
REVIEW

Chaperone-mediated autophagy: machinery, regulation
and biological consequences

Wenming Li • Qian Yang • Zixu Mao

Received: 12 July 2010 / Revised: 7 October 2010 / Accepted: 8 October 2010 / Published online: 26 October 2010

� Springer Basel AG 2010

Abstract Degradation of dysfunctional intracellular

components in the lysosome system can occur through

three different pathways, i.e., macroautophagy, micro-

autophagy and chaperone-mediated autophagy (CMA). In

this review, we focus on CMA, a type of autophagy distinct

from the other two autophagic pathways owing to its

selectivity, saturability and competitivity by which a subset

of long-lived cytosolic soluble proteins are directly deliv-

ered into the lysosomal lumen via specific receptors. CMA

participates in quality control to maintain normal cell

functions by clearing ‘‘old’’ proteins and provides energy to

cells under nutritional stress. Deregulation of CMA has

recently been shown to underlie some diseases, especially

neurodegenerative disorders for which the decline with age

in the activity of CMA may become a major aggravating

factor. Therefore, targeting aberrant alteration in CMA

under pathological conditions could serve as a potential

therapeutic strategy for treating related diseases.
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Introduction

Maintaining a balance between protein synthesis and deg-

radation is absolutely essential for proper cellular function,

homeostasis and survival in a changing extracellular

environment. The two major protein degradation mecha-

nisms in eukaryotes are the ubiquitin-proteasome system

(UPS) and the autophagy-lysosome system [1, 2]. Collec-

tively, they (1) exert quality control by clearing damaged

or incorrectly synthesized proteins, (2) recycle proteins that

are no longer needed into constitutive amino acid compo-

nents, (3) mount the cellular defense by breaking down

components of various invading pathogens, and (4) regu-

late cellular response to stress or the alteration in

extracellular micro-environments, assisting cells in adapt-

ing to new changes [3, 4].

The UPS is a multi-subunit protease complex in the

cytosol that permits entry and subsequent degradation of

proteins tagged with one or more covalently bound

ubiquitin molecules [5]. Ubiquitin is a small protein

highly conserved from yeast to man. It was first described

in the context of protein degradation, but later shown to

participate in regulation of other cellular processes, such

as endocytosis, signal transduction and DNA repair.

Conjugation of ubiquitin is a complex reaction that

requires E1, E2 and E3 enzymes, and leads to the for-

mation of an isopeptide bond between the C-terminal

glycine of ubiquitin and the 3-amino group of a lysine

residue of the substrate protein [6, 7]. Subunits of the

regulatory complex of the proteasome recognize the

ubiquitin tag, remove it and mediate the unfolding of the

substrates required to gain access to the catalytic region of

the proteasome barrel. With certain exceptions, most

proteasome substrates have short half-lives [6, 8]. Inter-

estingly, recent studies suggest that ubiquitin and

lysosomal pathways are linked. For example, new evi-

dence suggests that attachment of ubiquitin to various

cellular cargos not only constitutes a degradation signal

for proteasome, but also serves to signal for cargo removal

by lysosomal system via autophagy [2, 9].
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Autophagy is a conserved cellular ‘‘self-eating’’ process

that involves sequestration and delivery of cytosolic

components to the lysosome for degradation and recycling

[10]. This evolutionarily conserved process can be cate-

gorized into three classes depending on their respective

sequestration and delivery mechanism (Fig. 1) [11]. In

macroautophagy, a double-membrane vesicle termed the

autophagosome is formed to engulf long-lived proteins and

organelles. The autophagosome is subsequently fused with

a lysosome, releasing its cargo for degradation by lyso-

somal hydrolases. The resultant nucleotides, amino acids

and fatty acids are eventually recycled back into the

cytosol for reuse. In microautophagy, the sequestration of

cytosolic content is facilitated by direct invagination or

exvagination of lysosomal membrane, and subsequent

budding of the invaginated vesicles into the lysosomal

lumen releases the sequestered cytosolic material. In con-

trast to the vesicle-mediated substrate delivery of macro

and microautophagy, chaperone-mediated autophagy

(CMA) targets and delivers substrate proteins directly

across the lysosomal membrane via the specific receptor [9,

12]. Only proteins containing a consensus peptide sequence

are recognized by a chaperone complex. This CMA sub-

strate-chaperone complex locates to the lysosome through

interaction with the lysosome receptor and translocates the

substrate across the lysosomal membrane with the assis-

tance of lysosomal chaperones on the lumenal side

[12, 13]. In this review, we first describe the machinery of

CMA, summarize the regulation mechanisms involved in

activation of CMA, and finally discuss the biological

consequences of CMA under various physiological and

pathological conditions, and relevant therapeutic strategies

via regulating CMA.

History of CMA

In the early 1980s, Professor Dice’s group first reported

that radiolabeled RNase A introduced into the cytoplasm of

human fibroblasts by using erythrocyte-mediated microin-

jection or osmotic lysis of pinosomes was degraded with a

half-life of approximately 90 h in the presence of serum,

whereas in response to serum deprivation its rate of deg-

radation was enhanced 1.6-fold [14]. This enhanced

breakdown following serum withdrawal was highly selec-

tive and based on a feature present within the N-terminal

20 amino acids of RNase A [15]. During subsequent years,

the essential motifs related to KFERQ were identified in

proteins serving as substrates of this selective degradation

pathway, which is referred to as the selective pathway for

degradation of cytosolic proteins by lysosomes [16, 17]. In

1989, a 73-kDa heat shock cognate protein (Hsc73, now

commonly referred to as Hsc70) was found to bind to

KFERQ-like regions in intracellular proteins that are tar-

geted for lysosomal degradation in response to serum

deprivation [18]. In 1994, isolated rat liver lysosomes were

used to probe the selective binding and uptake of RNase A

and glyceraldehyde-3-phosphate dehydrogenase. Their

uptake and degradation by lysosomes were progressively

activated in rat liver by starvation [19]. In 1996, Lamp2a,

also named Lgp96 (lysosomal glycoprotein of 96 kDa),

was identified as a receptor for the selective import and

degradation of proteins within lysosomes [20]. In 1997, an

intralysosomal Hsc73 was determined to be required for

the selective pathway of lysosome-mediated protein deg-

radation [21]. Since 2000, this pathway has been formally

named chaperone-mediated autophagy (CMA) [22, 23].

Throughout the subsequent decade, new substrates, more

Fig. 1 Autophagy refers to the

conserved degradation of

intracellular components by

lysosomes. In mammals, three

types of autophagy have been

described: macroautophagy,

microautophagy and CMA.

Adapted from [11] with

permission
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detailed machinery, new components, physiological roles

and associated diseases for CMA have been extensively

investigated and elucidated [3].

Machinery of CMA

CMA uses the unique and distinctive machinery from the

other two autophagy pathways to carry out this process

[3, 24]. The basic machinery consists of at least three types

of proteins, including (1) chaperone proteins, which are

responsible for recognizing substrates based on their spe-

cific motifs and delivering them to lysosomes, (2) receptor

proteins, which bind and transport/pull substrates into

lysosome lumens, and (3) substrate proteins, which are a

subset of soluble cytosolic proteins containing specific

motifs related to KFERQ. Following activation of CMA,

these three subsets of proteins collaborate and complete the

process (Fig. 2) [3, 25].

Workshop—lysosome

Lysosomes are the primary catabolic compartment of

eukaryotic cells. The name lysosome derives from the

Greek words lysis, which means dissolution or destruction,

and soma, which means body [24]. Lysosomes were dis-

covered by the Belgian cytologist Christian de Duve in

1949 [26]. They are created by the addition of hydrolytic

enzymes to early endosomes from the Golgi apparatus [24].

The membrane around a lysosome allows the digestive

enzymes to work at pH 5.1–5.5, which is optimal to these

acidic hydrolases. Lysosomes fuse with vacuoles and dis-

pense their enzymes within digesting the contents [27].

A healthy cell is dependent on the proper targeting of

newly synthesized lysosomal proteins. Two classes of

proteins are essential for the function of lysosomes: soluble

lysosomal hydrolases (i.e., acid hydrolases) and integral

lysosomal membrane proteins (LMPs) [24]. Lysosomal

acidic pH and the large variety of hydrolases present in the

lysosomal lumen (including proteases, lipases, glycosi-

dases and nucleases) confer upon this organelle its high

capacity of degradation and mediate complete breakdown

of all types of molecules. In addition to bulk degradation,

lysosomal hydrolases are involved in antigen processing,

degradation of the extracellular matrix and initiation of

apoptosis [24, 28]. LMPs reside mainly in the lysosomal

limiting membrane and have diverse functions, including

acidification of the lysosomal lumen, protein import from

the cytosol, membrane fusion and transport of degradation

products to the cytoplasm [29]. The main LMPs are lyso-

some-associated membrane protein 1 and 2 (Lamp1 and 2),

lysosomal integral membrane protein 2 and tetraspanin

CD63 [24]. Substrates can reach lysosomes via heteroph-

agy, in which the cargo to be degraded originates at the

plasma membrane or extracellularly, or via autophagy, for

cargo located in the cytosol [3, 24, 30].

Fig. 2 The diagram of

proposed mechanisms of CMA:

a Hsc70 with co-chaperones

recognizes a KFERQ-related

peptide in cytosolic substrate

proteins; b the complex binds to

the Lamp2a receptor on the

lysosomal membrane; c the

substrate protein is unfolded

before traversing the lysosomal

membrane; d lys-Hsc70 pulls

the substrate into the lysosome

matrix; e the substrate protein is

degraded by lysosomal

proteases; f the Hsc70-

cochaperone complex is

released from the lysosomal

membrane; g Hsc70 is available

to bind to another CMA

substrate. Adapted from [25]

with permission
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Chaperones—Hsc70 and partners

Hsc70, a 73-kDa protein, is the constitutive member of the

heat shock protein 70 family of chaperone [19, 25]. Hsc70s

have been found to be involved in many cellular processes

including dissociation of clathrin and assembly proteins

[25, 31]. Binding of Hsc70 to substrate proteins is regu-

lated by ATP binding and hydrolysis, and the ADP-bound

form of Hsc70 has the highest affinity for protein substrates

for CMA [19, 32]. Hsc70 is located in the cytosol or in the

lumen of lysosomes. Cytosolic Hsc70 (cyt-Hsc70) can

recognize a peptide sequence including the KFERQ motif

in CMA substrate proteins and aid in their transport to the

lysosomal receptor [3, 19]. Cyt-Hsc70 docked to the

lysosomal membrane helps to unfold substrate proteins, a

necessary step for their entry into lysosomes [33].

Other co-chaperones interact with Hsc70 and regulate its

activities. Hsp40 may activate the ATPase activity of

Hsc70 to facilitate substrate binding; and the Hsp70-

interacting protein (Hip) stimulates the assembly of Hsc70

with Hsp40 and the protein substrate [25]. Cell division

cycle 48 (Cdc48) can also enhance the activity of Hsc70-

Hsp40 complexes [32, 34]. Hsc70-Hsp90 organizing pro-

tein acts as an adapter between Hsc70 and Hsp90, which

recognize unfolded regions within proteins and prevent

substrate protein aggregation [25, 32]. There are co-chap-

erones of Hsp90 that may be in the molecular chaperone

complex. Activator of Hsp90 ATPase is a family of heat

shock proteins that activates the ATPase activity of Hsp90

and thereby stimulates both protein binding and release

[32, 35]. The Bcl2-associated athanogene 1 protein (Bag-1)

was initially described as a co-chaperone of Hsc70 that

uncouples the ATPase cycle from substrate binding [36].

But several subsequent studies showed that it functions as a

nucleotide exchange factor that stimulates substrate release

[37]. The carboxyl terminus of Hsc70-interacting protein

(Chip), which can regulate protein refolding [38], acts

mainly as a chaperone-associated ubiquitin ligase to stim-

ulate the degradation of Hsc70 client proteins [39]. The

chaperone complex present on the cytosolic face of lyso-

somal membranes is linked to Lamp2a by the substrate

protein via a site that is different from sites of interaction

for the molecular chaperone complex. Each of the com-

ponents in the molecular chaperone complex is required for

transport of substrates into the lysosome lumen [25, 32].

Both Hsc70 and Hsp90 have been found to be also

present in the lysosomal lumen. Lysosomal-Hsc70 (lys-

Hsc70) is required for the CMA pathway [21]. The more

active population of lysosomes contains abundant lys-

Hsc70, whereas the less active ones contain little Hsc70.

The latter group of lysosomes can be made more active

for CMA if they are allowed to take up Hsc70. A role for

lys-Hsc70 in the uptake of substrate proteins has been

demonstrated in cultured confluent human fibroblasts. It

has been speculated that lys-Hsc70 may be required to pull

proteins into the lysosomal lumen because of analogous

roles of Hsp70s in the translocation of proteins into the

endoplasmic reticulum, mitochondria and chloroplasts

[21, 25]. Nearly half of the lysosomal Hsp90s associate

with the lumenal side of the lysosomal membrane where

this chaperone may contribute to the stabilization of

essential components of the translocation complex when it

is organized into a multimeric structure [3, 40].

Receptor—Lamp2a

In 1996, a lysosomal membrane glycoprotein Lgp96

(called Lamp2a in human) was identified as a receptor for

binding and uptake of lysosome substrates [20]. Lamp2a is

one of the three splice variants of the Lamp2 gene

that gives rise to three single-span membrane proteins,

Lamp2a, b and c. These variants all have a common highly

N-glycosylated lumenal region, but possess different

transmembrane and C-terminal cytosolic tail regions.

Lamp2a has a short cytosolic tail (GLKRHHTGYEQF) to

which CMA substrate proteins bind [25]. The positively

charged residues in the Lamp2a cytosolic tail are important

for binding of substrate proteins. However, the specific

amino acids on the CMA substrate proteins required for

receptor binding remain elusive [41]. Binding of substrate

proteins to Lamp2a is a rate-limiting step for the CMA

process, and overexpression of Lamp2a in Chinese hamster

ovary cells can increase CMA activity. Lamp2a is not

limited to acting as a classic receptor. Increasing evidence

shows that Lamp2a is involved in many other aspects of the

CMA process such as substrate translocation [3, 25, 40].

Lamp2 deficiency in mice causes extensive accumulation

of autophagic vacuoles in many tissues [42]. Contrary to

the proposed receptor function of Lamp2a in CMA, con-

fluent mouse embryonic fibroblasts deficient in lamp2

appear to have normal levels of CMA-associated lysosomal

proteolysis after prolonged serum withdrawal, suggesting

that Lamp2a may not be the only receptor for CMA

[29, 43].

Substrates—KFERQ motif

Substrates for CMA are defined by an amino acid sequence

motif related to KFERQ [3, 16]. This pentapeptide target-

ing motif was first identified in microinjected RNase A

[44]. It consists of a glutamine (Q) preceded or followed by

a combination of four amino acids that are basic (R, K),

acidic (D, E), or bulky and hydrophobic (F, I, L, V) resi-

dues. In some cases, Q may be substituted by the related N

[45]. Antibodies raised against KFERQ can immunopre-

cipitate 30% of cytosolic proteins in mammalian cells [46].
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Without denaturation, more than 80% of cytosolic pro-

teins that contain KFERQ motifs can be recognized by the

antibody to this motif, indicating that most KFERQ motifs

in these proteins are exposed. However, certain proteins

such as aldolase B have hidden KFERQ motifs due to

multimeric formation. The ubiquitination may dissociate

the aldolase tetramer and result in the exposure of KFERQ

motif [25, 47]. In addition, certain monomers may have

hidden KFERQ sequences that may be exposed following

partial unfolding. Therefore, the presence of a KFERQ

sequence alone in the primary structure of a protein is not

sufficient for determining them as substrates of CMA [48].

Such identification requires rigorous experimental proof.

Recently, we have identified MEF2D, a protein known to

promote neuronal survival as a CMA substrate. Interest-

ingly, MEF2D uses a set of over-lapping imperfect KFERQ

motifs to mediate its interaction with Hsc70 [49].

Characteristics of CMA

Compared to macro- and microautophagy, which occurs in

a wide range of eukaryotes including mammals, plants and

fungi, CMA has only been described in mammals. This

process has some distinctive features.

Selectivity

Lysosome-mediated degradation had traditionally been

perceived as a process performed in bulk with poor

selectivity. The initial idea of selective autophagy origi-

nated from the observation that starvation in animals or

serum removal in cultured cells accelerates the degradation

of particular cytosolic proteins in lysosomes but not others

[50]. Selectivity thus became one of the hallmarks of CMA

[51]. CMA mediates selective targeting of non-essential

proteins for degradation to obtain the amino acids required

for the synthesis of essential proteins. The intrinsic selec-

tivity of CMA is also well suited for the removal of specific

proteins damaged during stress without interfering with

nearby normally functioning forms of the same protein [51,

52]. This selectivity is achieved by making the KFERQ

motifs in the altered protein accessible to the chaperone but

inaccessible when it is properly folded or hidden. Compare

to CMA, macroautophagy has traditionally been consid-

ered as a nonselective degradation process. However,

recent evidence suggests that this view needs modification.

New experimental data demonstrate that some macro-

autophagic processes, termed chaperone-assisted selective

autophagy, are assisted by chaperone proteins and can be

selective in targeting protein complexes, organelles and

microbes [2]. In this process, macroautophagy has been

proposed to be initiated by a selective ubiquitylation of

cellular targets and followed by recognition via autophagic

ubiquitin adaptors such as p62, NBR1 and HDAC6. These

molecules can mediate docking of ubiquitinated proteins or

damaged organelles to autophagosomes and lysosomes,

thereby ensuring their selective degradation [2, 53, 54].

Saturability

The unusual characteristics of CMA are not limited to its

selectivity. As the mechanism for cargo delivery was

revealed, it became evident that, in contrast to the other

forms of autophagy, vesicle formation was not required in

CMA. Instead, the substrate proteins were translocated

across the lysosomal membrane [55]. The receptor Lamp2a

is mainly responsible for this translocation. Because of the

requirement for receptor binding before translocation can

occur, this delivery process becomes saturable. In contrast

to Hsc70, which is often in excess in the cytosol, levels of

Lamp2a are limiting for CMA and hence subjected to tight

regulation [23].

Competitivity

The selectivity and saturability of CMA directly lead to the

competitive binding of CMA substrates. During the process

of CMA, different substrates compete for binding Hsc70

and limited pool of Lamp2a [23, 56]. Several studies have

shown that degradation of some substrates is slowed down

by overexpression of other substrates. This has been

proposed to underlie the pathogenesis of some diseases

[49, 57]. For example, both the wild-type a-synuclein and

neuronal transcription factor MEF2D are substrates of

CMA. Elevated levels of wild-type a-synuclein may reduce

the degradation of MEF2D via CMA [49].

Regulation of CMA

The signal transduction pathways involved in the regula-

tion of CMA from cell membranes to cytosolic chaperone

proteins and lysosomes remain largely elusive [3]. The p38

MAPK inhibitor can partly prevent the activation of CMA,

implicating this pathway in CMA [45]. On the other hand,

the extensively investigated local regulation of CMA

activity in the lysosomes has precise, fine-tuned mecha-

nisms [3, 25].

Regulation of CMA via Lamp2a

The level of Lamp2a at the lysosomal membrane is pro-

portional to the activity of CMA. Therefore, changes in the

Lamp2a level at the lysosomal membrane can quickly

regulate the activity of CMA. The level of Lamp2a at the
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lysosomal membrane may be changed by synthesis, deg-

radation and redistribution [41, 58]. De novo synthesis of

Lamp2a or its inhibition by protein synthesis inhibitors can

directly change the level of Lamp2a in cells, but the

physiological or pathological relevance remains unclear

[3, 59]. The distribution of Lamp2a at the lysosomal

membrane is regulated by its dynamic association with

discrete membrane lipid microdomains [60]. Under basal

conditions, sequestration of Lamp2a in cholesterol-enri-

ched regions favors its cleavage by two proteases,

including an unidentified metalloprotease at the membrane

and a serine protease—cathepsin A, which associates

dynamically with the lumenal side of the lysosomal mem-

brane [60, 61]. Exclusion of Lamp2a from these regions

allows its multimerization (see below), a step required for

the uptake of CMA substrate by lysosomes. Interestingly,

the degradation of Lamp2a can be reduced by the presence

of substrates or stimuli that induce the activation of CMA.

This blockage in degradation, rather than the increase of

synthesis, to increase Lamp2a at the lysosomal membrane is

particularly advantageous to cells with limited access to

amino acids such as during nutrient deficit [3, 62].

The levels of Lamp2a can be further increased at the

lysosomal membrane through the mobilization of the pool

normally resident in the lysosomal lumen. The exact nature

of this luminal pool of Lamp2a remains unclear, but intact

molecules of this protein exist inside lysosomes, and a

gradual decrease in the percentage of Lamp2 in this com-

partment occurs as activation of CMA persists beyond 1

day [3, 60]. Membrane chaperones and an intact membrane

potential are needed for the mobilization of Lamp2a from

the lumen to membrane [3]. Fractionation studies have

shown that luminal Lamp2a associates with lipid, indicat-

ing the possible existence of luminal Lamp2a-containing

micelles. It is thought that these micelles fuse or integrate

into the lysosomal membrane under specific stress, result-

ing in the incorporation of Lamp2a in the membrane and

exposure of its C terminus to the cytosol [60, 63].

Lamp2a can undergo cycles of rapid assembly into a

700-kDa protein complex at the lysosomal membrane.

Monomers of Lamp2a at the lysosomal membrane can

accept substrate proteins, and this interaction drives the

organization of Lamp2a into multimeric complexes needed

for substrate translocation into lysosomes. Once the sub-

strate protein reaches the lysosomal lumen, Lamp2a will

disassemble from the multimeric complex to enable sub-

sequent rounds of substrate binding [3, 40]. This

continuous assembly and disassembly of Lamp2a from the

multimeric translocation complex highlights the impor-

tance of the lateral mobility of this protein in the lysosomal

membrane [40]. Chaperone proteins located at both sides of

the lysosomal membrane may regulate the lateral mobility

of Lamp2a. Lys-Hsc70 induces disassembly of Lamp2a

from the 700-kDa complex once the substrate has crossed

the membrane. A lysosome-associated form of the glial

fibrillary acidic protein (GFAP), a component of the

intermediate filament network, associates to Lamp2a once

it is organized into multimers and contributes to stabilizing

the CMA translocation complex against the disassembling

activity of Hsc70, whereas GTP-mediated release of

elongation factor-1a from the lysosomal membrane pro-

motes self-association of GFAP, disassembly of the CMA

translocation complex and the consequent decrease in

CMA [12, 64]. In addition, Hsp90 at the lumenal side is

also required to preserve the stability of Lamp2a during the

transition [40].

Regulation of CMA via Hsc70

The other limiting lysosomal component is lys-Hsc70. As

indicated in the previous section, the presence of this

chaperone at the luminal side of the membrane is necessary

for substrate translocation [18]. Levels of lys-Hsc70

increase gradually with increasing CMA activity, although

the mechanisms modulating this increase are still poorly

understood. Although Hsc70 contains two KFERQ

sequences and is a putative substrate of CMA [21, 25], it

appears that neither CMA nor macroautophagy is involved

in delivering lys-Hsc70 to lysosomes [3, 65]. It is possible

that this chaperone reaches lysosomes through maturation

of late endosomes, a compartment in which high levels

of luminal Hsc70 have been detected, thus highlighting

a possible relationship between CMA and endocytosis

[3, 65, 66].

Regulation of CMA via macroautophagy

The activity of CMA is also directly modulated by changes

in other autophagic and proteolytic systems inside the cell.

Cells in culture respond to CMA blockage by upregulating

macroautophagy. Similarly, blockage of macroautophagy

results in constitutive activation of CMA [65]. These

pathways are clearly not redundant, as CMA is, for

example, unable to degrade organelles normally turned

over by macroautophagy, whereas macroautophagy lacks

the selectivity of CMA in the degradation of individual

soluble cytosolic proteins [67]. Nevertheless, the compen-

satory activation of one form of autophagy when the other

is compromised allows cells to preserve homeostasis, at

least under basal conditions. Additionally, blockage of

either form of autophagy also has a direct impact on pro-

teasomal activity [3]. The molecular mechanisms that

regulate crosstalk between these two different pathways are

currently under investigation. In the case of the interrela-

tionship between macroautophagy and CMA, continuous

fusion of autophagosomes to lysosomes when
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macroautophagy is upregulated results in transient dissi-

pation of the lumenal lysosomal pH, which negatively

affects lys-Hsc70 stability. In fact, although lys-Hsc70 is

normally stable at pH ranges of 5.2–5.4, changes in pH

values above 5.6 in the lysosomal lumen result in its rapid

degradation in this compartment. The reduced levels of

lys-Hsc70 in those lysosomes decrease their capability to

perform CMA [68].

Regulation of CMA via UPS

UPS and autophagy were long viewed as independent,

parallel degradation systems with no point of intersection.

Increasing evidence shows that the UPS and autophagy

are functionally interrelated catabolic processes. Specifi-

cally, these degradation systems share certain substrates

and regulatory molecules, and show coordinated and, in

some contexts, compensatory function. For example, the

neuronal protein a-synuclein can be degraded by the

UPS, macroautophagy and CMA. Under conditions in

which the UPS is compromised, enhanced degradation by

CMA and macroautophagy may become critical to

maintaining pools of amino acids for protein synthesis

and may protect against the accumulation of a toxic

species [1, 3]. On the other hand, during the acute stages

of CMA blockage, there is an accumulation of poly-

ubiquitinated proteins, often in the form of protein

aggregates, attributable to the observed reduction in their

removal through the proteasome system, and the under-

lying mechanisms remain to be clarified [69].

Interestingly, recent evidence suggests that ubiquitin may

play a key role in the crosstalk between proteasome-

mediated degradation and selective autophagy [2, 70].

Furthermore, ubiquilin, a ubiquitin-like protein, functions

to regulate macroautophagy by facilitating maturation of

LC3 protein, and is also a substrate of CMA, indicating

that ubiquilin may also be at a crossroad between protein

degradation pathways [71, 72]. However, detailed

mechanisms are under investigation.

Physiological relevance

Selective degradation of cytosolic proteins via CMA con-

tributes to both quality control (housekeeping) and

response to stress [2, 3]. CMA was initially identified as an

inducible pathway in response to stress. However,

increasing evidence shows that there is a certain level of

CMA activity under basal conditions. Most cell types

analyzed to date display some level of continuous CMA

activity detectable in the absence of typical CMA-inducing

conditions. Basal CMA requires participation of the same

effectors at the lysosomal membrane—the membrane

chaperones and the protein translocation complex. It has

been speculated that there is a difference between basal and

inducible CMA. Whether the regulation of basal and

inducible CMA occurs through different signaling mecha-

nisms is under investigation [65]. However, both basal and

inducible CMA may have physiological relevance.

Recycling and quality control

The delivery of intracellular substrates such as misfolded

proteins and damaged organelles from the cytosol to the

lysosomes for degradation is crucial for cell survival.

Under physiological conditions, renewal of cytosolic pro-

teins is needed to maintain their normal function through

recycling their old versions [4]. Besides bulk autophagy

(microautophagy and macroautophagy), CMA efficiently

facilitates the transit of specific proteins from the cyto-

plasm to lysosomes and is responsible for their recycling. If

this process is inhibited, excessive old and dysfunctional

proteins will accumulate in the cytosol and disturb the

physiological functions of cells [3, 49].

Immune response

Durable adaptive immunity is dependent on CD4? T cell

recognition of the major histocompatibility complex

(MHC) class II molecules that display peptides from

exogenous and endogenous antigens. Specialized antigen-

presenting cells use the endosomal/lysosomal systems to

internalize exogenous antigens, which can then be pre-

sented on MHC to CD4? T cells. Beside the proteasome

and macroautophagy in processing and MHC loading with

endogenous and exogenous antigens, CMA has also been

recently investigated in antigen processing/presentation.

Cells with reduced levels of Lamp2a or Hsc70 exhibit

decreased presentation of cytoplasmic epitopes on class II

molecules [73]. Conversely, an increase in cytoplasmic

autoantigen presentation is observed upon overexpression

of either Lamp2a or Hsc70. Furthermore, there is cross-talk

between autophagy pathways in the expression of MHC

class II molecules. Macroautophagy can deliver antigens

into autophagosomes for processing by acidic proteases

before MHC class II presentation. However, other endog-

enous antigens are processed by cytoplasmic proteases,

yielding fragments that translocate via CMA into the

endosomal network to intersect MHC class II. This cross-

talk, particularly in response to stress, appears to balance

the relative efficiency of each pathway, limits redundancy

and gives MHC class II broader access to antigens within

different intracellular compartments. Whether alteration in

CMA activity such as its reduction with age could con-

tribute to the altered immune response requires further

investigation [74].
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Starvation

The first stimulus identified to activate CMA was

nutritional starvation. In most mammalian cells, macro-

autophagy is activated during the first hours of serum

removal. After prolonged starvation in cells and animals,

CMA activity increases progressively, reaching maximal

activation at about 10 h after the removal of serum in

the cultured cells, or at 3 days in animals, and remains at

this level for the duration of the starvation period

[25, 75]. These findings suggest that starvation-induced

activation of CMA coincides with the decay in macro-

autophagy. Cells may benefit from switching to a more

selective degradation, such that particular essential pro-

teins could be maintained in the cytosol while other less

critical ones can be specifically targeted for degradation

[3, 75]. It has been found that many glycolytic enzymes

undergo degradation through CMA during prolonged

starvation as they may be unnecessary in the cells in the

absence of nutrients [55]. In addition, CMA activation

during nutrient deprivation is both tissue- and cell type-

specific. While starvation is a potent CMA stimulus

in liver, spleen, kidney, and heart, neurons display

higher basal levels of CMA activity and do not appear

to greatly augment their CMA in response to starvation

[3].

Oxidative stress

Antioxidants can at least partially prevent the increased

degradation of some specific proteins by the CMA pathway

in response to starvation, indicating that the oxidation of

proteins may accelerate their degradation via CMA [59,

76]. This speculation is supported by a more direct study

comparing lysosomal binding and uptake of different CMA

substrates, either unmodified or upon exposure to pro-

oxidizing conditions. More importantly, the upregulation

of CMA during oxidative stress has been observed using

lysosomes isolated from cultured cells and livers of rodents

treated with pro-oxidant compounds [59]. Interestingly,

these lysosomes not only have endogenous cytosolic oxi-

dized proteins in their lumens, but also have higher CMA

activity even for non-modified substrate proteins. Tran-

scriptional upregulation of Lamp2a seems to account for

the increased CMA activity under such conditions. Oxi-

dative stress also increases the levels of other key CMA

components, such as lysosomal Hsc70 and Hsp90 [24, 59].

Decline of CMA with age in whole organs may contribute

to the accumulation of oxidized proteins characteristic of

most tissues in old organisms, and manipulations to prevent

the age-dependent decrease of CMA in liver reduces the

amount of oxidized proteins in this organ even at advanced

age [77, 78].

Age-related decline in CMA

Phenomena

Total rates of protein degradation decrease in almost all

tissues and organisms with age [3, 23]. In cultured senes-

cent fibroblasts, CMA degradation of cytosolic proteins is

slower than in early passage cells. Furthermore, the decline

of this degradation is no longer upregulated even upon

serum starvation [14]. This decrease in CMA activity has

been confirmed by comparing the ability of lysosomes

isolated from livers of young and aged rats to take up

substrates. Lysosomes from aging rats show lower rates of

CMA, and both substrate binding to the lysosomal mem-

brane and transport into lysosomes seem to decline with

age [23]. These findings strongly suggest that the decline of

CMA activity is an index of aging.

Mechanisms

The analysis of the different steps involved in the CMA

pathway has revealed that CMA substrate proteins are

still recognized by Hsc70 and targeted to the membrane

of old lysosomes with age. Furthermore, if substrates are

presented directly to the lysosomal hydrolases, the rate of

their degradation in the old lysosome is similar to that in

the young lysosome. Consistently, there is a decrease in

the levels of Lamp2a at the lysosomal membrane [23].

Interestingly, the decline in Lamp2a levels with age is

not due to transcriptional downregulation or changes in

rates of synthesis and delivery of this receptor to the

lysosomal compartment. It is the dynamics and stability

of Lamp2a at the lysosomal membrane that appear to be

severely compromised with age. The reason for this

alteration is probably related to the changes in the

composition of the lipid microdomains of the lysosomal

membrane, which regulates the association of Lamp2a

with cathepsin A [60]. Rapid degradation of Lamp2a in

the lysosomal lumen likely contributes to the lower levels

of this protein in aging lysosomes. This role of reduced

levels of Lamp2a in age is supported by findings in a

double-transgenic mouse model in which enhancing of

Lamp2a expression preserves normal CMA activity in the

livers of the old transgenic mice [77].

Aberrance of CMA in diseases

Besides being involved in different aspects of cellular

physiology, CMA has been implicated in the pathogenesis

of some diseases, especially age-associated disorders, when

CMA is deregulated by both genetic and environmental

factors. In some of these diseases, the CMA defect is likely
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to underlie the pathogenesis, whereas in others, it may be

secondary to the main defect but contribute to the pathol-

ogy and course of the respective diseases [3].

Lysosomal storage diseases

LSD is the common name for disorders that may be caused

by improper degradation of certain substrates in lysosomes

[78]. Altered CMA in LSD is often secondary to the

primary impairment in the lysosomal compartment. The

global lysosomal dysfunction caused by mutations in spe-

cific enzymes or disrupted trafficking of these enzymes to

lysosomes may disrupt CMA activity along with other

autophagic pathways. However, several LSDs have

defective CMA activity, which may occur before global

failure of the lysosomal system. Abnormal CMA upregu-

lation has been observed in galactosialidosis, a disorder

resulting from defective function of protective protein/

cathepsin A. Cathepsin A is one of the two proteases

required for the regulated degradation of Lamp2a. The

abnormally high levels of Lamp2a observed in galacto-

sialidosis and the consequent increase in CMA activity can

be normalized after cathepsin A levels are restored [61].

Mucolipidosis type IV disease may be associated with a

primary defect in CMA. The transient receptor potential

mucolipin-1 mutated in this disorder associates with Hsc70

and Hsp40 at the lysosomal membrane and may be a novel

regulator of the CMA translocation pathway. Fibroblasts

from mucolipidosis type IV patients have lower CMA

activity compared with those from normal controls, leading

to the increase of oxidized proteins in the cells [79].

Aberrant alteration of CMA also occurs in Danon disease, a

lysosomal glycogen storage disorder with normal acid

maltase activity resulting from a mutation in the Lamp2

gene. However, due to the multiplicity of functions of the

different Lamp2 protein variants and the defects in lyso-

somal biogenesis caused by altered intracellular trafficking

of essential lysosomal enzymes observed in this disease,

more studies are needed to dissect whether and how CMA

activity is altered in Danon patients [80].

Neurodegenerative diseases

The hallmark of most neurodegenerative disorders is the

accumulation of pathogenic proteins. Alterations in the

cellular quality control mechanisms have been proposed to

contribute to the neuronal inability to clear the pathogenic

proteins [81, 82]. Besides dysfunction of macroautophagy,

dysfunction of CMA has been found to cause the accu-

mulation of some pathogenic proteins involved in

neurodegenerative disorders, such as a-synuclein, UCH-L1

and MEF2D in Parkinson’s (PD), APP and tau in Alzhei-

mer’s (AD) and huntingtin in Huntington’s (HD) disease.

These proteins contain KFERQ motifs in their amino acid

sequences and have been proved to be CMA substrates

[49, 83, 84]. In the following sections, we will discuss the

recent findings regarding the involvement of CMA in the

pathogenesis of these disorders.

PD

PD, the most common neurodegenerative movement dis-

order, is a degenerative disorder of the central nervous

system characterized by the progressive loss of dopami-

nergic neurons in substantia nigra and their terminals,

leading to impairments of the victim’s motor skills, speech

and other functions. The molecular mechanisms of PD are

not fully understood, and no cure is presently available

[85]. However, an increase in the amount of a-synuclein

protein may constitute a cause of PD. a-Synuclein is

degraded at least in part by CMA [83, 86]. a-Synuclein in

its mutant forms can cause dysfunction of CMA. Con-

versely, aberration in CMA can lead to the accumulation of

a-synuclein protein.

Mutant a-synuclein and CMA The first pathogenic pro-

tein related to CMA was a-synuclein, the main

component of Lewy bodies in PD patients. Although

mutations in a-synuclein have only been described in a

small percentage of PD patients, this protein is aggregated

in the form of Lewy bodies in sporadic PD. Wild-type

a-synuclein is a CMA substrate, whereas pathogenic

A53T and A30P a-synuclein mutants bind to the receptor

Lamp2a, but act as an uptake blocker [83, 87]. Therefore,

the presence at the lysosomal membrane of the tightly

bound forms of mutant a-synuclein not only inhibits their

own degradation, but also interferes with the degradation

of other cytosolic proteins through the CMA pathway

[85].

Modified forms of a-synuclein and CMA Similar to

mutants of a-synuclein, some post-translationally modified

forms of wild-type a-synuclein resulting from the reaction

with dopamine also block translocation in CMA [3, 86]. In

mouse neurons, SH-SY5Y cells and isolated mouse lyso-

somes, most posttranslational modifications of a-synuclein

impair degradation of this protein by CMA but do not

affect degradation of other substrates. However, dopamine-

modified a-synuclein not only is poorly degraded by CMA,

but also blocks degradation of other CMA substrates.

Cellular viability improves if lysosomal targeting of the

pathogenic forms of a-synuclein is prevented by eliminat-

ing its CMA-targeting motif. Since blockage of CMA

increases cellular vulnerability to stressors, dopamine-

induced autophagic inhibition may explain the selective

degeneration of PD dopaminergic neurons. However,

the exact mechanisms by which the pathogenic forms of
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a-synuclein block translocation of CMA substrates remain

to be clarified [86].

UCH-L1 and CMA Ubiquitin C-terminal hydrolase L1

(UCH-L1), a neuronal de-ubiquitin enzyme, is expressed

abundantly in neurons and has been reported to be a major

target of oxidative/carbonyl damage associated with spo-

radic PD. Mutant forms of UCH-L1 are associated with

familial PD [88]. UCH-L1 interacts with three of the main

components of CMA, i.e., Lamp2a, Hsc70 and Hsp90.

These interactions are abnormally enhanced by the I93M

mutation and independent of the monoubiquitin binding of

UCH-L1. Expression of I93M UCH-L1 in cells can induce

an increase in the amount of a-synuclein that is associated

with CMA inhibition. The findings may provide novel

insights into the molecular links between a-synuclein and

UCH-L1. Aberrant interaction of mutant UCH-L1 with

CMA machinery may underlie the pathogenesis of PD

associated with I93M UCH-L1 [89].

MEF2D and CMA Transcription factor MEF2D plays an

important role in neuronal survival [90–92]. Our recent

studies identify MEF2D as a direct substrate of CMA. In a

neuronal cell line, MEF2D continuously shuttles to the

cytoplasm under basal conditions, interacts with Hsc70 and

undergoes CMA-mediated degradation (Fig. 3). Inhibition

of CMA leads to MEF2D accumulation in the cytoplasm.

But the accumulated MEF2D has apparently lost its DNA

binding capacity and therefore is non-functional. Impor-

tantly, both wild-type and PD-associated mutant

a-synuclein disrupts the MEF2D-Hsc70 binding, which

leads to neuronal death. Consistently, MEF2D levels are

increased in the brains of a-synuclein transgenic mice and

PD patients. Thus, CMA modulates the neuronal survival

factor MEF2D, and dysregulation of this pathway may

contribute to the pathogenesis of PD [49, 93].

AD

AD is the most common form of dementia. The disease is

characterized neuropathologically by the presence of

amyloid plaques, neurofibrillary tangles, and synaptic and

neuronal loss with severe atrophy of cortical and subcor-

tical regions [94]. The role for CMA in AD has been

proposed based on the aberrant interaction of major com-

ponents of the CMA machinery with particular mutant

forms of cytoskeleton-associated protein tau. These tau

mutants undergo proteolytic cleavage, which generates

highly amyloidogenic fragments. Tau mutants in the

cytosol are targeted for CMA and cleaved by lysosomal

enzymes [95]. Compared to regular CMA substrates, the

truncated forms of tau undergo only partial insertion into

the CMA translocon complex, enough to present their C

terminus to the lysosomal hydrolases resulting in their

cleavage into amyloidogenic peptides. The pathogenic

forms of tau also organize into irreversible oligomeric

structures at the lysosomal membrane, which interferes

with normal CMA, and leads to destabilization of the

lysosomal membrane and leakage of lysosomal enzymes

into the cytosol [95, 96].

Regulator of calcineurin 1 (RCAN1), a gene identified

from the critical region of Down syndrome, has been

implicated in the pathogenesis of AD. Besides being reg-

ulated by the ubiquitin proteasome pathway, RCAN1

protein can also be degraded through the lysosomal path-

way. Inhibition of macroautophagy leads to the reduction

of RCAN1 expression; conversely, inhibition of CMA

increases RCAN1 level. Two CMA recognition motifs are

identified in RCAN1 protein and function to mediate its

degradation through CMA. Furthermore, promoter assay

demonstrates that inhibition of RCAN1 degradation in cells

reduces calcineurin-NFAT activity. This finding suggests

additional connections between possible effectors involved

in AD and CMA [57].

HD

HD is a dominantly inherited pathology caused by the

accumulation of mutant huntingtin protein (HTT). Mutant

huntingtin contains an expanded polyglutamine tract con-

tributing to its accumulation as nuclear and cytosolic

aggregates in HD patients [97]. Huntingtin has three

putative CMA-targeting motifs. They are outside exon 1

where the abnormally extended stretch of glutamines

localizes in the mutant pathogenic form. It has been found

that regulated phosphorylation of exon 1 by the inflam-

matory kinase IKK enhances the normal clearance of this

product by both the proteasome and lysosomes. Interest-

ingly, the lysosomal clearance is dependent on Lamp2a and

Hsc70, indicating that CMA may contribute to the removal

of the pathogenic protein before aggregation. Therefore,

decline in CMA activity may be one of the aggravating

factors in the progression of HD [3, 98].

Kidney pathology

The first association of CMA with disease was established

in kidney, an organ where CMA activity is markedly high.

Study of a form of chemically induced hyaline droplet

nephropathy reveals that CMA activity increases in the

early stages of the disease to prevent the accumulation of

a-2-microglobulin. a-2-Microglobulin is altered by the

various chemical compounds that trigger this kidney con-

dition and is itself a bona fide CMA substrate. However, as

the disease progresses, CMA is not sufficient to accom-

modate the high levels of altered a-2-microglobulin, leading

to its accumulation in kidney cells in the form of hyaline
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droplets. This kidney lesion often evolves to chronic

progressive nephropathy and carcinogenesis [3, 99].

Another kidney pathology where alterations in the

degradation of selective proteins by CMA may play a role

is renal hypertrophy. Hypertrophy is characteristic of the

diabetic kidney, a condition where reduced levels of

Lamp2a has been observed. Hypertrophic cellular growth

can result from imbalance between protein synthesis and

protein degradation. Decreased CMA activity under these

conditions leads to high levels of the nuclear transcription

factor Pax2, a factor essential in regulation of cellular

growth in the kidney. The increased levels of the tran-

scription factor Pax2 may contribute to maintenance of the

hypertrophic state through upregulation of tubular cell

growth [100].

Other pathologies

Alteration in macroautophagy has been described in

infectious diseases and cancer. In light of the contribution

of CMA to antigen presentation, CMA dysfunction may

underlie some immunoreactive and autoimmune disorders,

but this aspect remains to be explored [73, 74]. Another

area of investigation is the possible role of CMA in

oncogenesis. Epidermal growth factor receptor pathway

substrate 8 (Eps8) promotes the growth of various solid

malignancies. A novel association of Eps8 with the late

endosomal/lysosomal compartment specifically occurs in

cancer cells. In metastatic pancreatic cancer cell lines,

endogenous Eps8 is localized to large vesicular lysosomal

structures. Structure-function analysis reveals that amino

acids 184–535 of Eps8 were sufficient to mediate its

lysosomal recruitment. Notably, this fragment harbors two

KFERQ-like motifs for CMA, and Eps8 itself has been

identified as a CMA substrate. These findings serve as an

example for the possible role of CMA and oncogenesis

[56]. In addition to CMA, the newly recognized selective

macroautophagy, chaperone-assisted selective autophagy,

seems to be an essential proteostasis mechanism and may

have important implications for understanding some dis-

eases and age-dependent pathologies [30]. For example, it

has been found that impaired chaperone-assisted selective

autophagy results in Z disk disintegration and progressive

muscle weakness in several species [9].

A potential therapeutic target

Increasing evidence suggests that CMA acts as a cell

protector and its dysfunction is correlated with diverse

pathologies [3, 12]. A better understanding of CMA,

ranging from detailed processes to its role in physiology

and pathology, may be needed to allow its manipulation for

therapeutic purposes. New insights into the molecular

mechanisms of CMA are now leading to the discovery of

exciting new potential drug targets.

Upregulation of CMA acts as an adaptive response that

protects cells from stresses. Therefore, activation of CMA

and/or enhancement of CMA activity by agents and genetic

methods may prevent the process of aging and some CMA-

associated diseases. Indeed, a recent study has demon-

strated that restoration of CMA in aging liver improves

Fig. 3 Regulation of neuronal

survival factor MEF2D by

CMA: a Hsc70 binds to and

accompanies MEF2D to

Lamp2a for uptake and

digestion by the lysosome under

physiological conditions; b in

PD, the CMA process is

deregulated, preventing the

normal uptake and removal of

MEF2D and resulting in its

accumulation. Modified from

[93] with permission
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cellular maintenance and hepatic function, and reduces

intracellular accumulation of oxidized and aggregated

proteins [77]. These findings strongly underscore the

therapeutic potential of maintenance of proper CMA

activity. The polyglutamine binding peptide 1 (QBP1)

binds an expanded polyQ tract in mutated but not normal

HTT. Expression of a fusion molecule comprising two

copies of QBP1 and copies of two different Hsc70-binding

motifs has been employed to selectively target mutant HTT

for degradation in cellular and mouse models of HD. This

strategy results in specific degradation of mutant HTT in

both cultured cells expressing the construct and the R6/2

mouse model of HD. Therefore, similar adaptor molecules

comprising Hsc70-binding motifs fused to an appropriate

structure-specific binding agent may have broader thera-

peutic potential for treating diseases caused by misfolded

proteins [97].

Both calorie restriction and the ketogenic diet possess

broad therapeutic potential in various clinical settings and

in various animal models of neurological diseases [98].

Following calorie restriction or consumption of a keto-

genic diet, there is notable improvement in mitochondrial

function, a decrease in the expression of apoptotic and

inflammatory mediators and an increase in the activity of

neurotrophic factors. Recent research aimed at identifying

compounds that can reproduce, at least partially, the

neuroprotective effects of the diets with less demanding

changes to food intake suggests that ketone bodies may

represent an appropriate candidate, protecting neurons

against multiple types of neuronal injury [101, 102]. As

mentioned above, CMA is activated in higher organisms

under conditions of prolonged starvation. Interestingly, it

has been reported that ketone bodies stimulate CMA.

Ketone bodies are comprised of b-hydroxybutyrate, ace-

toacetate and acetone, which circulate during starvation.

Physiological concentrations of b-hydroxybutyrate and

acetoacetate induce proteolysis in cells. Lysosomes iso-

lated from b-hydroxybutyrate-treated cells display an

increased ability to degrade CMA substrates. Pretreatment

of CMA substrates with b-hydroxybutyrate increases their

rate of degradation by isolated lysosomes [103]. Given

these, we speculate that CMA may, at least in part, be

involved in the neuroprotective effects of calorie restric-

tion and ketogenic diet. The induction of CMA by ketone

bodies may provide an important physiological mecha-

nism for the activation of CMA during prolonged

starvation.

Concluding remarks

Cargo delivery into lysosomes is not always ‘‘in bulk’’ and

instead can occur in the selective manner, i.e., CMA and

other selective autophagy. Distinct from the other two

autophagy pathways, CMA possesses unique characteris-

tics, i.e., selectivity, saturability and competitivity, by

which substrate proteins are directly delivered into the

lysosomal lumen through Lamp2a receptor associated with

the assistance of Hsc70 chaperone complex. These char-

acteristics are not only implicated in mechanisms and

regulation of CMA, but also involved in alteration of CMA

under pathological conditions.

The machinery, mechanisms and regulation of CMA

have been extensively analyzed. Despite the considerable

advance in the molecular dissection of this pathway, there

remain many questions: (1) what pathways are involved in

signal transduction from cell membranes to lysosomes to

regulate CMA following various stresses? (2) In addition to

Hsc70 chaperone complex and the receptor Lamp2a, are

there other chaperone complexes and receptors involved in

the CMA process? (3) Are there additional and specific

interactions between CMA and other autophagic pathways

or the ubiquitin–proteasome system? (4) What new sub-

strates are important for various physiological and

pathological conditions? (5) Can one develop better and

more specific small molecules to modulate CMA in an

acute manner?
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