In CMA all cargo proteins are selectively delivered to
lysosomes upon recognition by heat-shock cognate protein of
70 kDa (Hsc70). Indeed, the target proteins carry a Lys-Phe-Glu-
Arg-Gln (KFERQ)-like motif which can be recognized by the
chaperone molecules that transport them to lysosomes via the
lysosomal-associated membrane protein 2A (LAMP2A) receptor
(Kaushik and Cuervo, 2018; Fleming et al., 2022). Until the first
CMA studies were performed, autophagy was considered a non-
selective form of mass degradation. As only proteins bearing a
pentapeptide recognized by Hsc70 in their amino acid sequence
could be sorted for CMA-mediated degradation, this
demonstrated that the autophagy process can also be selective
(Chiang and Dice, 1988).

To date, the landscape of autophagy has changed and it is now
known that, besides CMA, selective forms of macroautophagy
and microautophagy also exist (Tekirdag and Cuervo, 2018). In
all three selective processes the involvement of Hsc70 is evident
(Gamerdinger et al., 2011; Tekirdag and Cuervo, 2018). In
macroautophagy Hsc70 binds the hydrophobic residues
exposed in misfolded or aggregated proteins and under these
conditions the degradation process is called Chaperone-Assisted
Selective Autophagy (CASA). However, the role of chaperone in
CASA is very different from that played in CMA or in a selective
form of microautophagy, namely endosomal microautophagy
(eMI), where the sequence-mediated targeting of proteins by
Hsc70 occurs (Tekirdag and Cuervo, 2018). In fact, during eMI,
Hsc70 is degraded by the lysosomal compartment, while during
CMA it is returned to the cytoplasm after the substrate has been
delivered to the lysosome. Therefore, although Hsc70 is a
common chaperone molecule used in selective autophagic
processes, its fate can be different. Despite CMA is a clinically
still unexplored mechanism, it seems to play a key role in the
biology of ageing, arising much interest in researchers. In 2013
AnaMaría Cuervo highlighted the importance of CMA in various
pathological contexts, such as metabolic dysfunctions and
neurogenerative pathologies, and she identified a class of
molecules capable of stimulating CMA activity by promoting
protein degradation (Anguiano et al., 2013). Baharvand et al.

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 9124702

Vitale et al. CMA, Stemness, Ageing and Rejuvenation

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


(2008) in a proteomic study identified the 60 most expressed
proteins in human embryonic stem cells (ESC) undergoing self-
renewal, demonstrating that chaperones are among the most
involved in this phase. Moreover, this study highlighted the
enormous importance of protein quality control systems and
CMA for stem cell pluripotency.

This review will focus on the emerging role of CMA in stem
cell ageing and its relevant role in stem cell rejuvenation.
Furthermore, we will discuss the advantage of targeting CMA
as a therapeutic strategy to modulate stem cell function and its
possible clinical application.

CHAPERONE-MEDIATED AUTOPHAGY
OVERVIEW

CMA Mechanism
CMA is an autophagic process capable of selectively removing the
material to be degraded without the formation of
autophagosomes or vacuoles typical of other autophagic
processes (Kaushik and Cuervo, 2018).

The mechanism of CMA involves five main steps summarized in
Figure 2: substrate recognition, lysosome binding, substrate
unfolding, translocation and degradation (Chiang and Dice, 1988;

FIGURE 1 | Types of Autophagy: Based on the ways to deliver substrate to the lysosome, autophagy is classified into macroautophagy, microautophagy, and
Chaperone-Mediated Autophagy. Macroautophagy can act either in bulk or selective mode. In both selective (in which there may be involvement of Hsc70) and in bulk,
the double membrane autophagosomes sequester the substrate (organelles or cytoplasmic proteins) which is internalized in the lysosomes following the fusion of the
autophagosomes with the lysosomal membrane. Chaperone-Mediated Autophagy is always selective as in this case only proteins containing the KFERQ motif are
recognized by Hsc70 and then transported to the LAMP2A receptor on the lysosomal membrane which allows translocation of the substrate into the lysosome.
Microautophagy can also be either in bulk or selective. In bulk microautophagy, cytosolic proteins or organelles can be degraded; in selective microautophagy also called
endosomal microautophagy (eMI), the proteins containing the KFERQ motif.
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Tekirdag and Cuervo, 2018). During the substrate recognition
process, Hsc70 recognizes a specific peptide sequence related to
KFERQ motifs in the substrate protein forming chaperone-
substrate complex; many other chaperones are involved in this
first process, including heat shock protein 90 KD (Hsp90), heat
shock protein 40 (Hsp40), Hsp70–Hsp90 organizing protein (Hop),
Hsp70-interacting protein (Hip), and bcl2-associated athanogene 1
protein (BAG-1). It was found that Hsp90, Hip, andHop stabilize the
chaperone-substrate complex, while Hsp40 enhance Hsc70 ATPase
activity (Kaushik and Cuervo, 2018). The chaperone-substrate
complex then binds to the cytosolic tails of the transmembrane
receptor LAMP2A, located in lysosomal membrane, which
specifically mediates CMA. Since the passage of the substrate
protein through the lysosomal membrane requires an unfolded
form, the substrate undergoes unfolding with the cooperation of
the chaperones. The LAMP2A protein mediates translocation of the
substrate acting as a transport channel. Finally, into the lysosomal
lumen, lysosomal hydrolase breaks down the unfolded translocated
protein in the single amino acids (Chiang and Dice, 1988;
Agarraberes et al., 1997; Kaushik and Cuervo, 2018; Salvador
et al., 2000; Cuervo and Dice, 1996; Tasset and Cuervo, 2016;
Cuervo and Wong, 2014).

CMA Regulation
CMA is a dynamic process regulated by various factors, among
which LAMP2A receptor and chaperone proteins play a main

role (Figure 3). The LAMP2A functionality is regulated by direct
transcriptional regulation and by protein stability control.
Nuclear factor of activated T-cells (NFAT) and nuclear factor
erythroid 2-related factor 2 (NRF2) are the main transcriptional
regulators of LAMP2A influencing CMA activity (Valdor et al.,
2014; Pajares and Ana, 2018). Furthermore, the stability and
function of LAMP2A are regulated also by endoplasmic
reticulum (ER) stress via the activation of p38MAPK. ER
stress-induced chaperone-mediated autophagy (ERICA) is a
coupling process between ER stress and CMA. ERICA seems
to play an important role in preventing the death of neuronal
cells; in fact, the inhibition of ERICA mediated by ER stress and
CMA decoupling, would induce the death of neuronal cells in a
model of Parkinson’s disease (Li et al., 2019). The activity of the
CMA requires LAMP2A transport control, in fact, as
demonstrated in cystine disease, CMA activity is reduced
when Golgi complex–lysosomal transport pathway of
LAMP2A is impaired (Napolitano et al., 2015). Evidence of
the important role played by LAMP2A control transport for
CMA activity has also been reported in Parkinson’s disease. Here,
the absence of Vps35, a protein involved in the endosome-Golgi
transport of LAMP2A determines alterations of CMA in
dopamine neurons (Tang et al., 2015).

CMA activity is also closely linked to chaperone activity
responsible for the formation of the chaperone-substrate
complexes, the substrate recognition, unfolding and

FIGURE 2 |Mechanism of Chaperone-Mediated Autophagy (CMA): CMAmechanism involves five main steps: substrate recognition, lysosome binding, substrate
unfolding, translocation and degradation. The KFERQ motif allows the substrate to be recognized by the heat shock protein 70 (Hsc70) which, thanks also to other
chaperones, binds chaperone-substrate complex to the cytosolic tails of the LAMP2A receptor on the lysosomal membrane. After unfolding, LAMP2A acting as a
transport channel, translocates protein in lysosome where protein degradation occurs.
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translocation. The only chaperone known to bind to CMA
substrates is Hsc70 (Chiang et al., 1989).

Studies on human B lymphocytes have shown a regulation of
Hsc70 mediated by LAMP2C levels, whose overexpression would
block the binding between cytoplasmic Hsc70 and substrates of
CMA. Hsc70 is also fundamental to promote substrate
translocation processes and it is present in the lysosomal
lumen (Ly-Hsc70) (Agarraberes et al., 1997).

Hsp90 is responsible for the chaperone-substrate complexes
stability and it was shown in primary cardiomyocytes that the
mitochondria-related peptide Humanin influences its activity.
Hsp90 would promote the link between chaperones and
substrates resulting in an increase in cell viability mediated by
the regulation of CMA (Gong et al., 2018).

Signalling pathways are among the mechanisms of CMA
regulation too and include aforementioned NFAT, Calcium
Signalling, ER Stress, RARα Signal and TORC2-AKT1-

PHLPP1 Axis (Anguiano et al., 2013; Valdor et al., 2014; Arias
et al., 2015; Li et al., 2017; Li et al., 2019).

CHAPERONE-MEDIATED AUTOPHAGY IN
STEM CELLS

Pluripotent Stem Cells
Embryonic Stem Cells
Embryonic stem cells are derived from the inner cell mass of
early-stage preimplantation embryos. ESCs are able of replicating
indefinitely in the absence of senescence and can differentiate into
all cell lines. It is still unclear how stemness is preserved in ESCs
but it is known that transcriptional and metabolic circuits are
responsible for cell fate (Shyh-Chang et al., 2013; Martello and
Smith, 2014; De Los Angeles et al., 2015; Chandel et al., 2016;
Zhang et al., 2018).

FIGURE 3 | Regulation of Chaperone-Mediated Autophagy (CMA): CMA is mainly regulated by LAMP2A, chaperones and signalling pathways.
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A recent study has shown that low CMA activity promotes
ESC self-renewal, whereas its up-regulation enhances ESC
differentiation (Figure 4) (Xu et al., 2020). In a mouse model
the authors showed that CMA reduces levels of intracellular α-
ketoglutarate, an obligatory cofactor for various histone proteins
and DNA demethylases involved in pluripotency. These results
suggested that CMA can mediate the effect of core pluripotency
factors on metabolism, acting as a bridge between the
transcriptional and metabolic machinery in ESCs.

Different metabolic states are known to be responsible for
mouse ESC (mESC) pluripotency whose high proliferative
capacity is closely related to the high activity of different
glycolytic enzymes, high glycolytic flux and low mitochondrial
oxygen consumption (Kondoh et al., 2007; Wang et al., 2009;
Shyh-Chang et al., 2013; Carey et al., 2015; Hwang et al., 2016;
Tsogtbaatar et al., 2020). Moreover, metabolic enzymes represent
a large pool of substrates for CMA (Schneider et al., 2014; Tasset
and Cuervo, 2016). Based on these premises, Yi Xu et al.
demonstrated that in genetically modified mESCs
characterized by reduced LAMP2A, the presence of many
metabolites, including amino acids and nucleotides, was
particularly abundant. These data suggested that reduction of
CMA flux rises the availability of the anabolic precursors
necessary for stem cell proliferation, consistently with the high

rate of glycolysis often observed in ESCs (Xu et al., 2020). The
authors demonstrated that CMA acts on two enzymes, Isocitrate
dehydrogenases (IDH) 1 and IDH2. In the tricarboxylic acid
cycle, IDH1 and IDH2 are responsible for the conversion of
isocitrate to α-ketoglutarate whose intracellular level plays a key
role in maintaining mESCs pluripotency (Carey et al., 2015;
Hwang et al., 2016). In fact, α-ketoglutarate is a cofactor of
numerous histones and DNA demethylases and consequently,
through epigenetic control, it is involved in the pluripotency of
mESCs. The authors have shown that the activation of CMA
determines the decrease in the intracellular levels of α-
ketoglutarate with subsequent loss of pluripotency in mESCs.
The correlation between CMA and OCT4 and SOX2 which are
known to govern the pluripotency state of ESCs, has been
investigated too. Interestingly, OCT4 and SOX2 have been
found to inhibit CMA by blocking LAMP2A expression; on
the contrary, the increase of LAMP2A expression leads to a
reduction in OCT4, SOX2 and an augmented expression of
genes associated with differentiation. In addition, the authors
tried to propose how CMA can be connected with the
pluripotency and differentiation capacity of mESC. LAMP2A,
being the receptor for the chaperone-substrate complex in CMA,
represents a limiting component for CMA flow. The expression of
LAMP2A is closely connected with the differentiation capacity of

FIGURE 4 | Regulation of Embryonic stem cells (ESCs) by Chaperone-Mediated Autophagy (CMA): In quiescent ESCs, where CMA is inactive, Isocitrate
dehydrogenases (IDH)1 and IDH2 convert isocitrate to α-ketoglutarate, a cofactor of numerous histones and DNA demethylases. Through epigenetic control, it enables
expression of transcription factors OCT4 and SOX4 that bind to LAMP2A promoter and inhibit transcription of LAMP2A gene and subsequently of CMA that in turn
enables to maintain pluripotency of ESCs. In active ESCs, CMA leads to degradation of IDH1 and IDH2, resulting in low α-ketoglutarate levels and consequently low
OCT4 and SOX4 expression, enabling LAMP2A transcription. This activates CMA that in turn empowers differentiation of ESCs.
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mESCs as it allows the normal flow of CMA responsible for the
degradation of IDH1 and IDH2. Indeed, in quiescent ESCs, CMA
is inactive, IDH1 and IDH2 are not degraded and α-ketoglutarate
levels are high. Furthermore, it has been shown that it is possible
to increase mESC pluripotency by treating cells with cell
membrane–permeable dimethyl-αKG (DM-αKG) a precursor
for glutamine synthesis. In this scenario, the transcriptional
factors OCT4 and SOX2 bind a distal promoter region of the
Lamp2a gene leading to gene silencing. During cell
differentiation, the silencing of SOX2 and OCT4 prevents the
binding of the two factors with the Lamp2a gene, resulting in an
increase in the expression of the protein. This is an elegant
example of a bridge between transcriptional, metabolic,
epigenetic and cell degradation machinery in which CMA
plays a key role in cell fate.

While it was already well-known that ESC proliferation and
differentiation are regulated by transcriptional factors and
metabolism, it is now evident that CMA links these processes
(Xu et al., 2020). CMA is activated in conditions of oxidative
stress as demonstrated by the ability of reactive oxygen species
(ROS) to promote nuclear translocation of NFAT1 and the
consequent enhancement in LAMP2A expression in T cells
(Valdor et al., 2014; Kaushik and Cuervo, 2018). Therefore,
ROS could stimulate the differentiation process of ESCs.

Pharmacological treatments or genetic manipulation
techniques could act at the level of α-ketoglutarate or directly
on CMA to control the replicative and differentiation potential of
ESCs. However, the previously described study was only
conducted on mouse cells (Xu et al., 2020) and it is well
known that pluripotent stem cells differ significantly in the
regulation of pluripotency between mouse and human (Ernst
et al., 2015). For instance, substances that can induce mESCs to
differentiate, had either totally different or no effect on the human
ones, as well as these cells differ in response to signaling pathways
that support self-renewal (Greber et al., 2010). For this reason, it
remains to be shown whether these results apply to human
embryonic stem cells. Nonetheless, Yi Xu et al. opened the
way for new investigations and for the development of new
approaches that might be useful to restore the pluripotency
lost in degenerative diseases and during the ageing process, as
well as to stimulate tissue differentiation for regenerative
medicine applications.

Induced Pluripotent Stem Cells
The advent of cellular reprogramming has allowed the generation
of induced pluripotent stem cells (iPSCs) that can differentiate
into virtually any type of somatic cells. Mouse fibroblasts were the
first to be successfully converted back to iPSCs through the
introduction of four transcription factors: Oct4, Sox2, Klf4 and
c-Myc (Takahashi and Yamanaka, 2006; Rademakers et al., 2019).
To date, iPSCs can be derived from various differentiated types of
human and mouse cells.

Unlike pluripotent ESCs, iPSCs have the advantage that they
can be derived from any patient or donor, reducing ethical
concerns about using embryo-derived cells. This opens
unprecedented perspectives for the generation of autologous
donor cells for regenerative medicine purposes, for the

development of patient-specific disease models and for the
development of new drugs (Shi et al., 2017; Rowe and Daley,
2019).

Although still a subject of debate, in the last decade, some
studies have focused on the role of macroautophagy during
somatic reprogramming (Xu and Yang, 2022). Instead, there
are currently no studies that analyze the possible involvement
of CMA. Nonetheless, the differentiation versatility of iPSCs has
allowed to investigate the role of CMA in the pathogenesis of
neurodegenerative diseases that often involve elderly patients. In
this section we will discuss the studies carried out on iPSCs in
which the role of CMA has been demonstrated in Parkinson’s
disease (PD), which is the first neurodegenerative disorder
associated with CMA (Cuervo et al., 2004).

PD affects approximately 2% of over-60 age population and its
typical histopathological feature is the presence of
intracytoplasmic inclusions in the surviving neurons mainly
composed by α-synuclein (Marino et al., 2019).

Mutations occurring in the repeated kinase rich in leucine 2
(LRRK2) are autosomal dominant and manifest as late onset PD.
Orenstein et al. showed that in dopaminergic (DA) neurons with
LRRK2 G2019Smutation (LRRK2G2019S) CMA is impaired by the
interaction of α-synuclein with LAMP2A (Orenstein et al., 2013).
For this study, the authors differentiated iPSCs in AD neurons
starting from healthy individuals and from patients with familial
LRRK2G2019S PD. In detail, the authors found high α-synuclein
level and a marked LAMP2A-α-synuclein colocalization in
LRRK2G2019S patient-derived DA neurons before any obvious
signs of neurodegeneration (Sánchez-Danés et al., 2012).
Moreover, the authors demonstrated that LRRK2-mediated
blockade of LAMP2A multimerization results in accumulation
of CMA substrates, including α-synuclein, on the lysosomal
membrane surface. In this study, the use of iPSC-derived
neurons was particularly advantageous for following the
neurodegeneration process from the early stage. Analysis of
the data indicated that alterations in CMA are an early event
(Orenstein et al., 2013), detectable before manifest
neurodegeneration and observed before the previously
described macroautophagy impairment (Sánchez-Danés et al.,
2012). These results are in agreement with the study of Domenico
et al., (2019) where using co-cultures of astrocytes and neurons
derived from iPSCs of both healthy donors and PD patients with
LRRK2G2019S, the authors observed dysfunctional CMA and the
accumulation of α-synuclein in PD astrocytes. Furthermore,
pharmacological stimulation of CMA in astrocytes had a
protective effect due to the increased clearance of α-synuclein.

To note also the study by Kuo et al. (2022) on DA neurons
derived from iPSCs that revealed a close link between a set of
GBA1 heterozygous mutant (MT) alleles and CMA. The GBA1
gene encodes α-glucocerebrosidase (GCase) and the heterozygous
MT alleles of the GBA1 gene are among genetic risk factors for
PD. Normally, GCase is folded into the endoplasmic reticulum,
transferred to the Golgi apparatus, and delivered to the
lysosomes. Using iPSC-derived DA neurons from PD GBA1
heterozygote patients and healthy donors, the authors
observed in patient-derived neurons higher levels of MT
GCase protein in the cytosol and lower levels in lysosomes.
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The prolonged binding of MT GCase to the lysosomal surface
could disrupts the normal activities of LAMP2A, blocking CMA
and leading to α-synuclein the accumulation.

All these studied have allowed to deepen and validate the role
of CMA in the neuropathogenesis of PD, giving relevance to the
possible pharmacological activation of CMA as a therapeutic
strategy for this disease.

Adult Stem Cells
Mesenchymal Stem/Stromal Cells
Mesenchymal stem/stromal cells (MSCs) are multipotent adult stem
cells capable of self-renewing or differentiating into different tissues
including bone, cartilage, muscle and fat cells, and connective tissue
(Friedenstein et al., 1976; Ashton et al., 1980; Owen and Friedenstein,
1988; Han et al., 2019). The commitment of MSCs towards
differentiation is strictly regulated by various pathways during
development and adulthood (Pittenger et al., 2019).

Demographic changes and an ageing population increasingly
push researchers to identify mechanisms to exploit the
differentiation capacities of MSCs. This is particularly
important for bone tissue where trauma, disease and in
particular the advancement of age, lead to tissue degeneration,
representing one of the major clinical and socio-economic
problems linked to ageing.

A group of researchers led by Xiaochun and Zhipeng, studying
the regulation of osteogenesis in MSCs, has shown that CMA

plays a central role in promoting osteoblastic (OB) differentiation
of MSCs (Gong et al., 2021) (Figures 5A,B). Using a mouse
model, it was observed that in the OB differentiation phase, MSCs
show increased levels of LAMP2A as well as increased CMA
activity. An augmented LAMP2A expression was also
demonstrated in osteoblasts, indicating the involvement of
CMA in OB differentiation even after the initial lineage
commitment. Conversely, the observation that low levels of
LAMP2A and CMA in MSCs induced to adipocyte (AD)
differentiation suggests an inverse correlation between CMA
and AD differentiation. The authors demonstrated a
compromised osteogenic differentiation ability in bone
marrow-derived MSCs and preosteoblasts from elderly people
(>70 years) and aged mice (16 months old). To evaluate the
association of CMA activity with bone degeneration in vivo,
LAMP2A expression analysis in femoral sections was carried
out. The markedly reduced LAMP2A protein expression in MSCs
and preosteoblasts/osteoblasts from elderly people and aged mice
in comparison with their young counterparts (for humans,
<30 years; for mice, 3 months) suggested that LAMP2A
downregulation in MSCs was associated with compromised
osteogenic differentiation during ageing in vivo. Importantly, a
proteomic analysis in men and mice with age-related bone loss
allowed to identify the VANGL2 protein, a key regulator of planar
cell polarity and organ development (Bailly et al., 2018), as
responsible for the mechanism underlying LAMP2A and CMA

FIGURE 5 | Regulation of Mesenchymal stem cells (MSCs) by Chaperone-Mediated Autophagy (CMA): (A) In aged MSCs, active VANGL2 protein decreases CMA
with consequent enhancement of osteogenesis-deterring factor level that inhibits osteoblast differentiation and encourages differentiation of MSCs into adipocytes. (B)
The opposite effect occurs in young MSCs where the low level of VANGL2 and increased CMA induce osteogenesis-deterring factors reduction. This promotes MSC
differentiation into osteoblasts and reduce adipocyte differentiation. (C) Leptin treatment in rat MSCs decreases CMA that in turn inhibits degradation of megalin, a
receptor for vitamin D3. Binding of vitamin D3 to its receptor promotes differentiation of MSCs into osteoblasts.
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decrease as well as loss of OB differentiation capacity of aged
MSCs. Indeed, VANGL2 expression is dramatically increased in
humans andmice with age-related bone loss. In addition,Vangl2-
deleted MSCs show augmented LAMP2A and CMA levels, with
consequent increase in OB differentiation capacity whereas AD
differentiation is reduced, thus confirming the role of VANG2L in
controlling LAMP2A expression and CMA activity. Furthermore,
while OB-induced MSCs are characterized by low VANGL2
levels, its expression is high in AD-induced MSCs. The
authors showed that the pro-osteogenic effect mediated by
VANGL2 depletion is reversed by LAMP2A down-
modulation. Moreover, the in vivo study on a genetically
modified mouse model has shown that, Vangl2 deletion in
MSCs promotes bone tissue formation while reduces marrow
adipose tissue. The study of Gong et al. allowed to understand
how CMA controls the commitment of MSCs to osteogenic
differentiation. The CMA would, in fact, act by removing
osteogenesis-deterring factors. The study of the proteomic
variations induced by VANGL2 depletion showed an at least
2-fold reduction of the adipogenic ZNF423 and TLE3 as well as
chondrogenic SOX9 and Myd88, which acting downstream to
Toll-like or interleukin-1 receptors, would inhibit OB
differentiation of MSCs and therefore bone regeneration
(Krum et al., 2010; Martino et al., 2016). In detail, it was
observed that VANGL2 depletion induces a translocation of
adipogenic and chondrogenic inducing factors to LAMP2A
positive lysosomes during OB differentiation of MSCs.
Conversely, this flux is considerably reduced by LAMP2A
depletion. Therefore, the above observations raise the
possibility that CMA controls OB differentiation by selective
degradation of proteins incompatible with the process. Since
the LAMP2A/VANGL2 ratio is high during OB differentiation
but low during AD differentiation, the control of this axis could
be the key for driving the initial lineage commitment but also for
maintaining OB identity during late differentiation in aged
patients with all the clinical relevance that this ensues.
Moreover, the high bone/marrow fat ratio is correlated with a
healthier metabolic condition, and in older patients in addition to
bone loss, excessive marrow fat accumulation is often observed.
Accordingly, CMA and VANGL2 may represent promising
targets in age-related bone loss and the development of a
therapeutic strategy that acts on this axis could be useful for
the treatment of osteoporosis and other diseases related to bone
loss, as well as for metabolic diseases associated with bone/
marrow fat imbalance, beyond that for the various
applications of regenerative medicine.

At variance with the previously presented scenario, in the
same year, He et al. (2021) studied the differentiation capacity of
rat MSCs demonstrating an increase in OB differentiation
following CMA inhibition (Figure 5C). This result is
inconsistent with the study of Gong et al. (2021). However,
while the study by Gong et al. was conducted on CMA
independent of the master lysosome biogenesis regulator TFEB
and of the mTORC2/PHLPP1/Akt axis that, under stress
conditions such as serum starvation, induce LAMP2A
assembly and consequent CMA activity (Arias et al., 2015),
the effects described by He et al. (2021) involved treatment

with Leptin, a protein known to be an inhibitor of PI3K/AKT-
dependent CMA. It is also known that the MSC OB
differentiation is induced by vitamin D whose active
metabolite is 1α,25(OH)2D3 (Lips and Van Schoor, 2011;
D’ippolito et al., 2002). In MSCs, megalin is among the main
receptors of 1α,25(OH)2D3 (Gao et al., 2019). He et al. (2021)
proved that leptin treatment stimulates bone differentiation by
increasing megalin levels through inhibition of CMA. In
particular, leptin decreased LAMP2A and Hsc70 levels and
increased AKT phosphorylation. In fact, cells treatment with
LY294002, a PI3K/AKT signal pathway inhibitor, induced partial
rescue of LAMP2A and Hsc70. Importantly, OB differentiation
capacity was also reduced following treatment with PI3K/AKT
signal pathway inhibitor, confirming that PI3K/AKT dependent
inhibition of CMA is critical to enhancing osteoblast
differentiation of rat MSCs induced by the precursor 25(OH)
D3. Therefore, this study highlighted another important role of
CMA in MSCs OB differentiation, useful for preventing age-
related osteoporosis or other pathologies related to bone loss.

Among the physiological mechanisms in which CMA is
involved there is the immune response. In fact, CMA
participates in the regulation of inflammation and
immunomodulation through a variety of mechanisms (Hosaka
et al., 2021). For example, NF-κB, a pivotal proinflammatory
transcription factor, may be activated by CMA-mediated
degradation of the specific NF-κB inhibitor (Cuervo et al.,
1998). CMA is also induced in T cells in response to T cell
receptor engagement (Valdor et al., 2014).

The extraordinary characteristics of MSCs as unique adult
stem cells that have both stem cell properties and
immunomodulatory function (Pittenger et al., 2019), prompted
us to briefly incorporate in this paragraph the emerging role of
CMA in maintaining the immunosuppressive function of MSCs.
It is well-known that the inflammatory environment increases the
immunomodulatory activity of MSCs (Uccelliet al., 2008; Shi
et al., 2017). However, the mechanisms that allow the
inflammatory microenvironment to control the
immunoregulatory capacity of MSCs are still unclear.

Recently, a study revealed that CMA was inhibited in MSCs in
response to proinflammatory cytokines which further indicates
that CMA inhibition is a critical contributor to the
immunosuppressive function of MSCs induced by
inflammatory cytokines, a previously unknown function of
CMA (Zhang et al., 2021). In particular, in a mouse model it
was shown that treatment of MSCs with proinflammatory
cytokines interferon-γ (IFN-γ) and tumour necrosis factor-α
(TNF-α) inhibits CMA activity at least in part by activation of
AKT with consequent immunosuppressive action. The authors
demonstrated that CMA suppression mediated by knocking
down LAMP2A in MSCs increased the immunosuppressive
abilities of MSCs on T cell proliferation; on the contrary, the
increase in CMA through LAMP2A overexpression in MSCs
exerted the opposite effect. Moreover, it was demonstrated that
CMA orchestrates the immunosuppressive functions of MSCs by
reducing chemokine CXCmotif ligand 10 (CXCL10) levels which
recruits inflammatory T cells, and inducible nitric oxide synthase
(iNOS) which leads to the subsequent inhibition of T cell
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proliferation. The increase in CMA activity and the consequent
reduction in CXCL10 levels together with the inability to recruit
T cells confirmed the anti-immunosuppressive role of CMA in
MSCs. Although the authors have not identified the mechanism
of action underlying the results obtained, they hypothesize that
the link between CMA and the immunosuppressive functions of
MSCs can be traced back to STAT1 and NF-κB pathways (Zhang
et al., 2021) which are the two main signalling pathways involved
in inflammation-induced expression of CXCL10 (Wilson et al.,
2013) and iNOS (Farlik et al., 2010). Indeed, the authors
demonstrated that activated STAT1 and NF-κB levels were
increased in MSCs with altered CMA and furthermore,
inhibition of these two signals by specific inhibitors reduced
the levels of CXCL10 and iNOS, while they increased
following the inhibition of CMA (Zhang et al., 2021).

The discovery of the role of CMA in the immunomodulatory
activity of MSCs is extremely relevant from a therapeutic
perspective. Being able to control the immunomodulatory
activity of MSCs by acting on the CMA, in fact, could be
useful in order to control the action of stem cells in the
pathological context, such as autoimmunity or cancer.

Recently, it was proposed that MSCs are able to modulate the
macroautophagy of immune and other cells involved in disease
pathogenesis (Ceccariglia et al., 2020). In particular, it was shown
that MSCs can influence macroautophagy in immune cells
involved in injury-induced inflammation, reducing their
survival, proliferation and function thus promoting the
resolution of inflammation (Chen et al., 2016; Zhu et al.,
2016). MSCs can also influence autophagy in adult
endogenous or progenitor cells, promoting their survival,
proliferation and differentiation by supporting the restoration
of functional tissue (Shin et al., 2014; Li et al., 2015; Zhao et al.,
2015; Liu et al., 2017; Xiao et al., 2018). Themechanisms by which
MSCs can influence the autophagy of other cells are not yet clear
but a key role seems to be played by the exosomes released by
MSCs (Xiao et al., 2018).

The emerging role of CMA opens up new hints for the study of
mechanisms through which MSCs can modulate the autophagy
of target cells. Indeed, CMA could influence the therapeutic
properties of MSCs providing a broader perspective for the
clinical application of MSCs in the treatment of many diseases.

Pericytes
Considering the emerging role of CMA in pericytes, we decided to
introduce a short section on this cell population whose definition
is still ambiguous.

Pericytes are multifunctional cells located within the basement
membrane that surrounds capillaries. They can regulate blood
flow, are involved in angiogenesis, inflammation and tissue repair
as well as regeneration after injury showing stem cell-like
properties.

The choice to insert pericytes in a subsection of MSCs derives
from one of the definitions of these cells; some authors in fact use
the terms “pericytes” and “mesenchymal stem cell”
interchangeably, while others argue that pericytes are MSC
precursors (Hoshino et al., 2008; Corselli et al., 2010;
Nakagomi et al., 2015; Davidoff, 2019; Courtney and

Sutherland, 2020). However, the debate on the issue of
stemness is still open. Although pericytes share many markers
with mesenchymal stem cells, the absence of definitive markers
and the heterogeneity of these cell populations makes it difficult
to prove their true interconnection.

Pericytes play a key role in immunological defense through the
secretion of inflammatory molecules (Valdor et al., 2019).
Deregulated CMA can, by modulating their immune response,
be associated with pathological processes such as the
development of cancer.

Glioma tumour cells have been shown to induce CMA
upregulation in surrounding pericytes thus suppressing their
antitumour function and inducing immunotolerance to cancer
(Valdor et al., 2019; Molina et al., 2022). In detail, tumour-
induced aberrant upregulation of CMA in pericytes causes an
anti-inflammatory phenotype that prevents T cell activation for
tumour clearance. These studies suggest that normalization of
pericytic CMA could be an effective antiglioblastoma
intervention. In support to this, the authors have indeed
shown that the experimental blockade of CMA in pericytes
during the glioblastoma-pericyte interaction is sufficient to
promote tumour cell death. The authors highlight pericytes as
an essential cell type for the establishment of immune evasion in
glioblastoma, thus identifying a critical element for the local
control of the interaction between tumour cells and pericytes
for the down-regulation of the antitumour immune response.
Therefore, preventing glioblastoma-induced upregulation of
CMA in the pericyte in contact with the tumour cells may
represent a targeted strategy for the development of novel
therapies against glioblastoma.

Aberrant regulation of CMA occurs with advancing age
(Kaushik and Cuervo, 2015) often responsible for an increased
risk of malignant transformation. Further investigation on the
involvement of CMA not only in stem cells but also in cell
populations with immunoregulatory action could open new
therapeutic frontiers in the treatment of diseases associated
with ageing.

Considering the works examined, we can state that CMA plays
a key role in MSCs by acting as a regulator of their differentiation
processes and in particular in addressing the bone differentiation
of MSCs. Furthermore, the study of the importance of CMA in
regulating the immunosuppressive functions of MSCs
highlighted a completely new and unexplored function of CMA.

Haematopoietic Stem Cells
Haematopoietic stem cells (HSCs) are able to differentiate into
cells of the myeloid and lymphoid lineage originating blood cells.
By definition, HSCs are also capable of self-renewal and this is a
key feature to prevent the bone marrow failing as a result of stem
cell pool depletion. Therefore, HSCs are able to pass from the
state of quiescence, in which normally they are, to an activated
state to originate the blood cells, and then return to quiescence
again (Spangrude et al., 1988; Arai et al., 2004; Wilson et al., 2004;
Signer et al., 2014). However, the aforementioned characteristics
of HSCs can be compromised by ageing, which causes a reduced
capacity for self-renewal (Rossi et al., 2007; Beerman et al., 2010;
Mohrin et al., 2015; Ho et al., 2017).
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Metabolism is known to play a pivotal role in the biology of
HSCs. Quiescent HSCs have a glycolysis-based metabolism, while
following activation, the fatty acids oxidation within the
mitochondria drives the metabolic machine (Simsek et al.,
2010; Suda et al., 2011).

Ageing HSCs undergo metabolic reprogramming with an
increase in mitochondrial oxidative phosphorylation, in ROS
production, in DNA damage and a reduction in the protein
degradation system control (Mohrin et al., 2015; Ho et al., 2017).

One of the main challenges in studying HSCs is to understand
the mechanism of their ageing in order to prevent and/or hinder
it. Blocking the ageing process, in fact, could maintain
fundamental capacities for the functioning of HSCs, such as
self-renewal and differentiation capacity. Dong et al. (2021),
using a CMA reporter mouse model showed that the basal
activity of CMA was very high in quiescent HSCs derived
from young mice compared to older animals; CMA levels
were even higher after in vivo treatment with 5-fluorouracil
(5-FU), a myeloablative agent. Moreover, the study showed
that CMA does not affect mature blood cell production; on
the other hand, blocking CMA by deletion of Lamp2a, reduces
HSCs in the bone marrow which, even after treatment with 5-FU,
are unable to proliferate. This proved that CMA is dispensable for
cell differentiation but is essential to preserve the functionality of
HSCs and to prevent depletion of activated HSCs. Furthermore,
CMA-deficient cells were characterized by reduced ATP
production, increased ROS and accumulation of proteins
involved in metabolism, many of which are known to be
substrates of CMA. Ana Maria Cuervo and her group have
shown that CMA is essential for metabolic machinery
regulation in HSCs, playing a leading role in glycolysis and

oxidative phosphorylation activation. In fact, in Lamp2a
deficient HSCs, a reduction of the glycolytic process necessary
for quiescent HSCs was observed; in detail, the authors
highlighted a reduction in the activity of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and pyruvate kinase
(PK), key enzymes for the glycolytic process and substrates of
CMA. Therefore, a low level of CMA, situation that occurs in
aged quiescent HSCs, results in the accumulation of inactive
GAPDH and PK, preventing glycolysis and HSCs activation
(Figure 6A). Moreover, the authors showed that CMA acts
also at fatty acids metabolism level. In activated HSCs, CMA
is essential for the degradation of fatty acid desaturase 2 (FADS2),
the enzyme responsible for linoleic acid metabolism. In fact, the
acetylated and inactivated form of FADS2 is among the substrates
of CMA in HSCs. Normally, activated HSCs show elevated
linoleic and α-linolenic acid metabolism. In contrast, in
activated HSCs with blocked CMA, the authors found
accumulation of both these precursors. As further
confirmation of the link between CMA and fatty acid
metabolism, in HSCs with normal levels of CMA, it was
possible to reduce the self-renewal capacity by inhibiting the
linoleic acid levels regulator, FAD2S. The restoration of the self-
renewal capacity in CMA-deficient HSCs after treatment with γ-
linolenic acid (GLA), a direct product of FADS2, has proved that
HSC functionality is closely linked to α-linolenic and linoleic acid
metabolism and to CMA-mediated FADS2 degradation. In detail,
Dong et al. have shown that acetylation inactivates FADS2 and
triggers its removal by the CMA; this process would therefore be
responsible for the balance of the active and inactive enzyme
levels, by positively regulating the activity of FADS2 and
increasing the metabolism of fatty acids during HSCs

FIGURE 6 | Regulation of Haematopoietic stem cells (HSCs) by Chaperone-Mediated Autophagy (CMA): (A) Young quiescent HSCs are characterized by high
levels of basal CMA and, thanks to the high activity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase (PK), have a glycolysis-based
metabolism that allows cell self-renewal and activation. In aged quiescent HSCs, reduced CMA activity increases CMA substrates like inactive GAPDH and PK enzymes.
This reduces the glycolytic process and consequently limits HSC activation. (B) In active HSCs, fatty acids metabolism plays a key role. In young active HSCs the
acetylated inactive fatty acid desaturase 2 (FADS2) is removed by CMA and active FADS2 allows linoleic acidmetabolism andHSC self-renewal. In aged active HSCs, the
reduced levels of CMA results in increase in acetylated inactive FADS2 that inhibits linoleic acid metabolism. This consequently limits renewal capacity of HSCs.
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activation (Figure 6B). To confirm the role of CMA in HSCs, the
evidence that HSCs from CMA-deficient young mice manifested
phenotypes similar to HSCs derived from elderly control mice,
i.e., altered glycolytic and mitochondrial metabolism, alterations
of the proteome as well as reduced CMA activity. Interestingly,
the increase in CMA activity through genetic manipulation
techniques or drug administration (CMA activators) has
improved the functions of the old HSCs. It should be noted
that also human CD34+ haematopoietic stem cells obtained from
elderly donors and treated with CMA activators increased the
functional capacities of old HSCs in long-term cultures.

All these discoveries open the way to new horizons, supporting
the idea that CMA can be a valid target for HSC rejuvenation as
well as the improvement of HSC function in conditions of ageing
or stem cell transplantation.

CMA in Endothelial Health
Endothelial cells constitute flexible transport networks but have
also turned up as critical regulators of stem cell niche function.

In recent years, attention has been paid to the role of
autophagy in the health of blood vessel walls (Hua et al.,
2022). Macroautophagy has proven important in endothelial
cells (ECs) (Torisu et al., 2016), vascular smooth muscle cells
(VSMCs) (Grootaert et al., 2015) andmacrophages (Ouimet et al.,
2011) for maintenance of vasculature homeostasis, in response to
lipid challenges and protection against atherosclerosis
(Henderson et al., 2021). In contrast, the role of other
autophagy types in vascular cells remained less known.

Atherosclerosis is a type of thickening or hardening of the
arteries caused by a buildup of plaque in the inner lining of an
artery (Benjamin et al., 2017). Among the main risk factors for the
development of atherosclerosis there are obesity, hypertension,
diabetes and ageing (Benjamin et al., 2017). Atherosclerosis is
characterized by vascular endothelial dysfunction that involves
ECs activation leading to increased expression of cell adhesion
molecules and dedifferentiation of VSMCs from a contractile to
an activated secretory and migratory phenotype (Vengrenyuk
et al., 2015; Bennett et al., 2016; Wirka et al., 2019).

In 2021, Lei Qiao et al. highlighted the possible role of CMA in
atherosclerosis through the regulation of NLRP3 inflammasome
(Qiao et al., 2021). In detail, the authors showed a reduction in
CMA in advanced atherosclerosis situations both in the aorta of
ApoE−/− mice and in human coronary atherosclerotic plaques
and an acceleration of the formation of atherosclerotic lesions in
mice genetically modified to block CMA by deletion of LAMP2A.
The authors also found that LAMP2A deficiency promoted
NLRP3 inflammasome activation and subsequent IL-1β release
in macrophages and atherosclerotic plaques. On the contrary, the
increase in the expression of LAMP2A levels in macrophages
attenuated the activation of the NLRP3 inflammasome.

Few months ago, Cuervo et al. showed that blockage of CMA
in mice increased their vulnerability to proatherosclerotic
challenges, through both systemic and cell-autonomous
changes in VSMCs and macrophages (Madrigal-Matute et al.,
2022). Loss of CMA in VSMCs promoted their dedifferentiation
and higher susceptibility to lipid challenges, while defective CMA
in macrophages led to a more proinflammatory phenotype. In

detail, the study was conducted on mice fed a pro-atherosclerotic
diet by monitoring the activity of CMA in the aortas of animals
affected by plaque. After an initial increase in CMA activity in
response to the dietary challenge, after 3 months the researchers
highlighted a significant accumulation of plaque and the absence
of CMA activity in macrophages and VSMCs. The role of CMA
for endothelial cell health was confirmed by the presence of
almost 40% larger plaques in mice genetically modified to block
CMA activity than in WT animals. Consistently, animals
genetically modified to upregulate CMA and fed a pro-
atherosclerotic diet exhibited smaller plaques and less severity
than control animals, as well as significantly improved blood
cholesterol levels. Importantly, in their study the researchers
provided evidence that weak CMA activity is related to
atherosclerosis in humans as well. The authors highlighted
that LAMP2A levels in human autopsy-derived atherosclerotic
plaques from asymptomatic patients at different plaque stages
increase gradually with disease progression; similarly, LAMP2A
messenger RNA levels in carotid plaques, surgically retrieved
from symptomatic patients, directly correlated with the size of the
plaque. In addition, it was shown that after a first ischemic event,
patients with higher CMA levels did not have a second stroke;
conversely, a second ischemic event occurred in nearly all patients
with low CMA activity.

The Cuervo’s study suggests that the level of CMA activity
after endarterectomy could help predict the risk of a second
stroke and guide treatment, especially for people with low CMA
(Madrigal-Matute et al., 2022). It is possible that upregulation of
CMA is part of the body’s response to proatherogenic challenges,
but factors such as ageing or sustained food pressure, known to
inhibit CMA, could reduce the effectiveness of this protective
mechanism.

Since CMA levels can be pharmacologically increased in
humans, it is possible to speculate on the possibility of
substituting carotid endarterectomy with new methods to
prevent depletion of CMA levels with ageing.

FUTURE CLINICAL PERSPECTIVES

Although genetic and epigenetic regulation is at the basis of stem
cell identity, increasing evidence supports the control of
proteostasis as a major player in stem cell fate by regulating
their capacity for self-renewal, pluripotency, and differentiation
as well as for the underlying processes of ageing.

Unlike somatic cells, which have a relatively short lifespan,
stem cells, due to their ability to either self-renew or differentiate
into other cell types, require precise mechanisms for controlling
proteostasis to prevent damaged molecules from being “passed
down” to daughter cells. Any problems in these control
mechanisms can be crucial for stem cells by compromising
organism development, stem cell compartment and inducing
ageing and related diseases.

In the context of ageing, autophagy stimulation in aged stem
cells through genetic and pharmacological approaches has been
shown to improve stem cell properties and their regenerative
functions. For example, ex vivo culture of HSCs derived from
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human umbilical cord blood in the presence of N- (4-hydroxy-
phenyl) retinamide (4HPR) enhanced long-term self-renewal of
the cell population (Xie et al., 2019) by increasing the cellular
frequency of repopulation after xenograft in immunodeficient
mice. Importantly, the 4HPR-mediated improvement on HSC
function has been attributed to the activation of proteostasis
programs including autophagy. Therefore, the identification of
compounds that can increase stem cell expansion and
simultaneously preserve their self-renewing functions shows
great promise for the future of stem cell transplant approaches
and regenerative medicine (Fares et al., 2014; Xie et al., 2019).

If, until a few years ago, the link between autophagy and ageing
involved only macroautophagy, recent studies have identified
CMA as a protagonist in the processes that regulate the ageing of
stem cells, revealing itself as a crucial target in therapies aimed at
rejuvenation and at regeneration.

As discussed in this review, CMA plays a key role in stem cells
for self-renewal, differentiation, reprogramming and senescence.
These new discoveries on both embryonic and adult stem cells
pave the way for new possible treatments with potential
applications in clinical cell therapy. For example, according to
the regulation circuit described by Xu et al. (2020) modulating the
CMAwould allow to regulate the α-ketoglutarate/succinate ratios
by deciding the fate of embryonic stem cells. However, the study
by Xu et al. is limited to the use of mouse ESCs which differ
significantly from the human model. Furthermore, in the future,
it will be appropriate to investigate the possible involvement of
other enzymes regulated by α-ketoglutarate. For example, α-
ketoglutarate regulates prolyl hydroxylases activity which
influence the action of the transcription factor of hypoxia
inducible factor 1α (HIF-1α) involved in ESC differentiation.
The decrease in α-ketoglutarate could also influence the
production of mitochondrial ROS, which play a role in stem
cell control (Martínez-Reyes and Chandel, 2020). Moreover,
further studies to investigate the possible involvement of other
metabolic and non-metabolic enzymes that can be targets of
CMA in ESCs would be useful. Interestingly, α-ketoglutarate has
been shown to extend lifespan in the nematode worm
Caenorhabditis elegans in which CMA is conserved (Chin
et al., 2014). It is still unknown if this beneficial effect is due
to the suppression of CMA, but certainly it might be interesting to
investigate this issue in the human being by speculating on the
possible integration of α-ketoglutarate to promote a healthy life in
humans.

Pharmacological intervention for the regulation of GAPDH
and FADS2 levels in HSCs and the control of transcriptional
factors essential for differentiation in MSCs would allow, on the
other hand, to increase the functionality of stem cells in
conditions of ageing or transplantation. Further studies would
be interesting to investigate the other metabolic pathways
identified as modified in HSCs with defective CMA.

This new evidence designates CMA as a therapeutic goal that,
despite completely new and clinically unexplored, will provide
promising approaches for the treatment of ageing and diseases
related to ageing. In 2013, a class of molecules capable of

stimulating CMA was identified. In detail, it was demonstrated
that signalling through the retinoic acid receptor α (RARα)
inhibited CMA opening the scenario for chemical design
aimed at developing synthetic derivatives of trans-retinoic acid
to specifically neutralize this inhibitory effect (Anguiano et al.,
2013). The action of these compounds has already been tested on
mouse models, in which drug treatment has helped to improve
the signs of Alzheimer’s disease. Furthermore, as discussed in the
section on HSCs, these drugs restored the functionality of the
aged haematopoietic stem cells. Furthermore, the discovery of the
role of CMA in the immunomodulatory activity of MSC opens
new perspectives for the clinical application of MSCs in the
treatment of many diseases. For this reason, new studies on
the modulation of CMA in cells with immunoregulatory
action could be useful for more promising therapeutic
approaches.

The advantage of the pharmacological treatment of CMA lies
in the intrinsic characteristics of the mechanism itself. In fact,
since CMA is based on a highly specific signalling process owing
to the KFERQ-like motif recognition on the substrate, its
pharmacological manipulation would guarantee a safe and
targeted therapeutic intervention respect to the one that
targets macroautophagy. Thanks to a targeted degradation,
and to the pharmacological modulation of CMA, we might
therefore have a successful tool to impact on the fate of stem cells.

CONCLUSION

Being able to direct the fate of stem cells is particularly relevant
when their pluripotency or differentiation abilities decrease,
which occurs during ageing or degenerative disease onset. In
these contexts, the possibility to control the decision between
maintaining the stem cell pool or inducing cell differentiation is
of vital importance. The discovery of the role of CMA in the
modulation of these events is therefore very relevant and the
possibility of pharmacologically controlling these mechanisms
opens a new research horizon in the field of cell rejuvenation. This
would be certainly relevant for transplant therapies and
regenerative medicine, in particular in damaged tissue
restoration, such as bone tissue, a condition that increases
with advancing age and the demographic ageing of the
population.

AUTHOR CONTRIBUTIONS

EV, RR, and CG conceived and wrote the review. SP, DR, and MI
cooperated in bibliographic searches and table/figure editing.

FUNDING

This work was partially supported by Rilo 2020 and Rilo 2021 to
RR and CG.

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 91247013

Vitale et al. CMA, Stemness, Ageing and Rejuvenation

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


REFERENCES

Agarraberes, F. A., Terlecky, S. R., and Dice, J. F. (1997). An Intralysosomal Hsp70
Is Required for a Selective Pathway of Lysosomal Protein Degradation. J. Cell
Biol. 137 (4), 825–834. doi:10.1083/jcb.137.4.825

Anguiano, J., Garner, T. P., Mahalingam, M., Das, B. C., Gavathiotis, E., and
Cuervo, A. M. (2013). Chemical Modulation of Chaperone-Mediated
Autophagy by Retinoic Acid Derivatives. Nat. Chem. Biol. 9 (6), 374–382.
doi:10.1038/nchembio.1230

Arai, F., Hirao, A., Ohmura, M., Sato, H., Matsuoka, S., Takubo, K., et al. (2004).
Tie2/Angiopoietin-1 Signaling Regulates Hematopoietic Stem Cell Quiescence
in the BoneMarrow Niche. Cell 118 (2), 149–161. doi:10.1016/j.cell.2004.07.004

Arias, E., Koga, H., Diaz, A., Mocholi, E., Patel, B., and Cuervo, A. M. (2015).
Lysosomal MTORC2/PHLPP1/Akt Regulate Chaperone-Mediated Autophagy.
Mol. Cell 59 (2), 270–284. doi:10.1016/j.molcel.2015.05.030

Ashton, B. A., Allen, T. D., Howlett, C. R., Eaglesom, C. C., Hattori, A., and Owen,
M. (1980). Formation of Bone and Cartilage by Marrow Stromal Cells in
Diffusion Chambers In Vivo. Clin. Orthop. Relat. Res. 151, 294–307. doi:10.
1097/00003086-198009000-00040

Baharvand, H., Fathi, A., Gourabi, H., Mollamohammadi, S., and Salekdeh, G. H.
(2008). Identification of Mouse Embryonic Stem Cell-Associated Proteins.
J. Proteome Res. 7 (1), 412–423. doi:10.1021/pr700560t

Bailly, E., Walton, A., and Borg, J.-P. (2018). The Planar Cell Polarity Vangl2
Protein: From Genetics to Cellular and Molecular Functions. Seminars Cell &
Dev. Biol. 81, 62–70. doi:10.1016/j.semcdb.2017.10.030

Beerman, I., Bhattacharya, D., Zandi, S., Sigvardsson, M., Weissman, I. L., Bryder,
D., et al. (2010). Functionally Distinct Hematopoietic Stem Cells Modulate
Hematopoietic Lineage Potential during Aging by a Mechanism of Clonal
Expansion. Proc. Natl. Acad. Sci. U.S.A. 107 (12), 5465–5470. doi:10.1073/pnas.
1000834107

Benjamin, E. J., Blaha, M. J., Chiuve, S. E., Cushman, M., Das, S. R., Deo, R., et al.
(2017). Heart Disease and Stroke Statistics-2017 Update: A Report from the
American Heart Association. Circulation 135, e146–e603. doi:10.1161/CIR.
0000000000000485

Bennett, M. R., Sinha, S., and Owens, G. K. (2016). Vascular Smooth Muscle Cells in
Atherosclerosis. Circ. Res. 118 (4), 692–702. doi:10.1161/CIRCRESAHA.115.306361

Bernitz, J. M., Kim, H. S., MacArthur, B., Sieburg, H., and Moore, K. (2016).
Hematopoietic Stem Cells Count and Remember Self-Renewal Divisions. Cell
167 (5), 1296–1309. doi:10.1016/j.cell.2016.10.022

Brunet, A., and Rando, T. A. (2007). From Stem to Stern. Nature 449, 288–291.
doi:10.1038/449288a

Carey, B. W., Finley, L. W. S., Cross, J. R., Allis, C. D., and Thompson, C. B. (2015).
Intracellular α-ketoglutarate Maintains the Pluripotency of Embryonic Stem
Cells. Nature 518 (7539), 413–416. doi:10.1038/nature13981

Ceccariglia, S., Cargnoni, A., Silini, A. R., and Parolini, O. (2020). Autophagy: A
Potential Key Contributor to the Therapeutic Action of Mesenchymal Stem
Cells. Autophagy 16, 28–37. Taylor and Francis Inc. doi:10.1080/15548627.
2019.1630223

Chandel, N. S., Jasper, H., Ho, T. T., and Passegué, E. (2016). Metabolic Regulation
of Stem Cell Function in Tissue Homeostasis and Organismal Ageing. Nat. Cell
Biol. 18, 823–832. doi:10.1038/ncb3385

Chen, J., Wang, Q., Feng, X., Zhang, Z., Geng, L., Xu, T., et al. (2016). Umbilical
Cord-Derived Mesenchymal Stem Cells Suppress Autophagy of T Cells in
Patients with Systemic Lupus Erythematosus via Transfer of Mitochondria.
Stem Cells Int. 2016, 1–13. doi:10.1155/2016/4062789

Chiang, H.-L., Terlecky, S. R., Plant, C. P., and Dice, J. F. (1989). A Role for a 70-
Kilodalton Heat Shock Protein in Lysosomal Degradation of Intracellular
Proteins. Science 246 (4928), 382–385. doi:10.1126/science.2799391

Chiang, H. L., and Dice, J. F. (1988). Peptide Sequences that Target Proteins for
Enhanced Degradation during Serum Withdrawal. J. Biol. Chem. 263 (14),
6797–6805. doi:10.1016/s0021-9258(18)68713-7

Chin, R. M., Fu, X., Pai, M. Y., Vergnes, L., Hwang, H., Deng, G., et al. (2014). The
Metabolite α-ketoglutarate Extends Lifespan by Inhibiting ATP Synthase and
TOR. Nature 510 (7505), 397–401. doi:10.1038/nature13264

Corselli, M., Chen, C.-W., Crisan, M., Lazzari, L., and Péault, B. (2010).
Perivascular Ancestors of Adult Multipotent Stem Cells. Atvb 30,
1104–1109. doi:10.1161/ATVBAHA.109.191643

Courtney, J.-M., and Sutherland, B., (2020). Harnessing the Stem Cell Properties of
Pericytes to Repair the Brain. Neural Regen. Res. 15, 1021. doi:10.4103/1673-
5374.270301

Cuervo, A. M., and Dice, J. F. (1996). A Receptor for the Selective Uptake and
Degradation of Proteins by Lysosomes. Science 273 (5274), 501–503. doi:10.
1126/science.273.5274.501

Cuervo, A. M., Hu, W., Lim, B., and Dice, J. F. (1998). IκB Is a Substrate for a
Selective Pathway of Lysosomal Proteolysis. MBoC 9 (8), 1995–2010. doi:10.
1091/mbc.9.8.1995

Cuervo, A. M., Stefanis, L., Fredenburg, R., Lansbury, P. T., and Sulzer, D. (2004).
Impaired Degradation of Mutant α-Synuclein by Chaperone-Mediated
Autophagy. Science 305 (5688), 1292–1295. doi:10.1126/science.1101738

Cuervo, A. M., and Wong, E. (2014). Chaperone-Mediated Autophagy: Roles in
Disease and Aging. Cell Res. 24, 92–104. doi:10.1038/cr.2013.153

Davidoff, M. S. (2019). The Pluripotent Microvascular Pericytes Are the Adult
Stem Cells Even in the Testis. Adv. Exp. Med. Biol. 1122, 235–267. doi:10.1007/
978-3-030-11093-2_13

De, D., Karmakar, P., and Bhattacharya, D. (2020). Stem Cell Aging and
Regenerative Medicine. Adv. Exp. Med. Biol. 1326, 11–37. doi:10.1007/
5584_2020_577

De Los Angeles, A., Ferrari, F., Xi, R., Fujiwara, Y., Benvenisty, N., Deng, H., et al.
(2015). Hallmarks of Pluripotency. Nature 525, 469–478. doi:10.1038/
nature15515

D’ippolito, G., Schiller, P. C., Perez-stable, C., Balkan, W. W., Roos, B. A., and
Howard, G. A. (2002). Cooperative Actions of Hepatocyte Growth Factor and
1,25-Dihydroxyvitamin D3 in Osteoblastic Differentiation of Human Vertebral
Bone Marrow Stromal Cells. Bone 31 (2). doi:10.1016/S8756-3282(02)00820-7

Domenico, A., Carola, G., Calatayud, C., Pons-Espinal, M., Muñoz, J. P., Richaud-
Patin, Y., et al. (2019). Patient-Specific iPSC-Derived Astrocytes Contribute to
Non-cell-Autonomous Neurodegeneration in Parkinson’s Disease. Stem Cell
Rep. 12 (2), 213–229. doi:10.1016/j.stemcr.2018.12.011

Dong, S., Wang, Q., Kao, Y.-R., Diaz, A., Tasset, I., Kaushik, S., et al. (2021).
Chaperone-Mediated Autophagy Sustains Haematopoietic Stem-Cell Function.
Nature 591 (7848), 117–123. doi:10.1038/s41586-020-03129-z

Ernst, M., Dawud, R. A., Kurtz, A., Schotta, G., Taher, L., and Fuellen, G. (2015).
Comparative Computational Analysis of Pluripotency in Human and Mouse
Stem Cells. Sci. Rep. 5, 7927. doi:10.1038/srep07927

Evans, M. J., and Kaufman, M. H. (1981). Establishment in Culture of
Pluripotential Cells from Mouse Embryos. Nature 292 (5819), 154–156.
doi:10.1038/292154a0

Fares, I., Chagraoui, J., Gareau, Y., Gingras, S., Ruel, R., Mayotte, N., et al. (2014).
Pyrimidoindole Derivatives Are Agonists of Human Hematopoietic Stem Cell
Self-Renewal. Science 345 (6203), 1509–1512. doi:10.1126/science.1256337

Farlik, M., Reutterer, B., Schindler, C., Greten, F., Vogl, C., Müller, M., et al. (2010).
Nonconventional Initiation Complex Assembly by STAT and NF-κB
Transcription Factors Regulates Nitric Oxide Synthase Expression.
Immunity 33 (1), 25–34. doi:10.1016/j.immuni.2010.07.001

Fernández, Á. F., Sebti, S., Wei, Y., Zou, Z., Shi, M., McMillan, K. L., et al. (2018).
Disruption of the Beclin 1-BCL2 Autophagy Regulatory Complex Promotes
Longevity in Mice. Nature 558 (7708), 136–140. doi:10.1038/s41586-018-
0162-7

Fleming, A., Bourdenx, M., Fujimaki, M., Karabiyik, C., Krause, G. J., Lopez, A.,
et al. (2022). Ana Lopez, Adrián Martín-Segura, et alThe Different Autophagy
Degradation Pathways and Neurodegeneration. Neuron 110 (6), 935–966.
doi:10.1016/j.neuron.2022.01.017

Friedenstein, A. J., Gorskaja, J. F., and Kulagina, N. N. (1976). Fibroblast Precursors
in Normal and Irradiated Mouse Hematopoietic Organs. Exp. Hematol. 4 (5),
267–274.

Gamerdinger, M., Carra, S., and Behl, C. (2011). Emerging Roles of Molecular
Chaperones and Co-chaperones in Selective Autophagy: Focus on BAG
Proteins. J. Mol. Med. 89, 1175–1182. doi:10.1007/s00109-011-0795-6

Gao, Y., Zhou, S., Luu, S., and Glowacki, J. (2019). Megalin Mediates 25-
hydroxyvitamin D 3 Actions in Human Mesenchymal Stem Cells. FASEB J.
33 (6), 7684–7693. doi:10.1096/fj.201802578R

Gong, Y., Li, Z., Zou, S., Deng, D., Lai, P., Hu, H., et al. (2021). Vangl2 Limits
Chaperone-Mediated Autophagy to Balance Osteogenic Differentiation in
Mesenchymal Stem Cells. Dev. Cell 56 (14), 2103–2120. doi:10.1016/j.devcel.
2021.06.011

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 91247014

Vitale et al. CMA, Stemness, Ageing and Rejuvenation

https://doi.org/10.1083/jcb.137.4.825
https://doi.org/10.1038/nchembio.1230
https://doi.org/10.1016/j.cell.2004.07.004
https://doi.org/10.1016/j.molcel.2015.05.030
https://doi.org/10.1097/00003086-198009000-00040
https://doi.org/10.1097/00003086-198009000-00040
https://doi.org/10.1021/pr700560t
https://doi.org/10.1016/j.semcdb.2017.10.030
https://doi.org/10.1073/pnas.1000834107
https://doi.org/10.1073/pnas.1000834107
https://doi.org/10.1161/CIR.0000000000000485
https://doi.org/10.1161/CIR.0000000000000485
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1016/j.cell.2016.10.022
https://doi.org/10.1038/449288a
https://doi.org/10.1038/nature13981
https://doi.org/10.1080/15548627.2019.1630223
https://doi.org/10.1080/15548627.2019.1630223
https://doi.org/10.1038/ncb3385
https://doi.org/10.1155/2016/4062789
https://doi.org/10.1126/science.2799391
https://doi.org/10.1016/s0021-9258(18)68713-7
https://doi.org/10.1038/nature13264
https://doi.org/10.1161/ATVBAHA.109.191643
https://doi.org/10.4103/1673-5374.270301
https://doi.org/10.4103/1673-5374.270301
https://doi.org/10.1126/science.273.5274.501
https://doi.org/10.1126/science.273.5274.501
https://doi.org/10.1091/mbc.9.8.1995
https://doi.org/10.1091/mbc.9.8.1995
https://doi.org/10.1126/science.1101738
https://doi.org/10.1038/cr.2013.153
https://doi.org/10.1007/978-3-030-11093-2_13
https://doi.org/10.1007/978-3-030-11093-2_13
https://doi.org/10.1007/5584_2020_577
https://doi.org/10.1007/5584_2020_577
https://doi.org/10.1038/nature15515
https://doi.org/10.1038/nature15515
https://doi.org/10.1016/S8756-3282(02)00820-7
https://doi.org/10.1016/j.stemcr.2018.12.011
https://doi.org/10.1038/s41586-020-03129-z
https://doi.org/10.1038/srep07927
https://doi.org/10.1038/292154a0
https://doi.org/10.1126/science.1256337
https://doi.org/10.1016/j.immuni.2010.07.001
https://doi.org/10.1038/s41586-018-0162-7
https://doi.org/10.1038/s41586-018-0162-7
https://doi.org/10.1016/j.neuron.2022.01.017
https://doi.org/10.1007/s00109-011-0795-6
https://doi.org/10.1096/fj.201802578R
https://doi.org/10.1016/j.devcel.2021.06.011
https://doi.org/10.1016/j.devcel.2021.06.011
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Gong, Z., Tasset, I., Diaz, A., Anguiano, J., Tas, E., Cui, L., et al. (2018). Humanin Is
an Endogenous Activator of Chaperone-Mediated Autophagy. J. Cell Biol. 217
(2), 635–647. doi:10.1083/jcb.201606095

Greber, B., Wu, G., Bernemann, C., Joo, J. Y., Han, D. W., Ko, K., et al. (2010).
Conserved and Divergent Roles of FGF Signaling in Mouse Epiblast Stem Cells
and Human Embryonic Stem Cells. Cell Stem Cell 6 (3), 215–226. doi:10.1016/j.
stem.2010.01.003

Grootaert, M. O., da Costa Martins, P. A., Bitsch, N., Pintelon, I., De Meyer, G. R.,
Martinet, W., et al. (2015). Defective Autophagy in Vascular Smooth Muscle
Cells Accelerates Senescence and Promotes Neointima Formation and
Atherogenesis. Autophagy 11 (11), 2014–2032. doi:10.1080/15548627.2015.
1096485

Hammond, S. M., and Sharpless., N. E. (2008). HMGA2, MicroRNAs, and Stem
Cell Aging. Cell 135, 1013–1016. doi:10.1016/j.cell.2008.11.026

Han, Y., Li, X., Zhang, Y., Han, Y., Chang, F., and Ding, J. (2019). Mesenchymal
Stem Cells for Regenerative Medicine. Cells 8 (8), 886. doi:10.3390/cells8080886

He, Q., Qin, R., Glowacki, J., Zhou, S., Shi, J., Wang, S., et al. (2021). Synergistic
Stimulation of Osteoblast Differentiation of Rat Mesenchymal Stem Cells by
Leptin and 25(OH)D3 Is Mediated by Inhibition of Chaperone-Mediated
Autophagy. Stem Cell Res. Ther. 12 (1), 1–13. doi:10.1186/s13287-021-
02623-z

Henderson, J. M.,Weber, C., and Santovito, D. (2021). Beyond Self-Recycling: Cell-
Specific Role of Autophagy in Atherosclerosis. Cells 10, 625. doi:10.3390/
cells10030625

Ho, T. T., Warr, M. R., Adelman, E. R., Lansinger, O. M., Flach, J., Verovskaya, E.
V., et al. (2017). Autophagy Maintains the Metabolism and Function of Young
and Old Stem Cells. Nature 543 (7644), 205–210. doi:10.1038/nature21388

Hosaka, Y., Araya, J., Fujita, Y., and Kuwano, K. (2021). Role of Chaperone-
Mediated Autophagy in the Pathophysiology Including Pulmonary Disorders.
Inflamm. Regen. 41, 29. doi:10.1186/s41232-021-00180-9

Hoshino, A., Chiba, H., Nagai, K., Ishii, G., and Ochiai, A. (2008). Human Vascular
Adventitial Fibroblasts Contain Mesenchymal Stem/Progenitor Cells. Biochem.
Biophysical Res. Commun. 368 (2), 305–310. doi:10.1016/j.bbrc.2008.01.090

Hua, Y., Zhang, J., Liu, Q., Su, J., Zhao, Y., Zheng, G., et al. (2022). The Induction of
Endothelial Autophagy and its Role in the Development of Atherosclerosis.
Front. Cardiovasc. Med. 9, 831847. doi:10.3389/fcvm.2022.831847

Hwang, I.-Y., Kwak, S., Lee, S., Kim, H., Lee, S. E., Kim, J.-H., et al. (2016). Psat1-
Dependent Fluctuations in α-Ketoglutarate Affect the Timing of ESC
Differentiation. Cell Metab. 24 (3), 494–501. doi:10.1016/j.cmet.2016.06.014

Kalamakis, G., Brüne, D., Ravichandran, S., Bolz, J., Fan, W., Ziebell, F., et al.
(2019). Quiescence Modulates Stem Cell Maintenance and Regenerative
Capacity in the Aging Brain. Cell 176 (6), 1407–1419. doi:10.1016/j.cell.
2019.01.040

Kaushik, S., and Cuervo, A. M. (2015). Proteostasis and Aging. Nat. Med. 21 (12),
1406–1415. doi:10.1038/nm.4001

Kaushik, S., and Cuervo, A. M. (2018). The Coming of Age of Chaperone-Mediated
Autophagy. Nat. Rev. Mol. Cell Biol. 19, 365–381. doi:10.1038/s41580-018-
0001-6

Kondoh, H., Lleonart, M. E., Nakashima, Y., Yokode, M., Tanaka, M., Bernard, D.,
et al. (2007). A High Glycolytic Flux Supports the Proliferative Potential of
Murine Embryonic Stem Cells. Antioxidants Redox Signal. 9 (3), 293–299.
doi:10.1089/ars.2006.1467

Krum, S. A., Chang, J., Miranda-Carboni, G., and Wang, C.-Y. (2010). Novel
Functions for NFκB: Inhibition of Bone Formation. Nat. Rev. Rheumatol. 6,
607–611. doi:10.1038/nrrheum.2010.133

Kruta, M., Sunshine, M. J., Chua, B. A., Fu, Y., Chawla, A., Dillingham, C. H., et al.
(2021). Hsf1 Promotes Hematopoietic Stem Cell Fitness and Proteostasis in
Response to Ex Vivo Culture Stress and Aging. Cell Stem Cell 28 (11),
1950–1965. doi:10.1016/j.stem.2021.07.009

Kuo, S.-H., Tasset, I., Cheng, M. M., Diaz, A., Pan, M.-K., Lieberman, O. J., et al.
(2022). Mutant Glucocerebrosidase Impairs α-synuclein Degradation by
Blockade of Chaperone-Mediated Autophagy. Sci. Adv. 8 (6), eabm6393.
doi:10.1126/sciadv.abm6393

Lapierre, L. R., Kumsta, C., Sandri, M., Ballabio, A., and Hansen, M. (2015).
Transcriptional and Epigenetic Regulation of Autophagy in Aging. Autophagy
11 (6), 867–880. doi:10.1080/15548627.2015.1034410

Li, J., Zhou, J., Zhang, D., Song, Y., She, J., and Bai, C. (2015). BoneMarrow-derived
Mesenchymal Stem Cells Enhance autophagyviaPI3K/AKTsignalling to Reduce

the Severity of Ischaemia/reperfusion-induced Lung Injury. J. Cell. Mol. Med. 19
(10), 2341–2351. doi:10.1111/jcmm.12638

Li, W., Nie, T., Xu, H., Yang, J., Yang, Q., andMao, Z. (2019). Chaperone-Mediated
Autophagy: Advances from Bench to Bedside. Neurobiol. Dis. 122, 41–48.
doi:10.1016/j.nbd.2018.05.010

Li, W., Zhu, J., Dou, J., She, H., Tao, K., Xu, H., et al. (2017). Phosphorylation of
LAMP2A by P38 MAPK Couples ER Stress to Chaperone-Mediated
Autophagy. Nat. Commun. 8 (1), 1763. doi:10.1038/s41467-017-01609-x

Lips, P., and Van Schoor, N. M. (2011). The Effect of Vitamin D on Bone and
Osteoporosis. Best Pract. Res. Clin. Endocrinol. Metabolism 25, 585–591. doi:10.
1016/j.beem.2011.05.002

Liu, L., Jin, X., Hu, C.-F., Li, R., Zhou, Z. e., and Shen, C.-X. (2017). Exosomes
Derived from Mesenchymal Stem Cells Rescue Myocardial Ischaemia/
Reperfusion Injury by Inducing Cardiomyocyte Autophagy via AMPK and
Akt Pathways. Cell Physiol. Biochem. 43 (1), 52–68. doi:10.1159/000480317

Llamas, E., Alirzayeva, H., Loureiro, R., and Vilchez, D. (2020). The Intrinsic
Proteostasis Network of Stem Cells. Curr. Opin. Cell Biol. 67, 46–55. doi:10.
1016/j.ceb.2020.08.005

Ludikhuize, M. C., and Rodríguez Colman, M. J. (2021). Metabolic Regulation of
Stem Cells and Differentiation: A Forkhead Box O Transcription Factor
Perspective. Antioxidants Redox Signal. 34, 1004–1024. doi:10.1089/ars.2020.
8126

Madrigal-Matute, Julio, De Bruijn, Jenny, Van Kuijk, Kim, Riascos-bernal, Dario
F., Diaz, Antonio, Tasset, Inmaculada., et al. (2022). Protective Role of
Chaperone-Mediated Autophagy against Atherosclerosis. Proc. Natl. Acad.
Sci. 119, 1–12. Published. doi:10.1073/pnas.2121133119”

Marino, B. L. B., de Souza, L. R., Sousa, K. P. A., Ferreira, Jaderson V., Padilha, E. C.,
da Silva, C. H. T. P., et al. (2020). Parkinson’s Disease: A Review from
Pathophysiology to Treatment. Mrmc 20 (9), 754–767. doi:10.2174/
1389557519666191104110908

Martello, G., and Smith, A. (2014). The Nature of Embryonic Stem Cells. Annu.
Rev. Cell Dev. Biol. 30, 647–675. doi:10.1146/annurev-cellbio-100913-013116

Martínez-Reyes, I., and Chandel, N. S. (2020). Mitochondrial TCA Cycle
Metabolites Control Physiology and Disease. Nat. Commun. 11, 102. doi:10.
1038/s41467-019-13668-3

Martino, M. M., Maruyama, K., Kuhn, G. A., Satoh, T., Takeuchi, O., Müller, R.,
et al. (2016). Inhibition of IL-1R1/MyD88 Signalling Promotes Mesenchymal
Stem Cell-Driven Tissue Regeneration. Nat. Commun. 7, 11051. doi:10.1038/
ncomms11051

Mizushima, N., Yamamoto, A., Hatano, M., Kobayashi, Y., Kabeya, Y., Suzuki, K.,
et al. (2001). Dissection of Autophagosome Formation Using Apg5-Deficient
Mouse Embryonic Stem Cells. J. Cell Biol. 152 (4), 657–668. doi:10.1083/jcb.
152.4.657

Mohrin, M., Shin, J., Liu, Y., Brown, K., Luo, H., Xi, Y., et al. (2015). A
Mitochondrial UPR-Mediated Metabolic Checkpoint Regulates
Hematopoietic Stem Cell Aging. Science 347 (6228), 1374–1377. doi:10.
1126/science.aaa2361

Molina, M. L., García-Bernal, D., Salinas, M. D., Rubio, G., Aparicio, P., Moraleda, J. M.,
et al. (2022). Chaperone-Mediated Autophagy Ablation in Pericytes Reveals New
Glioblastoma Prognostic Markers and Efficient Treatment Against Tumor
Progression. Front. Cell Dev. Biol. 10, 797945. doi:10.3389/fcell.2022.797945

Mortensen, M., Soilleux, E. J., Djordjevic, G., Tripp, R., Lutteropp, M., Sadighi-
Akha, E., et al. (2011). The Autophagy Protein Atg7 Is Essential for
Hematopoietic Stem Cell Maintenance. J. Exp. Med. 208 (3), 455–467.
doi:10.1084/jem.20101145

Nakagomi, T., Kubo, S., Nakano-Doi, A., Sakuma, R., Lu, S., Narita, A., et al. (2015).
Brain Vascular Pericytes Following Ischemia Have Multipotential Stem Cell
Activity to Differentiate into Neural and Vascular Lineage Cells. Stem Cells 33
(6), 1962–1974. doi:10.1002/stem.1977

Napolitano, G., Johnson, J. L., He, J., Rocca, C. J., Monfregola, J., Pestonjamasp, K.,
et al. (2015). Impairment of Chaperone-mediated Autophagy Leads to Selective
Lysosomal Degradation Defects in the Lysosomal Storage Disease Cystinosis.
EMBO Mol. Med. 7 (2), 158–174. doi:10.15252/emmm.201404223

Orenstein, S. J., Kuo, S.-H., Tasset, I., Arias, E., Koga, H., Fernandez-Carasa, I., et al.
(2013). Interplay of LRRK2 with Chaperone-Mediated Autophagy. Nat.
Neurosci. 16 (4), 394–406. doi:10.1038/nn.3350

Ouimet, M., Franklin, V., Mak, E., Liao, X., Tabas, I., and Marcel, Y. L. (2011).
Autophagy Regulates Cholesterol Efflux from Macrophage Foam Cells via

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 91247015

Vitale et al. CMA, Stemness, Ageing and Rejuvenation

https://doi.org/10.1083/jcb.201606095
https://doi.org/10.1016/j.stem.2010.01.003
https://doi.org/10.1016/j.stem.2010.01.003
https://doi.org/10.1080/15548627.2015.1096485
https://doi.org/10.1080/15548627.2015.1096485
https://doi.org/10.1016/j.cell.2008.11.026
https://doi.org/10.3390/cells8080886
https://doi.org/10.1186/s13287-021-02623-z
https://doi.org/10.1186/s13287-021-02623-z
https://doi.org/10.3390/cells10030625
https://doi.org/10.3390/cells10030625
https://doi.org/10.1038/nature21388
https://doi.org/10.1186/s41232-021-00180-9
https://doi.org/10.1016/j.bbrc.2008.01.090
https://doi.org/10.3389/fcvm.2022.831847
https://doi.org/10.1016/j.cmet.2016.06.014
https://doi.org/10.1016/j.cell.2019.01.040
https://doi.org/10.1016/j.cell.2019.01.040
https://doi.org/10.1038/nm.4001
https://doi.org/10.1038/s41580-018-0001-6
https://doi.org/10.1038/s41580-018-0001-6
https://doi.org/10.1089/ars.2006.1467
https://doi.org/10.1038/nrrheum.2010.133
https://doi.org/10.1016/j.stem.2021.07.009
https://doi.org/10.1126/sciadv.abm6393
https://doi.org/10.1080/15548627.2015.1034410
https://doi.org/10.1111/jcmm.12638
https://doi.org/10.1016/j.nbd.2018.05.010
https://doi.org/10.1038/s41467-017-01609-x
https://doi.org/10.1016/j.beem.2011.05.002
https://doi.org/10.1016/j.beem.2011.05.002
https://doi.org/10.1159/000480317
https://doi.org/10.1016/j.ceb.2020.08.005
https://doi.org/10.1016/j.ceb.2020.08.005
https://doi.org/10.1089/ars.2020.8126
https://doi.org/10.1089/ars.2020.8126
https://doi.org/10.1073/pnas.2121133119
https://doi.org/10.2174/1389557519666191104110908
https://doi.org/10.2174/1389557519666191104110908
https://doi.org/10.1146/annurev-cellbio-100913-013116
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.1038/ncomms11051
https://doi.org/10.1038/ncomms11051
https://doi.org/10.1083/jcb.152.4.657
https://doi.org/10.1083/jcb.152.4.657
https://doi.org/10.1126/science.aaa2361
https://doi.org/10.1126/science.aaa2361
https://doi.org/10.3389/fcell.2022.797945
https://doi.org/10.1084/jem.20101145
https://doi.org/10.1002/stem.1977
https://doi.org/10.15252/emmm.201404223
https://doi.org/10.1038/nn.3350
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Lysosomal Acid Lipase. Cell Metab. 13 (6), 655–667. doi:10.1016/j.cmet.2011.
03.023

Owen, M., and Friedenstein, A. J. (1988). Stromal Stem Cells: Marrow-Derived
Osteogenic Precursors. Ciba Found. Symp. 136, 42–60. doi:10.1002/
9780470513637.ch4

Pajares, M., Rojo, A. I., Arias, E., Díaz-Carretero, A., Cuervo, A. M., and Cuadrado,
A. (2018). Rojo, Esperanza Arias, Antonio Díaz-Carretero, Ana María Cuervo,
and Antonio CuadradoTranscription Factor NFE2L2/NRF2 Modulates
Chaperone-Mediated Autophagy through the Regulation of LAMP2A.
Autophagy 14 (8), 1310–1322. doi:10.1080/15548627.2018.1474992

Pittenger, M. F., Discher, D. E., Péault, B. M., Phinney, D. G., Hare, J. M., and
Caplan, A. I. (2019). Mesenchymal Stem Cell Perspective: Cell Biology to
Clinical Progress. npj Regen. Med. 4, 22. doi:10.1038/s41536-019-0083-6

Qiao, L., Ma, J., Zhang, Z., Sui, W., Zhai, C., Xu, D., et al. (2021). Deficient
Chaperone-Mediated Autophagy Promotes Inflammation and Atherosclerosis.
Circ. Res. 129 (12), 1141–1157. doi:10.1161/CIRCRESAHA.121.318908

Rademakers, T., Horvath, J. M., Blitterswijk, C. A., LaPointe, V. L. S., and LaPointe,
Vanessa L. S. (2019). Oxygen and Nutrient Delivery in Tissue Engineering:
Approaches to Graft Vascularization. J. Tissue Eng. Regen. Med. 13 (10),
1815–1829. doi:10.1002/term.2932

Rando, T. A., and Thomas, A. (2006). Stem Cells, Ageing and the Quest for
Immortality. Nature 441, 1080–1086. doi:10.1038/nature04958

Rastaldo, R., Vitale, E., and Giachino, C. (2020). Dual Role of Autophagy in
Regulation of Mesenchymal Stem Cell Senescence. Front. Cell Dev. Biol. 8, 276.
doi:10.3389/fcell.2020.00276

Ren, R., Ocampo, A., Liu, G.-H., and Izpisua Belmonte, J. C. (2017). Regulation of
Stem Cell Aging by Metabolism and Epigenetics. Cell Metab. 26, 460–474.
doi:10.1016/j.cmet.2017.07.019

Rocchi, A., Yamamoto, S., Ting, T., Fan, Y., Sadleir, K., Wang, Y., et al. (2017). A
Becn1 Mutation Mediates Hyperactive Autophagic Sequestration of Amyloid
Oligomers and Improved Cognition in Alzheimer’s Disease. PLoS Genet. 13 (8),
e1006962. doi:10.1371/journal.pgen.1006962

Rossi, D. J., Bryder, D., Seita, J., Nussenzweig, A., Hoeijmakers, J., Weissman, I. L.,
et al. (2007). Deficiencies in DNA Damage Repair Limit the Function of
Haematopoietic Stem Cells with Age. Nature 447 (7145), 725–729. doi:10.
1038/nature05862

Rowe, R. G., and Daley, G. Q. (2019). Induced Pluripotent Stem Cells in Disease
Modelling and Drug Discovery. Nat. Rev. Genet. 20, 377–388. doi:10.1038/
s41576-019-0100-z

Salvador, N., Aguado, Carmen, Horst, Martin, and Knecht, Erwin (2000). Import
of a Cytosolic Protein into Lysosomes by Chaperone-Mediated Autophagy
Depends on its Folding State. J. Biol. Chem. 275 (35), 27447–27456. doi:10.
1074/jbc.M001394200

Sanchez, C. G., Penfornis, P., Oskowitz, A. Z., Boonjindasup, A. G., Cai, D. Z.,
Dhule, S. S., et al. (2011). Activation of Autophagy in Mesenchymal Stem Cells
Provides Tumor Stromal Support. Carcinogenesis 32 (7), 964–972. doi:10.1093/
carcin/bgr029

Sánchez-Danés, A., Richaud-Patin, Y., Carballo-Carbajal, I., Jiménez-Delgado, S.,
Caig, C., Mora, S., et al. (2012). Disease-specific Phenotypes in Dopamine
Neurons from Human iPS-based Models of Genetic and Sporadic Parkinson’s
Disease. EMBO Mol. Med. 4 (5), 380–395. doi:10.1002/emmm.201200215

Schaum, N., Lehallier, B., Hahn, O., Pálovics, R., Hosseinzadeh, S., Lee, S. E., et al.
(2020). Ageing Hallmarks Exhibit Organ-Specific Temporal Signatures. Nature
583 (7817), 596–602. doi:10.1038/s41586-020-2499-y

Schneider, J. L., Suh, Y., and Cuervo, A. M. (2014). Deficient Chaperone-Mediated
Autophagy in Liver Leads to Metabolic Dysregulation. Cell Metab. 20 (3),
417–432. doi:10.1016/j.cmet.2014.06.009

Schüler, S. C., Gebert, N., and Ori, A. (2020). Stem Cell Aging: The Upcoming Era
of Proteins and Metabolites.Mech. Ageing Dev. 190, 111288. doi:10.1016/j.mad.
2020.111288

Shapira, S. N., and Christofk, H. R. (2020). Metabolic Regulation of Tissue Stem
Cells. Trends Cell Biol. 30, 566–576. doi:10.1016/j.tcb.2020.04.004

Shi, Y., Inoue, H., Wu, J. C., and Yamanaka, S. (2017). Induced Pluripotent Stem
Cell Technology: A Decade of Progress. Nat. Rev. Drug Discov. 16, 115–130.
doi:10.1038/nrd.2016.245

Shin, J. Y., Park, H. J., Kim, H. N., Oh, S. H., Bae, J.-S., Ha, H.-J., et al. (2014).
Mesenchymal Stem Cells Enhance Autophagy and Increase β-amyloid

Clearance in Alzheimer Disease Models. Autophagy 10 (1), 32–44. doi:10.
4161/auto.26508

Shyh-Chang, N., Daley, G. Q., and Cantley, L. C. (2013). Stem Cell Metabolism in
Tissue Development and Aging.Development 140, 2535–2547. doi:10.1242/dev.
091777

Signer, R. A. J., Magee, J. A., Salic, A., and Morrison, S. J. (2014). Haematopoietic
Stem Cells Require a Highly Regulated Protein Synthesis Rate. Nature 509
(7498), 49–54. doi:10.1038/nature13035

Simsek, T., Kocabas, F., Zheng, J., Deberardinis, R. J., Mahmoud, A. I., Olson, E. N.,
et al. (2010). The Distinct Metabolic Profile of Hematopoietic Stem Cells
Reflects Their Location in a Hypoxic Niche. Cell Stem Cell 7 (3), 380–390.
doi:10.1016/j.stem.2010.07.011

Sotthibundhu, A., Promjuntuek, W., Liu, M., Shen, S., and Noisa, P. (2018). Roles
of Autophagy in Controlling Stem Cell Identity: A Perspective of Self-Renewal
and Differentiation. Cell Tissue Res. 374, 205–216. doi:10.1007/s00441-018-
2829-7

Spangrude, G. J., Heimfeld, S., and Weissman, I. L. (1988). Purification and
Characterization of Mouse Hematopoietic Stem Cells. Science 241 (4861),
58–62. doi:10.1126/science.2898810

Suda, T., Takubo, K., and Semenza, G. L. (2011). Metabolic Regulation of
Hematopoietic Stem Cells in the Hypoxic Niche. Cell Stem Cell 9, 298–310.
doi:10.1016/j.stem.2011.09.010

Sueda, R., and Kageyama, R. (2020). Regulation of Active and Quiescent Somatic
Stem Cells by Notch Signaling. Dev. Growth Differ. 62, 59–66. doi:10.1111/dgd.
12626

Takahashi, K., and Yamanaka, S. (2006). Induction of Pluripotent Stem Cells from
Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell 126
(4), 663–676. doi:10.1016/j.cell.2006.07.024

Tang, F.-L., Erion, J. R., Tian, Y., Liu, W., Yin, D.-M., Ye, J., et al. (2015). VPS35 in
Dopamine Neurons Is Required for Endosome-To-Golgi Retrieval of Lamp2a, a
Receptor of Chaperone-Mediated Autophagy that Is Critical for -Synuclein
Degradation and Prevention of Pathogenesis of Parkinson’s Disease.
J. Neurosci. 35 (29), 10613–10628. doi:10.1523/JNEUROSCI.0042-15.2015

Tasset, I., and Cuervo, A. M. (2016). Role of Chaperone-Mediated Autophagy in
Metabolism. Febs J. 283, 2403–2413. doi:10.1111/febs.13677

Tekirdag, K., and Cuervo, A. M. (2018). Chaperone-mediated Autophagy and
Endosomal Microautophagy: Jointed by a Chaperone. J. Biol. Chem. 293,
5414–5424. doi:10.1074/jbc.R117.818237

Torisu, K., Singh, K. K., Torisu, T., Lovren, F., Liu, J., Pan, Y., et al. (2016). Intact
Endothelial Autophagy Is Required to Maintain Vascular Lipid Homeostasis.
Aging Cell 15 (1), 187–191. doi:10.1111/acel.12423

Tsogtbaatar, E., Landin, C., Minter-Dykhouse, K., Folmes, C. D. L., and Folmes, L.
(2020). Energy Metabolism Regulates Stem Cell Pluripotency. Front. Cell Dev.
Biol. 8, 87. doi:10.3389/fcell.2020.00087

Turinetto, V., Vitale, E., and Giachino, C. (2016). Senescence in Human
Mesenchymal Stem Cells: Functional Changes and Implications in Stem
Cell-Based Therapy. Ijms 17, 1164. doi:10.3390/ijms17071164

Uccelli, A., Moretta, L., and Pistoia, V. (2008). Mesenchymal Stem Cells in Health
and Disease. Nat. Rev. Immunol. 8 (9), 726–736. doi:10.1038/nri2395

Valdor, R., García-Bernal, D., Riquelme, D., Martinez, C. M., Moraleda, J. M.,
Cuervo, A. M., et al. (2019). AnaMaria Cuervo, FernandoMacian, and Salvador
MartinezGlioblastoma Ablates Pericytes Antitumor Immune Function through
Aberrant Up-Regulation of Chaperone-Mediated Autophagy. Proc. Natl. Acad.
Sci. U.S.A. 116 (41), 20655–20665. doi:10.1073/pnas.1903542116

Valdor, R., Mocholi, E., Botbol, Y., Guerrero-Ros, I., Chandra, D., Koga, H., et al.
(2014). Chaperone-Mediated Autophagy Regulates T Cell Responses through
Targeted Degradation of Negative Regulators of T Cell Activation. Nat.
Immunol. 15 (11), 1046–1054. doi:10.1038/ni.3003

Vengrenyuk, Y., Nishi, H., Long, X., Ouimet, M., Savji, N., Martinez, F. O.,
et al. (2015). Cholesterol Loading Reprograms the MicroRNA-143/145-
Myocardin Axis to Convert Aortic Smooth Muscle Cells to a Dysfunctional
Macrophage-like Phenotype. Atvb 35 (3), 535–546. doi:10.1161/
ATVBAHA.114.304029

Vilchez, D., Simic, M. S., and Dillin, A. (2014). Proteostasis and Aging of Stem
Cells. Trends Cell Biol. 24, 161–170. doi:10.1016/j.tcb.2013.09.002

Wagers, Amy J., andWeissman, Irving L. (2004). Plasticity of Adult StemCells. Cell
116, 639–648. doi:10.1016/S0092-8674(04)00208-9

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 91247016

Vitale et al. CMA, Stemness, Ageing and Rejuvenation

https://doi.org/10.1016/j.cmet.2011.03.023
https://doi.org/10.1016/j.cmet.2011.03.023
https://doi.org/10.1002/9780470513637.ch4
https://doi.org/10.1002/9780470513637.ch4
https://doi.org/10.1080/15548627.2018.1474992
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1161/CIRCRESAHA.121.318908
https://doi.org/10.1002/term.2932
https://doi.org/10.1038/nature04958
https://doi.org/10.3389/fcell.2020.00276
https://doi.org/10.1016/j.cmet.2017.07.019
https://doi.org/10.1371/journal.pgen.1006962
https://doi.org/10.1038/nature05862
https://doi.org/10.1038/nature05862
https://doi.org/10.1038/s41576-019-0100-z
https://doi.org/10.1038/s41576-019-0100-z
https://doi.org/10.1074/jbc.M001394200
https://doi.org/10.1074/jbc.M001394200
https://doi.org/10.1093/carcin/bgr029
https://doi.org/10.1093/carcin/bgr029
https://doi.org/10.1002/emmm.201200215
https://doi.org/10.1038/s41586-020-2499-y
https://doi.org/10.1016/j.cmet.2014.06.009
https://doi.org/10.1016/j.mad.2020.111288
https://doi.org/10.1016/j.mad.2020.111288
https://doi.org/10.1016/j.tcb.2020.04.004
https://doi.org/10.1038/nrd.2016.245
https://doi.org/10.4161/auto.26508
https://doi.org/10.4161/auto.26508
https://doi.org/10.1242/dev.091777
https://doi.org/10.1242/dev.091777
https://doi.org/10.1038/nature13035
https://doi.org/10.1016/j.stem.2010.07.011
https://doi.org/10.1007/s00441-018-2829-7
https://doi.org/10.1007/s00441-018-2829-7
https://doi.org/10.1126/science.2898810
https://doi.org/10.1016/j.stem.2011.09.010
https://doi.org/10.1111/dgd.12626
https://doi.org/10.1111/dgd.12626
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1523/JNEUROSCI.0042-15.2015
https://doi.org/10.1111/febs.13677
https://doi.org/10.1074/jbc.R117.818237
https://doi.org/10.1111/acel.12423
https://doi.org/10.3389/fcell.2020.00087
https://doi.org/10.3390/ijms17071164
https://doi.org/10.1038/nri2395
https://doi.org/10.1073/pnas.1903542116
https://doi.org/10.1038/ni.3003
https://doi.org/10.1161/ATVBAHA.114.304029
https://doi.org/10.1161/ATVBAHA.114.304029
https://doi.org/10.1016/j.tcb.2013.09.002
https://doi.org/10.1016/S0092-8674(04)00208-9
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Wang, J., Alexander, P., Wu, L., Hammer, R., Cleaver, O., and McKnight, S. L.
(2009). Dependence of Mouse Embryonic Stem Cells on Threonine Catabolism.
Science 325 (5939), 435–439. doi:10.1126/science.1173288

Wilson, A., Murphy, M. J., Oskarsson, T., Kaloulis, K., Bettess, M. D., Oser, G. M., et al.
(2004). C-Myc Controls the Balance between Hematopoietic Stem Cell Self-Renewal
and Differentiation. Genes Dev. 18 (22), 2747–2763. doi:10.1101/gad.313104

Wilson, N. O., Solomon, W., Anderson, L., Patrickson, J., Pitts, S., Bond, V., et al.
(2013). Pharmacologic Inhibition of CXCL10 in Combination with Anti-
Malarial Therapy Eliminates Mortality Associated with Murine Model of
Cerebral Malaria. PLoS ONE 8 (4), e60898. doi:10.1371/journal.pone.0060898

Wirka, R. C., Wagh, D., Paik, D. T., Pjanic, M., Nguyen, T., Miller, C. L., et al.
(2019). Atheroprotective Roles of Smooth Muscle Cell Phenotypic Modulation
and the TCF21 Disease Gene as Revealed by Single-Cell Analysis. Nat. Med. 25
(8), 1280–1289. doi:10.1038/s41591-019-0512-5

Xiao, C., Wang, K., Xu, Y., Hu, H., Zhang, N., Wang, Y., et al. (2018). Transplanted
Mesenchymal Stem Cells Reduce Autophagic Flux in Infarcted Hearts via the
Exosomal Transfer of MiR-125b. Circ. Res. 123 (5), 564–578. doi:10.1161/
CIRCRESAHA.118.312758

Xie, S. Z., Garcia-Prat, L., Voisin, V., Ferrari, R., Gan, O. I., Wagenblast, E., et al.
(2019). Sphingolipid Modulation Activates Proteostasis Programs to Govern
Human Hematopoietic Stem Cell Self-Renewal. Cell Stem Cell 25 (5), 639–653.
doi:10.1016/j.stem.2019.09.008

Xu, Y., and Yang, X. (2022). Autophagy and Pluripotency: Self-Eating YourWay to
Eternal Youth. Trends Cell Biol.. [Epub ahead of print]. doi:10.1016/j.tcb.2022.
04.001

Xu, Y., Zhang, Y., García-Cañaveras, J. C., Guo, L., Kan, M., Yu, S., et al. (2020).
Chaperone-Mediated Autophagy Regulates the Pluripotency of Embryonic
Stem Cells. Science 369 (6502), 397–403. doi:10.1126/science.abb4467

Yamanaka, S. (2009). A Fresh Look at IPS Cells. Cell 137, 13–17. doi:10.1016/j.cell.
2009.03.034

Young, R. A. (2011). Control of the Embryonic Stem Cell State. Cell 144, 940–954.
doi:10.1016/j.cell.2011.01.032

Zhang, J., Huang, J., Gu, Y., Xue, M., Qian, F., Wang, B., et al. (2021). Inflammation-
Induced Inhibition of Chaperone-Mediated Autophagy Maintains the

Immunosuppressive Function of Murine Mesenchymal Stromal Cells. Cell Mol.
Immunol. 18 (6), 1476–1488. doi:10.1038/s41423-019-0345-7

Zhang, J., Zhao, J., Dahan, P., Lu, V., Zhang, C., Li, H., et al. (2018). Metabolism in
Pluripotent Stem Cells and Early Mammalian Development. Cell Metab. 27,
332–338. doi:10.1016/j.cmet.2018.01.008

Zhao, K., Hao, H., Liu, J., Tong, C., Cheng, Y., Xie, Z., et al. (2015). Bone Marrow-
Derived Mesenchymal Stem Cells Ameliorate Chronic High Glucose-Induced
β-cell Injury through Modulation of Autophagy. Cell Death Dis. 6 (9), e1885.
doi:10.1038/cddis.2015.230

Zhu, H.-X., Gao, J.-L., Zhao, M.-M., Li, R., Tian, Y.-X., Wang, X., et al. (2016).
Effects of Bone Marrow-Derived Mesenchymal Stem Cells on the Autophagic
Activity of Alveolar Macrophages in a Rat Model of Silicosis. Exp. Ther. Med. 11
(6), 2577–2582. doi:10.3892/etm.2016.3200

Zouabi, L. A., and Bardin, A. J. (2020). Stem Cell DNA Damage and Genome
Mutation in the Context of Aging and Cancer Initiation. Cold Spring Harb.
Perspect. Biol. 12 (10), a036210. doi:10.1101/cshperspect.a036210

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Vitale, Perveen, Rossin, Lo Iacono, Rastaldo and Giachino. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 91247017

Vitale et al. CMA, Stemness, Ageing and Rejuvenation

https://doi.org/10.1126/science.1173288
https://doi.org/10.1101/gad.313104
https://doi.org/10.1371/journal.pone.0060898
https://doi.org/10.1038/s41591-019-0512-5
https://doi.org/10.1161/CIRCRESAHA.118.312758
https://doi.org/10.1161/CIRCRESAHA.118.312758
https://doi.org/10.1016/j.stem.2019.09.008
https://doi.org/10.1016/j.tcb.2022.04.001
https://doi.org/10.1016/j.tcb.2022.04.001
https://doi.org/10.1126/science.abb4467
https://doi.org/10.1016/j.cell.2009.03.034
https://doi.org/10.1016/j.cell.2009.03.034
https://doi.org/10.1016/j.cell.2011.01.032
https://doi.org/10.1038/s41423-019-0345-7
https://doi.org/10.1016/j.cmet.2018.01.008
https://doi.org/10.1038/cddis.2015.230
https://doi.org/10.3892/etm.2016.3200
https://doi.org/10.1101/cshperspect.a036210
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Role of Chaperone-Mediated Autophagy in Ageing Biology and Rejuvenation of Stem Cells
	Background: Stem Cells, Ageing and Autophagy
	The Different Types of Autophagy

	Chaperone-Mediated Autophagy Overview
	CMA Mechanism
	CMA Regulation

	Chaperone-Mediated Autophagy in Stem Cells
	Pluripotent Stem Cells
	Embryonic Stem Cells
	Induced Pluripotent Stem Cells

	Adult Stem Cells
	Mesenchymal Stem/Stromal Cells
	Pericytes
	Haematopoietic Stem Cells
	CMA in Endothelial Health


	Future Clinical Perspectives
	Conclusion
	Author Contributions
	Funding
	References


