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Autophagy, a process of cellular self-digestion, delivers intracellular components including superfluous and dysfunctional

proteins and organelles to the lysosome for degradation and recycling and is important to maintain cellular homeostasis.

In recent decades, autophagy has been found to help fight against a variety of human diseases, but, at the same time,

autophagy can also promote the procession of certain pathologies, which makes the connection between autophagy and

diseases complex but interesting.
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1. Introduction to Autophagy

Autophagy is a conserved process from yeast to human, in which parts of the cytoplasm are transported to the lysosome

(the vacuole in fungi and plants) for degradation and recycling. Three primary types of autophagy have been

characterized, macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) and the most prevalent form

is macroautophagy (hereafter autophagy). The morphological hallmark of this form of autophagy is the formation of

double-membrane vesicles, autophagosomes, which are the terminal product of phagophores. Following expansion and

closure, the phagophore is now termed an autophagosome; this latter compartment ultimately fuses with the lysosome,

releasing the cargo into the lumen of the degradative organelle where it is exposed to hydrolytic enzymes. The entire

process of autophagy can be viewed as four steps: (1) initiation and nucleation of the phagophore; (2) expansion and

closure of the phagophore to generate a completed autophagosome; (3) fusion with the lysosome; and (4) degradation

and release/recycling of the autophagic cargos. Different autophagy-related (ATG) proteins are essential for each of these

steps (Figure 1A).

Figure 1. Three types of autophagy. (A) The mechanism of macroautophagy. Upon induction, the phagophore nucleates

and expands to sequester cytoplasmic substrates randomly or selectively. Upon completion, the phagophore closes and

forms a double-membrane autophagosome, which fuses with an endosome (not shown) and/or a lysosome; the

autophagic cargos are degraded and the breakdown products are released back into the cytosol. The sequence shown for

the LC3B C terminus is for the mouse protein. (B) PINK1- and PRKN-mediated and receptor-mediated mitophagy. Upon

mitochondrial damage, PINK1 recruits and phosphorylates PRKN on the outer mitochondrial membrane (OMM). PRKN

mediated the ubiquitination of OMM proteins, which then bind to autophagy receptors, targeting the mitochondria to a

phagophore via interaction with an Atg8-family protein. Additionally, OMM proteins such as FUNDC1 and BNIP3L can



serve as the mitophagy receptors. (C) Microautophagy and chaperone-mediated autophagy (CMA). During

microautophagy, the lysosome membrane rearranges and forms a lumenal vesicle-containing autophagic substrates,

which will be degraded within the lysosome. CMA starts from the recognition of a KFERQ-like motif in the substrate

protein by HSPA8. HSPA8 facilitates the transport of substrates into the lysosome through the action of LAMP2A and

lumenal HSPA8.

Initiation begins with the activation of the ULK1 complex, including ULK1, ATG13, RB1CC1 and ATG101 in response to

MTORC1 and AMPK . The activated ULK1 complex will then phosphorylate and activate the class III

phosphatidylinositol 3-kinase (PtdIns3K) complex, which contains PIK3C3/VPS34, PIK3R4/VPS15, BECN1, ATG14,

NRBF2 and AMBRA1. The activated PIK3C3/VPS34 phosphorylates phosphatidylinositol (PtdIns) to produce a local pool

of phosphatidylinositol-3-phosphate (PtdIns3P), which defines the region of phagophore initiation and recruits PtdIns3P

effector proteins including WIPI2 and ZFYVE1/DFCP1 . One model suggests that the phagophore is derived from a

PtdIns3P-enriched ER region named the omegasome, followed by the recruitment of membrane sources for phagophore

expansion, including ER exit sites , ER–mitochondria contact sites , the plasma membrane  and recycling

endosomes , possibly via ATG9-containing vesicles, although the details of this process are still not fully understood.

Another model, proposed by David Rubinsztein’s group, suggests that the phagophore is evolved from RAB11-positive

recycling endosomes . Even though the origin of the autophagosome membrane is still under debate, the hierarchical

assembly of ATG proteins is well accepted.

Following initiation, the phagophore expands through the action of two ubiquitin-like protein systems . In the first system,

ATG12 is conjugated with ATG5 via the E1-like enzyme ATG7 and the E2-like enzyme ATG10. The second ubiquitin-like

system starts with the proteolytic processing of Atg8-family proteins, including the MAP1LC3/LC3 and GABARAP

subfamilies, by the ATG4 protease; this is followed by conjugation to phosphatidylethanolamine (PE), in a process termed

lipidation, via ATG7, the E2-like enzyme ATG3 and the E3-like ATG12–ATG5-ATG16L1 complex . ATG16L1 binds to

WIPI2 directly, allowing the lipidation to take place at the phagophore membrane . The expansion and sealing of the

phagophore generates the double-membrane autophagosome; during this step the ATG proteins disassociate from the

autophagosome outer membrane .

Finally, the autophagosome outer membrane fuses with an endosome to form an intermediate compartment termed an

amphisome and/or with a lysosome to form an autolysosome. The autophagosome inner membrane, together with the

sequestered cargo will be exposed to the lysosomal hydrolases and degraded. The resulting small molecules are

released back into the cytosol through membrane permeases for reuse or as catabolic substrates.

2. Autophagy and Cancer
2.1. Autophagy and Tumor Suppression

In 1999, a study from Beth Levine’s lab demonstrated the role of BECN1 as a tumor suppressive factor, first linking

autophagy with cancer . Several subsequent studies have connected BECN1 with different types of cancer, such as

hepatocellular carcinoma, gastric cancer and lymphoma . The fact that the heterozygous disruption

of BECN1 results in an increased frequency of spontaneous malignancies and decreased autophagy  indicates that

autophagy functions as a tumor suppression mechanism. In line with this hypothesis, several BECN1-interacting proteins

function as tumor suppressors. Frameshift and truncation mutations in UVRAG, an important BECN1 interactor during

autophagosome and lysosome fusion , are found in cancer cells and also lead to reduced autophagy and increased

tumorigenicity . SH3GLB1/BIF1, which joins the BECN1 complex through UVRAG, is also a tumor suppressor; loss

of SH3GLB1 inhibits autophagy while promoting tumorigenesis . Another important protein for the BECN1-containing

complex activity, AMBRA1 , is reported to act as a tumor suppressor via facilitating the degradation of the proto-

oncogene MYC/c-Myc . AMBRA1 also controls the cell cycle from the G  to S phase through mediating D-type cyclin

degradation, which reduces DNA replication stress, maintains genome integrity and therefore suppresses tumorigenesis

.

Mutations of core ATG genes, including ATG2B, ATG5 and ATG9B, are also found in cancers, especially those with high

microsatellite instability (MSI), which is characterized by the insertion or deletion in the repeated DNA sequence due to

deficient DNA mismatch repair . Additionally, the frameshift mutation of UVRAG mentioned above is also found in

gastric carcinomas with MSI . In addition to the core  ATG  genes, frameshift mutations in  VPS33A, which functions

during the fusion between autophagosomes and lysosomes , are also found in colorectal cancer cells with high MSI

. However, how these mutations affect autophagy and tumor progression has not been fully examined. In addition,

mutation at an ATG5 splice site has been reported in a prostate cancer cell line, which prevents ATG12 conjugation and
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leads to the degradation of ATG12 and ATG16L1, thus inhibiting autophagy . Of note, even though ATG genes have a

more than 25% mutation rate in gastric and colorectal cancers with MSI , a study analyzing 11 different types of cancer

supports the idea that core autophagy machinery is not highly targeted by single-nucleotide mutations . This finding

could reflect the necessity of an intact autophagy pathway for tumor growth. In line with this, the ablation of autophagy

results in more benign diseases rather than invasive cancer , indicating that autophagy inhibits tumor initiation

but is required for further progression, which will be discussed in the next subsection.

Most of the studies mentioned above focus on autophagy activity, but not its selectivity. Recently, by mapping mutations in

cancers to LIR-motif-containing proteins, Han et al. found more than 200 potential LIR-motif associated mutations (LAMs)

in 148 different proteins . They further examined STBD1, a glycogen autophagy receptor, and found that it inhibits

tumor growth and that the cancer-associated LAM inhibits its interaction with LC3 and abolishes its cancer-suppressing

capability, drawing a connection between glycogen autophagy and tumor suppression . Other proteins of interest were

identified from this analysis. For instance, some core ATG genes were identified in the screen, including ATG4B, ATG2B,

ATG5 and ATG9A, and the mutation in ATG4B decreases its interaction with LC3. How these mutations affect autophagy

and how the potential change in autophagy is associated with cancer need further examination. Additionally, some

proteins not in the core autophagy machinery are predicted to contains LAMs, such as BRAF, a defined oncogenic protein

. Can these proteins be the cargos or receptors of selective autophagy? Do these mutations in LIR motifs function as a

way to escape autophagic degradation and result in cancer? The answer to these questions will shed more light on how

autophagy suppresses tumors.

2.2. Autophagy and Tumor Promotion

Cancer cells often encounter a stressful environment lacking both nutrients and oxygen, especially in the interior region of

a tumor. Because autophagy is an important pathway for cell survival under stress conditions, it is not surprising to see

that autophagy supports tumor maintenance and growth. Elevated autophagy is discovered in many types of cancers,

suggesting the important role of autophagy in tumor promotion . In line with this observation, attenuated tumor

growth has been found when autophagy is inhibited . One important mechanism by which

autophagy promotes tumor growth is to sustain metabolic plasticity . Autophagy can recycle macromolecules and

provide metabolic substrates to sustain energy homeostasis  and ablated autophagy in STK11/LKB1-deficient

cells leads to insufficient amino acids for mitochondria energy production, excessive fatty acid oxidation and energy crisis

. Furthermore, blockage of autophagy also leads to the accumulation of ROS, resulting in DNA damage, which is

another possible reason for impaired cancer cell growth after autophagy inhibition .

Importantly, even though tumor promotion through autophagy is discovered in many cancers, it depends on the genotype

of the cancer cells, or more specifically, the expression of TP53/p53. In both breast cancer and non-small-cell lung cancer,

inhibition of autophagy only impairs the growth of the cancer cells expressing TP53 , indicating that TP53 inhibits

tumor growth when autophagy is inhibited. However, whether TP53 determines the consequence of autophagy inhibition

is controversial when it comes to pancreatic ductal adenocarcinoma . Overall, it seems unlikely that inhibiting

autophagy can be used as a general therapeutic approach, but there may be patient-specific applications depending on

the genotype of the cancer cells.

2.3. Autophagy and Tumor Metastasis

Metastasis is one of the hallmarks of cancer and causes most cancer-related deaths . Increased expression of

autophagy associated genes is correlated with a more aggressive and invasive phenotype , suggesting that

autophagy primarily promotes tumor metastasis.

2.3.1. Autophagy and Cancer Cell Motility

The very first step of metastasis is to gain motility and invasiveness to allow migration from the primary tumor site. Cell

migration is critical at the early stage of metastasis and turnover of focal adhesions (FAs) is important during this process

. FA turnover is promoted by autophagy, though degrading FA proteins such as PXN (paxillin) . Additionally, a

recent study shows that the deletion of  RB1CC1  or  ATG5  leads to different FA morphologies, but they both result in

reduced cell motility . However, during energy starvation, RB1CC1 is activated by ULK1 and inhibits focal adhesion

kinase PTK2/FAK, leading to reduced cell motility and tumor metastasis . Together, these studies suggest that energy-

starvation-induced autophagy may inhibit cancer cell metastasis, but basal autophagy is necessary for cancer cells to gain

motility and invasiveness.

NBR1 is also suggested to mediate the autophagy-dependent disassembly of FA proteins through its interaction with FA

proteins and LC3 , suggesting the selective degradation of FA proteins. However, which FA protein or proteins are the
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cargo of NBR1-mediated selective autophagy is unknown. Additionally, because NBR1 contains a ubiquitin-binding

domain, ubiquitination of FA proteins may participate in this process, but additional studies are needed to confirm this

hypothesis. In a recent study, researchers from Jayanta Debanth’s lab reported that in breast cancer, autophagy inhibition

promotes aberrant NBR1 accumulation, which induces the expression of basal epithelial markers and metastatic

outgrowth . Together, these studies indicate that autophagy may have distinct roles at different stages of metastasis,

supporting cell matrix detachment in an early step, but suppressing metastatic outgrowth at later stages, and NBR1

seems to be a critical protein in both types of regulation. This idea is in line with some discoveries that metastases have a

higher level of autophagy than the primary tumor cells, and early cancer metastases have the highest LC3 level .

However, many questions remain to be answered: What are the downstream targets of NBR1 when it promotes

metastatic outgrowth? Overexpressing NBR1 promotes SQSTM1 accumulation and phosphorylation in liquid-like bodies

 and SQSTM1-mediated activation of NFE2L2/NRF2 provides hepatocellular carcinoma cells proliferation potency .

In addition, aberrant regulation of NFE2L2 is correlated with high-level resistance to anticancer drugs . Therefore,

NBR1 accumulation by autophagy inhibition may help tumor metastases outgrowth through SQSTM1 and NFE2L2, but

this still needs further investigation. Additionally, how NBR1 is regulated and plays different roles in cancer cell motility and

metastases outgrowth and whether NBR1 is involved in other cancers need further investigation.

Epithelial-mesenchymal transition (EMT), a pro-metastatic process wherein epithelial cells gain mobility and invasiveness

to become mesenchymal stem cells, is also regulated by autophagy . Autophagy, on the one hand, promotes EMT 

; however, how this happens remains controversial. Some studies indicate that autophagy regulates EMT in a

TGFB-dependent manner , but others point out that TGFB-induced EMT partially depends on autophagy . Therefore,

which pathway is upstream remains unclear. Additionally, because TGFB can activate autophagy , whether there is a

positive loop between these two factors to promote EMT is worth examining. On the other hand, autophagy could inhibit

EMT via selective degradation of the transcriptional repressor SNAI1/Snail and inhibiting SQSTM1-dependent stabilization

of the transcription factor TWIST1 . These discrepancies in how autophagy regulates EMT, whether in the same

direction but via different mechanisms or even in opposite directions, indicate the importance of figuring out if autophagy

is directly or indirectly linked to EMT. If directly, does it act in parallel with the known EMT signaling pathways? If indirectly,

apart from TGFB, are there interactions between autophagy and EMT pathways that contribute to cancer cell EMT? This

is a pertinent questions because, besides the TGFB-SMAD pathway, other types of cell signaling, including PI3K-AKT,

MAPK, and RHO GTPase cascades  are also key mediators to activate the EMT and they all have close interactions

with autophagy ; thus, it is possible that autophagy either acts in parallel with one or more of these pathways or they

function together to form a network regulating cancer cell EMT.

2.4. Autophagy and Cancer Stem Cells

Cancer stem cells (CSC) are a subpopulation of cancer cells, which are similar to normal stem cells, but proposed to be

critical for tumor metastasis because of their high mobility and self-renewal ability . Autophagy is upregulated in a

variety of CSCs and found to be important for CSC survival and maintaining stemness, which encompasses the

fundamental properties of stem cells such as self-renewal and generating daughter cells . Previously, IL17B was

shown to be overexpressed in breast cancer tissue and inversely correlate with breast cancer patient survival rate , and

a recent study indicates that IL17B induces autophagosome formation in gastric cancer CSCs; in contrast, autophagy

inhibition through ATG7 deletion inhibits IL17B-induced self-renewal, which draws a connection between autophagy and

CSC maintenance . The ability of autophagy to maintain CSCs may provide an explanation as to why

some ATG genes, such as LC3B, GABARAP and ATG5, have been found to correlate with poor prognosis .

Autophagy supports CSC stemness through several downstream pathways. First, in breast cancer, autophagy supports

stemness through inducing the secretion of IL6 , which is important for stemness maintenance . Second, EGFR-

STAT3 and TGFB-SMAD signaling pathways are found to act downstream of autophagy to sustain CSC stemness .

Third, in gastric CSCs, a higher expression level of FOXA2 is sustained by autophagy , which promotes cell

proliferation and maintain CSC stemness , and overexpressing FOXA2 partially rescues the decreased self-renewal

ability when autophagy is inhibited . Finally, autophagy can augment cell stemness through degrading ubiquitinated

TP53 . All the studies mentioned above indicate that autophagy positively regulates CSC. However, this observation

does not mean that continually higher autophagy activity is better for CSCs. A study from Shashi Gujar’s lab demonstrates

that autophagy promotion and suppression both result in a decrease in pluripotency and an increased differentiation or

senescence of CSCs , indicating that a proper autophagy level is essential to sustain the stemness of CSCs.

2.5. Autophagy and Dormant Cancer Cells

One reason tumors are difficult to treat is the existence of dormant cancer cells, which refers to some cancer cells that

have arrested growth but are able to retain proliferative capacity and lead to subsequent tumor growth . Even though
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dormant cells have similarities to CSCs such as drug resistance, fundamental differences exist. CSCs are considered as

“slow cycling cells” whereas dormant cancer cells undergo cell cycle arrest. In addition, CSCs express stemness marker

genes and are at the apex of the differentiation hierarchy. However, dormant and activated cancer cells are at the same

differentiation stage and the switch between dormancy and activation is reversible .

Many independent studies show that under different dormancy induction conditions, cancer cells show a higher autophagy

activity , suggesting that autophagy may be critical to maintain the survival of these dormant cells. A majority of ovarian

cancer patients develop tumor recurrence, possibly due to the existence of dormant cancer cells , and therefore,

ovarian cancer becomes a major model to study cancer dormancy. DIRAS3/ARHI usually has a lower expression level in

ovarian cancer cells, but the re-expression of DIRAS3 induces autophagy and these cells keep dormant when they grow

in a mouse model. The inhibition of autophagy through chloroquine (CQ) treatment leads to a reduced regrowth of these

dormant cells in the mouse model, indicating that DIRAS3-induced autophagy is critical for the survival of dormant cancer

cells . Another study shows that AKT inhibition induces dormancy-like ovarian cancer cells. Under this condition,

autophagy activity is increased, and autophagy inhibition will reduce cell viability . Interestingly, DIRAS3-induced

autophagy seems to play a different role in vitro and in vivo. As mentioned previously, expressing DIRAS3 in xenograft

leads to dormant cancer cells, whereas in cell culture, autophagy induction through DIRAS3 leads to cell death . This

difference may come from a more complicated in vivo system than the in vitro cell culture and the interaction between the

cancer cell and its microenvironment may contribute to the choice between apoptosis or quiescence. Beyond ovarian

cancer, cancer cell dormancy promotion by autophagy is seen in many other cancer types as well. Dormant breast CSCs

are highly autophagic , which supports cell survival during dormancy . In glioblastoma, autophagy reprograms

cancer cell metabolism and promotes cancer cell quiescence .

Inhibition of autophagy facilitates cancer cell escape from the dormant state . PFKFB3, which may promote cancer

cell metastasis , could be a key factor in this process. PFKFB3 is an autophagy substrate and an elevated level of

PFKFB3 when autophagy is impaired may explain the induced tumor recurrence . Recently, MIR27A was reported to

ameliorate chemoresistance of breast cancer cells and, at the same time, inhibit autophagy , further suggesting that

impairment of autophagy leads to cancer cell emergence from the dormant state.

Whether autophagy could be a target to deal with dormant cancer cells having high drug resistance needs a more careful

examination. Is awakening dormant tumors via inhibiting autophagy a good way to make them more sensitive to

chemotherapy and preventing tumor recurrence? A recent study suggests that treating DIRAS3-overexpressing ovarian

dormant cancer cells with crizotinib further increases autophagy and induces apoptosis, and treating mice carrying

DIRAS3-expressing ovarian cancer cells with crizotinib prolongs life span , even though, as mentioned above,

DIRAS3-indcued autophagy supports dormant cancer cell survival. These findings suggest that autophagy may have dual

roles in sustaining tumor dormancy and that inducing autophagy to an improperly high level may also become a way to

eliminate dormant cancer cells.

3. Autophagy and Neurodegenerative Diseases

One hallmark of neurodegenerative diseases is the abnormal accumulation of certain neuroproteins. Because autophagy

is critical for the degradation of protein aggregates and maintaining cellular homeostasis, it is not surprising to see that

autophagy has a close connection with neurodegeneration: autophagy is responsible for the clearance of accumulated

proteins, and this role is particularly important in non-dividing cells. In this section, we will discuss the role of autophagy in

Parkinson, Alzheimer, and Huntington diseases.

3.1. Parkinson Disease

PD is characterized by the progressive loss of dopaminergic neurons of the substantia nigra, which is accompanied by the

accumulation of SNCA/α-synuclein in the form of Lewy bodies and Lewy neurites . From genome-wide association

studies (GWAS), great advances have been made in recent decades with the identification of monogenetic causes of PD,

including mutations in SNCA, LRRK2, PRKN, and PINK1  .

SNCA is a substrate of CMA , and, consistent with this fact, boosting CMA decreases SNCA levels and protects cells

from wild-type SNCA-induced neurotoxicity . The SNCA accumulation and neurotoxicity in PD patients may result from

two factors related to CMA. First, PD-associated mutant SNCA, A53T and A30P, are degraded by CMA less efficiently

because they bind to the lysosome but cannot be translocated into the lysosomal lumen, which, at the same time, inhibits

the degradation of other CMA cargos and increases cell toxicity . Second, the expression level of essential CMA

proteins, such as LAMP2A and HSPA8, decreases significantly in PD patient brains . In addition, the PD-

associated UCHL1  mutation facilitates interaction with LAMP2A, thus inhibiting CMA .
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Besides CMA, SNCA is degraded through macroautophagy in neuronal cells  and particularly, via selective-autophagy

mediated by SQSTM1 as the receptor in microglia . At the same time, SNCA regulates autophagy. Overexpression of

SNCA inhibits autophagy via RAB1, which further leads to the mislocalization of ATG9 . Overexpression of PD-

associated mutant SNCA   impairs autophagosome formation through the inactivation of the MAPK8/JNK1-BCL2

pathway . One recent study, expressing human SNCA in Drosophila, found that SNCA impairs macroautophagy

through stabilizing the actin cytoskeleton, which inhibits the fusion between lysosomes and autophagosomes . Even

though SNCA is a target of autophagy, SNCA aggregates are not easily degraded by autophagy and inhibit this process

by impairing autophagosome clearance . Autophagy is not only responsible for the degradation of SNCA, but also

affects its cell-to-cell transmission . Several studies indicate that the blockage of autophagy induces SNCA secretion

through exosomes , which reduces cell death, but creates a microenvironment with an inflammatory and

neurotoxic response . Additionally, the secreted SNCA will be taken up by other neurons and act as a seed for

aggregation in the recipient cells .

LRRK2 mutations are one of the most common causes of PD. In most cases of LRRK2-associated PD, the protein has

the G2019S mutation and the cells display the SNCA aggregates as Lewy bodies and undergo cell death . Similar to

SNCA, LRRK2 is another substrate of CMA, but the LRRK2  mutant is again difficult to degrade and inhibits CMA,

which underlies the toxicity in PD by compromising the CMA-mediated degradation of SNCA . Besides,

LRRK2 , which leads to age-dependent SNCA accumulation, also inhibits CMA . LRRK2 regulates

macroautophagy as well, but the role remains undetermined. Many studies, involving LRRK2 kinase inhibitor and

LRRK2 , which has higher kinase activity, demonstrate that LRRK2 inhibits autophagy . In contrast, some

studies indicate that LRRK2 may promote autophagy through the activation of the MAP2K/MEK-MAPK/JNK-MAPK/ERK

pathway  and it is reported that age-dependent dopaminergic neurodegeneration and autophagy impairment occur

in  lrrk1 lrrk2  double-knockout mice . Further studies should integrate these relevant findings and draw a more

complete model of how LRRK2 affects autophagy, which will be of great significance in designing autophagy-targeting PD

therapy.

Mitochondria dysfunction has long been recognized as the initiating factor in dopaminergic neuronal loss . Of note,

mutations in PINK1 and PRKN, two critical proteins in mitophagy, are highly associated with PD . Interestingly, PD-

associated PINK1 mutations are clustered in the kinase domain  and several mutations such as G309D, L347P and

W437X have a compromised interaction with PRKN, thus inhibiting mitophagy execution . In addition to the mutations

in these two proteins, studies focused on other PD-associated proteins also shed light on the importance of mitophagy in

PD. Pathogenic SNCA impairs mitochondrial function via binding to OMM proteins such as TOMM20, which impairs

protein import to mitochondria , or decreasing the mitochondrial SIRT3 level . As mentioned above,

mitophagy is responsible for impaired mitochondria degradation and a study expressing SNCA in yeast shows that Sir2-

mediated mitophagy is induced and the selective degradation of mitochondria is responsible for the SNCA toxicity .

However, in neurons or in in vivo models, how SNCA-mediated mitochondrial damage is related to or affects mitophagy is

unknown. Compared with SNCA, there are more studies about LRRK2 and mitophagy. It is found that the PD-associated

LRRK2  mutation inhibits mitophagy by affecting mitochondria motility , inhibiting mitochondrial fission , and

phosphorylating RAB10 to inhibit its mitochondrial accumulation and interaction with OPTN .

Here, we focus on SNCA, LRRK2, PINK1 and PRKN, summarizing how they interact with autophagy. Other proteins with

PD-associated mutations, such as VPS35, VPS13C and FBXO7, have been suggested to play a role in autophagy (Table
1).

Table 1.  PD-associated genes from GWAS and their connection with autophagy

(except SNCA, LRKK2, PINK1 and PRKN).

Gene
Name Description Reference

GBA
Loss of GBA function impairs autophagy via PPP2/PP2A inactivation.

PD-associated mutation L444P heterozygote impairs autophagy, mitochondria priming and
autophagy-lysosome degradation.

VPS13C
Deletion of VPS13C is correlated with impaired mitochondrial morphology and upregulate PINK1-
PRKN-dependent mitophagy, but the study does not show the connection between PD-associated

mutations with mitophagy.
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Gene
Name Description Reference

VPS35

VPS35  causes autosomal-dominant Parkinson disease.
VPS35  has a reduced affinity for WASH and impairs ATG9A trafficking and localization, thus

compromising autophagosome formation.

VPS35  impairs endosome-to-Golgi retrieval of LAMP2A and accelerates LAMP2A degradation,
thus inhibiting SNCA degradation through CMA.

VPS35  hampers PINK1 and PRKN recruitment to mitochondria thus impairing mitophagy.

PARK7

PARK7 knockdown impairs autophagy and the SNCA uptake and degradation in microglia.

PARK7 deficiency downregulates HSPA8 expression level and accelerates the degradation of
LAMP2A, inhibiting SNCA degradation through CMA.

Park7 may function in mitophagy because it is important for proper mitochondria function and
Park7 upregulation can rescue the phenotype in pink1 mutant Drosophila.

SREBF1 SREBF1 knockdown inhibits PRKN translocation to mitochondria, thus inhibiting mitophagy.

FBXO7

FBXO7  inhibits its interaction with PRKN and impairs PRKN translocation to mitochondria.

FBXO7  mutation impairs ubiquitination of MFN1.

FBXO7  truncation inhibits PRKN recruitment to mitochondria.

T22M, R378G and R498X mutations aggravate aggregation of FBXO7 in mitochondria, which may
inhibit mitophagy.

TMEM175
TMEM175 deficiency leads to the impaired autophagosome degradation in the lysosome.

TMEM175  shows similar autophagosome clearance phenotype as a knockout.

GWAS provides us with invaluable information to study the connection between PD and autophagy and identify

therapeutic targets. However, with 90 variants nominated as PD-related factors , how to study them, particularly how

they are related to autophagy, needs further consideration. First, some PD-associated genes are only studied by knockout

instead of using the PD-associated mutated form (such as VPS13C  ). Even though studies of mutant proteins may

lead to the concern that the point mutation may not be sufficient to result in either an autophagy or pathological

phenotype, further studies focusing on the mutation may shed light on a more detailed mechanism of PD and autophagy.

Second, some PD-associated genes discovered through GWAS studies may affect autophagy, but few studies delve into

them with regard to mechanism. For instance, several genes, such as CHCHD2   and ATP13A2  , are critical for

mitochondrial quality, but whether they have any connection with mitophagy remains unclear. Third, controversial data

exist, which may have resulted from the use of different cells lines, and the phenotype at the cellular level is sometimes

different from that at the behavioral level . Therefore, based on the goal of specific studies, the model used to study

these genes and what marker(s)/phenotype(s) should be used as an indication of PD need consideration as well.

3.2. Alzheimer Disease

Alzheimer disease (AD) is a progressive neurodegenerative disease characterized by cognitive impairment and loss of

memory. AD patients usually show the accumulation of misfolded proteins such as amyloid-β (Aβ) and

hyperphosphorylated MAPT (microtubule associated protein tau) .

Several lines of evidence indicate deficient autophagy in AD patients, which include the decreased level of autophagy-

related genes, including  BECN1  ,  ATG5  and  LC3B  , and the accumulation of autophagosomes . More

importantly, the accumulation of autophagosomes correlates with AD pathology , which further indicates the

importance of understanding the connections between autophagy and AD. Besides these direct lines of evidence, AD-

associated mutation in PSEN1 disrupt autophagy . A decreasing level of PICALM, which occurs in AD, inhibits

autophagy and exacerbates AD pathology . However, some studies report an increase in autophagy when

cells are treated with Aβ . This discrepancy could at least in part be a consequence of the AD stage. In 2016, Bordi et

al. carried out a comprehensive analysis at different stages of AD, finding an upregulation of autophagy-related genes at

the early stage, but an impeded autophagy flux at the late stage . The mechanism of this change is not clear, possibly

because autophagy is induced at the early stage to degrade the protein aggregates. However, at the later stage,

autophagy or lysosome clearance ability becomes inhibited by the accumulation of abnormal proteins.
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The relationship between Aβ and autophagy is complicated. First, Aβ is degraded through autophagy, and several studies

show a decreased Aβ level in cells and improved cognitive ability in an AD mouse model when autophagy is induced 

. Second, Aβ may also be generated inside autophagosomes because both APP (amyloid beta precursor

protein) and PSEN1, an enzyme involved in the cleavage of APP to form Aβ, are found within the autophagosome .

Third, one study reported that the secretion of Aβ to the extracellular space, where plaque forms, depends on autophagy

in neurons . On the contrary, a recent study indicates that MTORC1 inhibition reduces amyloid secretion due to the

upregulation of autophagy . Interestingly, the activation of AMPK does not induce autophagy in neurons, and different

AMPK activators results in differential regulation of Aβ secretion, either increasing or reducing, which indicates a complex

role of AMPK in Aβ secretion independent from autophagy .

APP has a KFERQ motif, which is typically associated with CMA. However, the deletion of this motif in APP does not

abolish its interaction with HSPA8, but conversely, increases the interaction . The authors raise the possibility that the

KFERQ motif may be used to bind to AP2, which is an autophagy adaptor, because the AP2 recognition sequence is part

of KFERQ; deletion of the KFERQ motif impairs AP2-dependent targeting to the lysosome. Further studies should

investigate the binding partner of the KFERQ motif other than HSPA8; this may lead to the identification of new functions

of this motif other than acting as the CMA signal and shed more light on AD pathology.

The other hallmark protein in AD, MAPT, is a substrate of macroautophagy, CMA and microautophagy, but some AD-

associated MAPT mutations cannot be cleared efficiently by autophagy . Consistently, activation of autophagy

through inhibiting MTORC1 helps with prolonged clearance of MAPT . CMA is downregulated in AD patient brains ;

CMA upregulation improves the disease phenotype that results from MAPT or combined MAPT and Aβ pathologies, and

inhibition of CMA accelerates the AD pathology in a mouse model .

Together with Aβ and MAPT, compromised mitochondria accumulation is another hallmark of AD. Although it is unclear

whether the mitochondrial dysfunction is a cause or a consequence of Aβ and phosphorylated MAPT accumulation , it

indicates that quality control of mitochondria is impaired in AD neurons. Deficient mitophagy has been discovered in AD

patient brain and patient stem-cell derived neurons . The compromised mitophagy in AD may resulted from the

following. First, in AD patient brains, PINK1-PRKN-dependent mitophagy is enhanced with Aβ accumulation, but it is

followed by a progressively depleted PRKN , suggesting that mitophagy is induced at the early stage of AD, but

finally shows an inadequate capacity compared with the huge number of damaged mitochondria. Additionally, higher

levels of Δ1 PINK1, the main cleaved product of PINK1, is found in AD patient brain, which inhibits PRKN translocation to

mitochondria and impairs mitophagy . Second, emerging data are showing that Aβ and phosphorylated MAPT

interfere in the mitophagy pathway and MAPT impairs PRKN translocation to mitochondria . Overall, these

studies demonstrate that compromised mitophagy and abnormal mitochondrial dynamics contribute to AD pathogenesis.
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