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Abstract Microautophagy, the non-selective lysosomal

degradative process, involves direct engulfment of cyto-

plasmic cargo at a boundary membrane by autophagic

tubes, which mediate both invagination and vesicle scission

into the lumen. With its constitutive characteristics,

microautophagy of soluble substrates can be induced by

nitrogen starvation or rapamycin via regulatory signaling

complex pathways. The maintenance of organellar size,

membrane homeostasis, and cell survival under nitrogen

restriction are the main functions of microautophagy. In

addition, microautophagy is coordinated with and com-

plements macroautophagy, chaperone-mediated autophagy,

and other self-eating pathways. Three forms of selective

microautophagy, including micropexophagy, piecemeal

microautophagy of the nucleus, and micromitophagy, share

common ground with microautophagy to some degree. As

the accumulation of experimental data, the precise mech-

anisms that govern microautophagy are becoming more

appreciated. Here, we review the microautophagic molec-

ular machinery, its physiological functions, and relevance

to human diseases, especially in diseases involving mul-

tivesicular bodies and multivesicular lysosomes.
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Abbreviations

Alp Alkaline phosphatase

Apg/Atg/

ATG/Aut

Autophagy-related gene

CMA Chaperone-mediated autophagy

Cpy Carboxypeptidase Y

CVT Cytoplasm-to-vacuole targeting

EGO Exit from rapamycin-induced growth arrest

ESCRT Endosomal sorting complex required

for transport

hsc70 Heat shock cognate 70

MIPA Micropexophagic membrane apparatus

MPT Mitochondrial permeability transition

MVB Multivesicular body

NV Nucleus–vacuole

PAS Pre-autophagosomal structure

PCD Programmed cell death

PE Phosphatidylethanolamine

PMN Piecemeal microautophagy of the nucleus

PVS Peri-vacuolar dot-like structures

ROS Reactive oxygen species

SNARE Soluble NSF attachment protein receptors

TOR Target of rapamycin

Ublc Ubiquitin-like conjugation

VSM Vacuolar sequestering membrane

VTC Vacuolar transporter chaperone

Introduction

Through continuous biosynthesis and degradation, organ-

isms maintain intrinsic homeostasis. Intracellular

degradation occurs through two distinct systems: the ubiq-

uitin–proteasome system and the lysosome–autophagy
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system. The ubiquitin–proteasome system targets short-

lived or abnormally folded proteins, while the lysosome–

autophagy system targets long-lived macromolecular

complexes and organelles. Christian de Duve was the first to

observe autophagy of lysosome to catabolism in 1963 [1, 2].

In eukaryotic cells, autophagy is an evolutionarily conserved

mechanism for degradation and renovation. Autophagy

functions with great significance in housekeeping, cellular

differentiation, growth control, cell defense, tissue remod-

eling, acclimatization, etc. [3]. Autophagy plays a Janus role,

as either guardian or executioner. Upon nutrient deprivation

or starvation situation, autophagic pro-survival mechanisms

transfer injured cells or cumulative damaged components to

the degradative pathways [4]. While cells may suicide by

means of pro-death mechanisms supported by autophagy,

which is correlated with programmed cell death (PCD),

autophagic cell death is also known as type II PCD [5]. Once

self-degradative activity exceeds a certain threshold, the

cells atrophy and cellular functions collapse. As the legiti-

mate alternative death form to apoptosis, autophagy would

culminate in the death of cells by such a degree of cellular

destruction, in which the lysosome/vacuole and the dense

bodies took half or more area than the cytosol and organelles

occupied.

In 1963, Christian de Duve first described the morpho-

logical process of self-eating and coined the term

‘‘autophagy’’ [1, 6]. Depending on the pathways to deliver

the cargo, autophagy in mammalian cells can be subdivided

into macroautophagy, microautophagy, and chaperone-

mediated autophagy (CMA) [3]. In macroautophagy, the

double- or multi-membrane-delimited autophagosome

sequesters the cytoplasm in a large and non-specific way, and

then fuses with the lysosome for degradation [7]. Less

attention has been paid to microautophagy, which refers to

the direct engulfment of cytoplasm by the lysosome (mam-

mals) or the vacuole (plant and fungi). In microautophagy,

the lysosomal/vacuolar membrane is randomly invaginated

and differentiated into the autophagic tube to enclose por-

tions of the cytosol. Vesicles form at the top of the tube, fuse

homotypically, and then bud into the lumen. deDuve and

Wattiaux [6] described the phenomena of both macroauto-

phagy and microautophagy in rat liver in 1966, but the proper

noun ‘‘microautophagy’’ had not come into being until 1983.

Later, in 1981, a third type of self-eating CMA was discov-

ered [8]. CMA targets only single proteins. The chaperone

heat shock cognate 70 (hsc70) could recognize and combine

the proteins with a KFERQ or a KFERQ-like motif, then bind

to the LAMP-2A, which transfers both the chaperone com-

plex and the targeted protein into the lysosomal lumen [8].

In the early days of microautophagic research, electron

microscopy was employed to study macro- and micro-

autophagy in rat liver cells that subjected to long- and short-

term starvations [9, 10]. Yeasts subjected to nitrogen

starvation or glucose induction were used to determine the

vacuolar components and conditions required for micro-

autophagy. In the 1990s, systematic screening of yeast

mutants elevated microautophagy research to a new level by

identification a great number of genes involved in micro-

autophagy [11]. Using fluorescence microscopy, specific

mutants, such as ‘‘Apg’’ or ‘‘Aut’’ mutants [12], were stained

to examine microautophagic states or functions of a specific

gene. Thus genes or gene products involved in microauto-

phagy could be identified. Biochemical kinetic analysis was

also applied to the classification of microautophagic stages

[11]. Apart from the three major forms of autophagy, sev-

eral other forms of self-eating are also on the horizon. In

order of their chronological discovery, timeline is shown in

Fig. 1 [1, 6, 8, 13–23].

Although the importance of microautophagy has become

clearer since its discovery in the late 1960s, mass of frag-

mentized evidences are still insufficient to evolve the truth,

the underlying mechanisms behind microautophagy and its

correlation with certain diseases remain to be investigated.

To further explore its significance in homeostasis, cell sur-

vival, and its dysfunction in human pathologies, we

summarized the unique molecular components and regula-

tors of the microautophagy in this review.

The molecular basis of microautophagy

The molecular machinery of microautophagy

In the past decades, systematic screens of yeast mutants

have been carried out synchronously all around the world,

providing the opportunity to explore the key in revealing

the molecular machinery required for microautophagy.

Whereas the conservative nature of which has rarely been

revealed by these screens, the identification of genes or

gene products involved also provide markers for the entire

process [10].

Demarcated by morphological changes [24], bio-kinetic

analysis [11], and specific gene identification [25], micro-

autophagy falls into five sequential stages (Fig. 2).

Microautophagic invagination and autophagic tubes

In the early stage of microautophagy, the regular membrane

bulge into the surface of the lysosome/vacuole by the lateral

segregation of lipids and local exclusion of large trans-

membrane proteins, which is conducted at the small smooth

areas with a very low content of transmembrane proteins.

Independent of the intracellular environment, certain lipids

and lipid-modifying proteins drive and maintain a sponta-

neous pit, generating a propensity to cave in. A dynamin-

related GTPase Vps1p regulates microautophagic
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invagination [26]. Not only does the invagination move

laterally but it also grows and shrinks rapidly. The fre-

quency of invaginations depends on the nutritional

conditions. Starvation induces the initiation of invagination.

The invagination extends and specializes into a character-

istic tubular shape termed an ‘‘autophagic tube’’ (Fig. 3)

[27], owing to its unique structure and autophagy-related

function. With a comparative constant diameter, autophagic

tube regularly branches and expands in a sharp kink at a

sunken site. The drastic membrane, bending at the interface

between the invagination and boundary, generates a con-

striction at the neck of the tube, which is what distinguishes

the autophagic tube from ordinary invagination. Along with

the tube, there is a dramatic decrease in the density of

intramembranous proteins towards the top of the tube. The

ratio of lipids to proteins reveals a striking lateral hetero-

geneity in membrane structure. Topologically equivalent to

other direct seclusion of cellular content, such as the

invagination of multivesicular endosomes, retroviral bud-

ding, and selective microautophagy [24, 25], the tube

formation is an ATP-dependent and active process [28].

Via pathways formerly called ‘‘Apg/Aut pathways’’ [26],

autophagic tube organization is a continuous process

throughout microautophagy. Two Atg7-dependent ubiqui-

tin-like conjugation (Ublc) systems participate in

starvation-induced, non-selective, or glucose-induced

selective microautophagy [29]. In the first Ublc system,

Atg8 is coupled with the membrane lipid phosphatidyl-

ethanolamine (PE) through E1-like enzyme Atg7 and the

E2-like enzyme Atg3 after lipidation by the cysteine pro-

tease Atg4 [30]. In the second Ublc system, E1-like

enzyme Atg7 and E2-like enzyme Atg10 attach Atg12 to

Atg5. The Atg12-Atg5 dimer oligomerizes with Atg16 to

stimulate the formation of Atg8-PE [31]. The two Ublc

systems mediate the membrane tethering and affect the

resulting vesicle fusion.

In addition to Atg7-dependent Ublc, the vacuolar

transporter chaperone (VTC) complex plays a vital part in

the tube organization of yeast [26]. Under nutrient limita-

tion, the VTC complex is recruited to the vacuole along the

autophagic tube. Composed of Vtc1p, Vtc2p, Vtc3p, and

Vtc4p, the VTC complex controls the distribution of

membrane proteins over different compartments. Putative

IQ or IQ-like motifs that bind calmodulin in a Ca2?-inde-

pendent manner have been found on Vtc2p and Vtc3p [27].

Hence, the VTC complex is a potential site to activate

calmodulin to invaginate. Since apo-calmodulin supports

microautophagic invagination and binds various actin-

binding proteins such as cytoskeletal, membrane proteins,

enzymes, channels, and receptors, calmodulin acts at a late

stage in organizing and maintaining the actin framework on

the vacuolar surface by modulation of the polymerization

state, which is reflected in the evidence that calmodulin
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promotes autophagic tube building and corrects structure

formation [26].

Vesicle formation

Due mainly to the high density of lipids combined with the

low density of protein at the top of the tube, autophagic

tubes naturally invaginate as a result of the lateral sorting

mechanism, just as the process of microautophagic vesicle

formation. Because of the sorting mechanism on the

autophagic tube, the lipids enrichment and integral proteins

depletion result in a phase separation to facilitate vesicle

formation [27]. Vesicle in microautophagy is functionally

equal to autophagosome in macroautophagy. Domains can

form within the membrane and vesicle formation can be

inhibited by cooling, suggesting that the fluctuations in

Fig. 2 Scheme of microautophagy. Every step of microautophagy is

presented in a circle on the lysosome/vacuole, including the signaling

complexes regulating (e.g., TOR and EGO), membrane invagination,

autophagic tubes formation, vesicle formation, vesicle expansion,

vesicle scission, degradation of autophagic body, and energy and

nutrient recycling
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lipids mediate the sorting mechanism along with the tube

[12, 24, 27]. The process of vesicle formation is indepen-

dent of conventional protein-mediated fusion, biosynthetic

transport to the vacuole, and macroautophagy. However, it

is correlated with starvation and several macroautophagic

gene products [28].

Vesicle expansion

After its formation at the top of the tube, the vesicle

expands by the enzymes, thus forming a highly dynamic

pre-vesicular structure that dangles back and forth in the

lysosomal/vacuolar lumen. As the early stage of the auto-

phagic body, the pre-vesicular structure had not been

completely sealed from the tube. Because of the lateral

sorting mechanism, the bubble-like structure is also pro-

tein-free with a high density of lipids. The microautophagic

vesicle shares this protein-free ultra-structure with nascent

autophagosome [32, 33]. Enzymes, correlated with vesicle

formation and scission, bind to the inside of the nascent

spherical structure in order to aggrandize the curvature of

the cytoplasmic leaflet [24, 28], a process which is opposite

to endocytosis. Two Ublc systems participate in the orga-

nization of vesicle formation, expansion, and subsequent

scission [24–26, 28].

Vesicle scission

As a result of the dynamic trend, the vesicle is apt to pinch

off into the lumen from the tube. Usually, only one vesicle

or two would bud into a lysosome/vacuole. The t-SNARE

(Vam3p and Vam7p), Sec18p/NSF, Sec17p/a-SNAP, the

Rab-like GTPase Ypt7p, and the v-SNARE Nyv1p, are not

required for microautophagy. Though, they are requisite

for macroautophagy, cytoplasm-to-vacuole targeting (Cvt),

alkaline phosphatase (Alp), carboxypeptidase Y (Cpy), and

multivesicular body (MVB) pathway. Therefore, the kernel

of microautophagic invagination and vesicle scission does

not depend on homotypic fusion [25].

Microautophagy consumes portions of the lysosomal/

vacuolar membrane, which can be compensated by Atg7-

dependent conjugation. However, intermediates were

accumulated in the absence of Atg7, resulting in that the

invagination or the vesicle would not finish thorough-paced

uptake [24, 28]. In addition, deletion of the Atg1-kinase

complex leads to halfway uptake, and rapamycin inhibits

uptake [12, 28], speculating that the signaling between

TOR kinase and Atg1-kinase exerts irreplaceable influence

on microautophagy as well as macroautophagy.

Driven by the GTPase and membrane potential, micro-

autophagic uptake is ATP- and Mg2?-dependent [28].

V-ATPase acidifies the lumen by pumping H? into the

lumen to establish an electrochemical gradient. Mainte-

nance of the proton motive force across the lysosomal/

vacuolar membrane is indispensable for membrane fusion

[34]. As a V-ATPase associated complex, VTC complex is

involved in invagination, uptake, and lipid metabolism

[28]. The Vtc1p and Vtc4p subunits manage the initial

steps of fusion that are required for Sec18p/NSF activity in

SNARE priming, membrane binding of LMA1, and V0

trans-complex formation. The Vtc3p subunit manages the

final step. LMA1 is released, and there are no preceding

steps throughout the scission process. The fusion pore and

its surrounding region are proposed to be the binding site of

Vtc3p [35].

Vesicle degradation and recycling

After scission from autophagic tubes, the released vesicles

move around freely in the lumen at a high speed. Atg15p

and other hydrolyses break down the vesicle [36], then

Atg22p acts as a permease for the recycling of nutrients

and energy [37].

Small molecules or antibodies are designed to block the

reaction at different kinetic stages for identification of

crucial macromolecules in microautophagy [11, 24]. These

inhibitors are classified into two groups. The early acting

class A inhibitors (e.g., nystatin, GTPrS, aristolochic acid,

and D609) inhibit the formation of membrane invagin-

ations. While the late-acting class B inhibitors (e.g.,

valinomycin/FCCP, K252a, W-7, and rapamycin) target

the formation and scission of vesicles from the tubes.

However, the experimental data from these studies only

partially unveiled the molecular mechanism of

microautophagy.

Fig. 3 The autophagic tube mediates microautophagy, generating a

constriction at the neck of the tube, which is what distinguishes

autophagic tube from ordinary invagination
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Signaling complexes that regulate microautophagy

The target of rapamycin (TOR) signaling complex, a ser-

ine/threonine kinase, controls many cellular processes.

TOR (mTOR in mammals) is thought to serve as a multi-

channel processor that integrates different signal inputs.

Growth factors, cytokines, nutrients, and metabolic stresses

are involved in the TOR pathway [38]. TOR inactivation/

depletion, rapamycin treatment, and starvation elicit a

variety of responses, including changes in gene transcrip-

tion, protein synthesis, autophagy induction, cell

proliferation, cell growth, and cell cycle arrest at the G1/S

boundary followed by an entry into the G0 phase [39].

In microautophagy, an amino acid glutamine is a key

nutrient-signaling molecule that can signal upstream of or

active TOR. Glutamine starvation leads to a similar pheno-

type as that of TOR inactivation, which causes nuclear

localization and activation of both Gln3 and the heterodi-

meric transcription factor Rtg1p/Rtg3p. Thus, the Rtg1/2/3-

dependent retrograde response pathway acts at the upstream

of TOR [40]. Successively, Rtg1p/Rtg3p activates gene

products (e.g., mitochondrial or peroxisomal enzymes) that

are necessary for the biosynthesis and homeostasis of glu-

tamate and glutamine. Presumably, this is a positive

feedback control mechanism of TOR on glutamine levels.

Rtg1p, Rtg2p, and Rtg3p were originally found to mediate

the mitochondria-to-nucleus pathway or retrograde response

pathway, and sense the level of the glutamate and/or gluta-

mine and hence the functionality of the mitochondria [41].

Downstream executors of TOR involve many Atgs and

autophagy-related proteins implicated in cell physiology

and pathology [38]. The interaction between TOR kinase

and Atg1 complex is indispensable for both macro- and

microautophagy. TORC1 hyper-phosphorylates Atg13 to

attenuate its affinity to Atg1 (ULK1 and ULK2 in mam-

mals) under nutrient-rich conditions. However, in case of

nutrient starvation, cells down-regulate the general protein

synthesis as the primary way for survival, sometimes

autophagy participates in the pro-survival pathways [42].

In a Tap42-dependent mechanism, TOR depletion or rap-

amycin treatment leads to the destabilization of eIF4G,

inhibition of ribosome biogenesis, and activation of Gcn2

[39, 43]. Activated Gcn2 phosphorylates eIF2a resulted in

a decreased rate of GDP-GTP exchange on eIF2 and a

decreased rate of global translation initiation as well.

Translations of essential factors often go with nutrient

regeneration by macroautophagy [44]. TOR inactivation

and starvation regulate the entry of cells into a quiescent

growth phase; however, exit from rapamycin-induced

growth arrest (EGO) possesses the activities to convert

cells from quiescence to proliferation.

The EGO complex is composed of Ego1, Gtr2, and

Ego3. Ego1 is anchored to the vacuolar membrane via an

N-terminal myristoyl group and interacts with both Gtr2

and Ego3. Gtr2 is homologous to the RagA subfamily of

Ras-related GTPases but does not contain a C-terminal

lipid modification site [45]. With the ability to bind

PtdIns(3,5)P2, Ego3 is also anchored in the lysosomal/

vacuolar membrane through the predicted membrane-

spanning and lipid-binding domains [46]. In response to the

glutamine level, the EGOC activates microautophagy at the

stage II vesicle formation and the stage IV vesicle scission.

This EGO-mediated microautophagy counteracts macro-

autophagy-induced vacuole growth during TOR inhibition

and growth arrest.

Nutrient sensing from the vacuolar membrane might

control return to proliferation through EGOC. Due to the

gain of function of Ybr077C/Nir1/Ego3, it could be the

target of an engineered molecule to suppress the effects of

rapamycin [47]. Negatively controlled by TORC1, EGOC

plays important roles in recovering the cells from rapa-

mycin treatment, resulting in resetting the cell to the initial

state. EGOC-mediated positive feedback loop might also

impinge on TOR. The ability of EGO to exit the stationary

phase is the key in microautophagy. Thus, this EGO-acti-

vated microautophagy, combined with the shrunken

vacuole, increases vacuolar nutrient concentration to allow

TOR reactivation and release cells from growth arrest

when external nutrients are sufficient [47, 48]. In EGO-

mediated microautophagy, the vacuole not only acts as the

cellular waste disposal system, as that of plant and fungi, it

affects cellular growth as a nutrient pool as well. Besides

exiting growth arrest, EGOC also functions in sorting of

the amino acid permease Gap1p or other proteins that are

dependent on nutrient availability.

Selective microautophagy

As a basic form of autophagy, microautophagy-dependent

lysosomal/vacuolar degradative process would be either

non-selective or selective. The non-exclusive microauto-

phagy (usually referred to as microautophagy) engulfs

soluble intracellular substrates by the tubular invagin-

ations; however, the selective microautophagy [e.g.,

micropexophagy, piecemeal microautophagy of the

nucleus (PMN), micromitophagy] sequesters specific

organelles with arm-like protrusions. The non-selective

microautophagy is regularly observed in mammalian cells,

while the three forms of selective microautophagy are

frequently induced in yeasts.

Micropexophagy

The genetic analysis for microautophagy has mainly

been explored in the context of micropexophagy [12].
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Micropexophagy is a selective microautophagic pathway

that engulfs a cluster of damaged and/or superfluous per-

oxisomes. Unlike membranes in microautophagy, during

micropexophagy, the vacuolar membrane protrudes along

the peroxisome surface by vacuolar sequestering mem-

brane (VSM), and the micropexophagic membrane

apparatus (MIPA) mediates fusion. A change in carbon

source from methanol to glucose can induce micropexo-

phagy in yeast [49]. Both general Atgs and a series of

micropexophagy-specific genes participate in micropexo-

phagy [50]. Micropexophagy is classified into three stages

[51] (Fig. 4(i)). In stage 0, the vacuole is juxtaposed next to

peroxisomes, and receives micropexophagic signals

derived from immature peroxisomes [52]. In response, the

vacuole invaginates (stage I (i)) and extends into two

VSMs with arm-like structures (stage I (ii)). Then, VSM

encases the peroxisomes (stage I (iii)) and the PAS-like

MIPA mediates fusion with the VSM (stage II) to complete

the uptake for degradation (stage III).

Deletions of Pfk1, Vps15, Vps34, and Atg18 block

micropexophagy at stage 0 [52]. The levels of Atg8 always

increase during peroxisome proliferation but remain

unchanged during pexophagy. However, the level of Atg8-

PE doubles and relocalizes from cytosol to the PAS [50].

Gcn3 initiates membrane translation from peri-vacuolar

dot-like structures (PVSs) to the VSM, a process that is

regulated by Gcn2. In this process, trafficking of Atg2 and

Atg9 results in the delivery of membrane to the PAS and/or

PVS for the elongation of VSMs, which is regulated by

Gcn1. After VSMs formation, Atg11 disperses over the

VSM by Vac8. At the VSM, Atg11 interacts with Atg30-

Pex14 to recognize peroxisomes [51]. Then, two Ublc

systems and other macroautophagy-related genes (Atg1,

Atg2, Atg3, Atg9, Atg11, Atg26, Atg30, and Vps15 at

least) form the MIPA at the PAS [50]. Atg26, with Atg8 to

compose MIPA, binds to PtdIns4P, which is an important

lipid for localization to the MIPA and pexophagosome. The

fusion with VSMs and MIPA requires Atg24, which

accumulates at the vertex ring of the contact area between

MIPA and VSMs [51], to transport a cluster of peroxi-

somes to the lumen.

Piecemeal microautophagy of the nucleus

In yeast, PMN degrades non-essential portions of the

nucleus in the vacuole at the Velcro-like nucleus–vacuole

(NV) junctions [19, 52]. PMN can be induced by rapa-

mycin and nitrogen/carbon starvation [53], and the

rapamycin-sensitive TORC1 regulates PMN during nutri-

ent depletion. Both core Atgs and PMN-specific genes or

proteins partake in the process of PMN [53, 54].

Morphologically, PMN could be divided into five phases

[55] (Fig. 4(ii)). In stage 0, the vacuole receives signals

from the nucleus and continuously gets closer to nucleus.

Then, the NV junctions form at the border between the

vacuole and the nucleus (stage I) [54, 55]. The NV junc-

tions, generated by Vac8 and envelope membrane protein

(Nvj1), extend in size when the level of Nvj1 increases.

Fig. 4 Morphological sequences of selective microautophagy. The

figure divides three types of selective microautophagy into several

sequential stages. (i) Micropexophagy. Juxtaposed next to peroxi-

somes, vacuole receives signals and protrudes VSM along the

peroxisome surface. MIPA mediates fusion with the VSM to degrade

peroxisomes. (ii) PMN. Though NV junctions, nuclear ER hollows

into lysosomal/vacuolar membrane invagination. Piecemeal nucleus

is released into the lumen and degraded after fission from the ER.

(iii) Micromitophagy. In type I micromitophagy, lysosome/vacuole

selectively sequesters mitochondria for degradation. In type II

micromitophagy, the vacuole receives signals from the mitochondrion

and continuously gets closer to the mitochondrion. Then, mitochon-

drion heaves at the mitochondria–membrane border, and connects to

the vacuole for degradation
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Nuclear ER hollows into membrane invagination (stage II).

After fission from the ER (stage III), the vesicle is released

into the lumen (stage IV) and degraded (stage V).

Releasing of a PMN-vesicle is a crucial step, and several

essential homotypic fusion components, such as Vtc pro-

teins, LMA1 and Vph1, are not necessary for PMN.

Located in NV junctions, Tsc13 and Osh1 are PMN-

specific proteins [53, 54]. Tsc13 catalyzes the step of

pinching off through biosynthesis of very-long-chain fatty

acid (VLCFAs) by interaction with Nvj1 [56]. Osh1 (OSBP

in mammals) transports sterol lipids into NV junctions for

non-vesicular lipid trafficking. Two Atg7/Atg9-indepen-

dent Ublc systems that function without Atg23 and Atg27,

a Vps38-independent PtdIns3-kinase complex I, and Atg-1

kinase have been identified in PMN [50]. In addition, a set

of subtype-specific Atgs and proteins required for PMN,

such as Atg11, Atg17, and the Atg18 homologue, Ygr223c

[54]. The Cvt-specific genes Atg21 and Atg24 could also

reduce the activity of PMN significantly.

Micromitophagy

Micromitophagy might be the least understood form of

selective microautophagy, although mitophagy seems to be

mediated primarily by microautophagy rather than auto-

phagosomes [57]. Unlike micropexophagy and PMN,

micromitophagy in yeast could be grouped into two types

(Fig. 4(iii)). Type I micromitophagy refers to the direct

segregation of mitochondrion by the vacuole. Type II mi-

cromitophagy is distinct in that the mitochondrion heaves

at the mitochondria-membrane border, and combines with

the vacuole to establish contacts for degradation. Up to

now, no study has reported the division of micromitophagy

into stages [57, 58]. Mitophagy can be induced by nutrient

starvation, mitochondrial damage [58], and nitrogen-star-

vation that induces micromitophagy in cells growing in

lactate [59]. A decrease in the intracellular glutathione pool

can also trigger selective mitophagy [58, 60]. The partici-

pation of ATG genes in the different forms of

mitochondrial autophagy have not been precisely defined

[58].

Nutrient starvation and mitochondrial damage (e.g.,

ROS) contribute to the mitochondrial permeability transi-

tion (MPT). As a result, mitochondrion opens up pores,

depolarizes, and swells. The damaged mitochondria are

transported for degradation [58]. In mammals, autophagic

removal of mitochondria is triggered following the induc-

tion/blockade of apoptosis [57, 58]. According to the

experiments of yeast mutants, two Ublc systems and the

Atg-1 kinase are involved in micromitophagy [57]. In

addition, the Atg9-cycling system homotypically fuses

with the repeat protein Vac8 between the PAS and the

peripheral pool. The t-SNARE Vam7 also functions in

micromitophagy, implying a novel mechanism for docking

and fusion. The first identified micromitophagy-specific

gene is Uth1. Selective microautophagy of mitochondria is

Uth1-dependent [57]. Deletion of Uth1 in yeast prevents

the formation of mitochondria/vacuole contacts or

sequestration of mitochondria. The mitochondrial inner

protein Mdm38 might also function in micromitophagy by

balancing the mitochondrial K?/H? exchange system.

Microautophagic physiological functions

As three major types of autophagy in mammalian cells,

microautophagy functions in a coordinated way with

macroautophagy and CMA. Aside from these two types,

microautophagy may occur simultaneously and/or syner-

gistically with other types of selective autophagy [60, 61].

Microautophagy is constitutive [47], but starvation and

rapamycin can induce it. This could be a result of macro-

autophagy induction under TOR deletion and/or starvation

[60, 62]. Microautophagic invagination and budding regu-

late lysosomal size by consuming superabundant membrane

formed during macroautophagy [63]. For membrane

homeostasis, the rate of microautophagic membrane con-

sumption must equal the rate of macroautophagic membrane

influx [63]. It is estimated that about half of the autophagic

bodies originate from microautophagy [27], which far sur-

passes what was anticipated previously. Microautophagy,

as well as macroautophagy, helps cells to withstand pro-

longed starvation by ceaseless recycle of nutrients and

energy [4, 27].

Since the lipid-rich microautophagic invaginations and

vesicles are transferred into the lumen for degradation,

microautophagy regulates the ratio of lipid to protein on the

lysosomal surface, playing a critical role in lipid metabo-

lism [23]. In addition, microautophagy engulfs

multivesicular bodies, which are formed by endocytosis,

therefore, cell membrane proteins in endosomes could

renovate via microautophagy [64]. Microautophagy also

functions as a route for delivery, as proved in the glycogen

delivery into the lysosome [65].

It has been suggested that microautophagy functions in

the maintenance of organellar size, membrane composi-

tion, cell survival under nitrogen restriction, and the

transition pathway from starvation-induced growth arrest to

logarithmic growth [21]. Nevertheless, whether micro-

autophagy is only compensatory machinery for

macroautophagy is still controversial. Microautophagy

functions as a housekeeping mechanism for degradation as

macroautophagy is. It could occur simultaneously with

macroautophagy in lysosome/vacuole to stabilize intracel-

lular environment. However, microautophagy might only

be a compensatory and spontaneous method for
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macroautophagy to consume the superabundant materials

in cellular metabolism.

Microautophagy and human diseases

Other than the delivery through macroautophagy, micro-

autophagy and CMA, autophagic cargo can also be

transported to MVBs for degradation [64, 66]. In mammalian

cells, microautophagy can trap cytosolic components during

the biogenesis of MVBs [67], or engulf intracellular con-

stituents at the lysosomal membrane. Three forms of

complexes function in the MVB pathway: ESCRT (endo-

somal sorting complex required for transport) -I, -II, and -III

[68, 69]. Going through various steps (e.g., endocytic inter-

nalization, cargo recognition, ESCRT-mediated sorting, Ub

removal, endosome membrane invagination, endosome

membrane fission, and vesicle formation) [68], a late endo-

some/MVB docks and fuses with the lysosome/vacuole.

Microautophagy of MVBs is dependent on ESCRT-I, ESC-

RT-II, hsc70, glyceraldehyde-3-phosphate de hydrogenase,

aldolase, and cyclophilin [70]. Lysosomes and late endo-

somes can directly engulf cargos by the boundary membrane,

and MVBs are involved in the formative processes of both

lysosomes and endosomes, Hence, MVBs, as well as mul-

tivesicular lysosomes, have always been considered as the

biomarkers for microautophagy.

The docking and fusion step is tightly linked to the

microautophagy of MVB, and traffic jams cause a variety

of human diseases, such as neruodegeneration (e.g., Alz-

heimer disease [71], Creutzfeldt–Jakob disease [72],

Gerstmann–Straussler–Scheinker (GSS) [73], and Hun-

tington’s disease [74]), albinism (e.g., Oculocutaneous

albinism [75], and Hermansky–Pudlak syndrome [76]),

autosomal recessive disease (e.g., Chediak–Higashi syn-

drome [77]), glycogen storage disease (e.g., Pompe disease

[65, 78]), myocardial disease [79], and lung disease [80].

All of these diseases are marked by MVBs or multivesic-

ular lysosomes. For example, the enlarged MVBs are

widely observed in the specimens form GSS patient, some

of which are significantly larger than those commonly

encountered in human brains, suggesting an involvement of

Fig. 5 Fourteen forms of lysosomophagy. The morphological steps

of 14 forms of lysosomophagy are elaborated, including macroauto-

phagy, microautophagy, CMA, macropexophagy, macromitophagy,

reticulophagy, crinophagy, xenophagy, aggrephagy, micropexophagy,

micromitophagy, PMN, Cvt, and Vid
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microautophagy [73]. Pompe disease is a lysosomal gly-

cogen storage disorder that is caused by unsuccessful

delivery of glycogen to the lysosome [65, 78]. With a view

to the evidence that nutrients fail to enter the lysosome via

the invaginations, and that the excess MVBs and mul-

tivesicular lysosomes are often resulted from functional

disabilities of vesicle scission and degradation, all these

diseases consider microautophagy dysfunction as one

potential or certain etiology.

Concluding remarks

As a fundamental biological phenomenon, microautophagy

refers to the direct engulfment of cytoplasmic constituents by

the lysosomal/vacuolar membrane. With its constitutive

characteristics, microautophagy of soluble substrates can be

induced by N-starvation or rapamycin via the regulatory

signaling complexes. The maintenance of organellar size,

membrane homeostasis, and cell survival under N-restriction

are the main functions of microautophagy. In addition,

microautophagy cooperates with macroautophagy, CMA,

and other forms of self-eating in a coordinated and com-

plementary mode. ‘‘Lysosomophagy’’ is a newly proposed

concept by Klionsky et al. [81], referring to the internaliza-

tion of multiple intracellular materials in lysosomes (Fig. 5).

Lysosomes are the cellular waste disposal systems that digest

macromolecules from phagocytosis, endocytosis, and

apoptosis. Furthermore, lysosomes can also digest foreign,

invading bacteria, repair damaged plasma membranes, and

seal the wounds of cells. Microautophagy dysfunction is

suspected to be the etiology for several different kinds of

human disease. However, the following core issues remain to

be addressed in the future studies in microautophagy: What

is the novel mechanism for microautophagic invagination

and vesicle scission? What is the role of Atgs in micro-

autophagy? What are the core genes or proteins of

microautophagy? Do selective microautophagy pathways

share core genes with microautophagy or macroautophagy?

The physiological functions of microautophagy in mam-

malian cells are still not well understood. The advent of

ATG-knockout mice may propel the study of microauto-

phagy to a new level, as yeast gene screens did in the 1990s.

These questions and problems demonstrate that much about

microautophagy remains to be clarified. Ultimately, the

mystery of microautophagy might finally be unveiled.
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