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Advances in Autophagy Regulating Cell Metabolic Balance
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Abstract Autophagy is an evolutionarily conserved lysosome- or vacuole-dependent catabolic pathway in
eukaryotes. Autophagy can be either selective or non-selective. Cells form autophagosomes by encapsulating the
degraded products with double or multi-layer membrane, and then transport them to lysosomes to form autophagy-
lysosomes and degrade cytotosolic substances by various enzymes. Autophagy contributes to maintaining the meta-
bolic balance of cells, which is a mechanism of cell self-protection. Autophagy can be induced during nutritional
deficiency, and can promote the utilization of nutrients and metabolites. It plays a vital role in the regulation of cell
metabolism. Meanwhile, the metabolic status of cells affects autophagy in turn. In this review, the functions of dif-
ferent exceutive types of autophagy were summarized, including lipophagy, ferritinophagy, glycophagy, aggrepha-
gy, mitophagy, pexophagy, reticulophagy and ribophagy.
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AR Y R B 5K, TR — AN S AR B
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%, YERFAH IR T A .
1.2 7 FH#1E T 58 B & (chaperone-mediated
autophagy, CMA)

CMA & — Tt %5 Blg A2 A0OR5 1) £ 13 B i ik 422, X
Jf 53 £ AR HSPAS/HSCTO M JiE ¥ £ 1 AT 08 5 12k %
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Chaperone-mediated autophagy

KFERQ

Phagophore

Autophagosome

Microautophagy

LAMP2A

“l_—

Macroautophagy

Or AR R B R R R BRI IIKFERQ. 73 TR VAT A8 IEREARAT R FI2ARIA G, K B 7 A A Ak
TARLL L5 P T (0 o R S R o AR R A D Bl R B € 7 W IR T o SE AR A, L A 45
Chaperone-mediated autophagy: involving specific amino acid sequence KFERQ, molecular chaperone HSPAS (heat shock protein A8), LAMP2A

(lysossomal associated protein 2A) and lysosome; macroautophagy: phagophore, autophagosome, and the red/green circles and blue curves in

phagophores represent metabolites to be degraded; microautophagy: blue squares represent lipid droplets, peroxidase bodies, and cytoplasmic

components, etc.

Bl KB, MEEESFHEENTSHER
Fig.1 Macroautophagy, microautophagy and chaperon-mediated autophagy

droplets, LDs)aist S A0 P g4

2 BREEVNARETEENEZHEKIT S
2.1 fUERBR

FEAH AR R, YU RIS B0 IR0 5 )
AR HE E R 1) R A, AR TR HH B8 2 18 20 8 7 40 o
511, OIS i AR TR T, S AT
BRI A, H 0 2E ) TR B R 3% A o S B B A, T
RGN AR . H R Re e 12k 85 it 7
fiers A FLIR, S RO A BB, YU B R dRE e
T AR R H T =R 0 2 A, BRSO Ui N T R
(free fatty acids, FFAs)FIH i H- 7 = g @ i 1
BENERE, FH T 77 A 6 %0 %, FEASTE I 17 48 i Ze R 44
o B- S A R S EEEA . AEYLERI, JER R
H WL 2= PR A 20

EAEDRYLRES, BRI E AR 2. HHE
AT, X8 FEY Ik Z AR A BUR . EIEFIRE
AT, J By ZR ALk I Rk SR AR T A Rl AR
B Ja, RS R AR, ULk E ws FE, 422k i
TEAEY ST I B A o LRS00, 4 B P 2 o 1) P

AN 25 1) B W o 2, S IR 1 L BRI
U B TR R BRER SRR 2, R TR T 2 B A
AU AT I AU 32 (14 1 2 W AN i 8 Al T TR, FE SR =
BRI DL 4R RE T,

WAL AR R B R A T UL B . DY
R BRI R R B R, 7 EEARE S AT A
HAR ARTERZ AN BRI IF AR AR fLE 57,
N TR IRRE X R AR R 75 5K, B W LE IR AR 3B PR T
E, et R R Ly . N TR IRRR R IVE IR, A
FER B R B R R SR L e R IR, 4ERF R A
HABE K, #hFesR AL A& YA A RE 1,
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HEFEE B, T Bl 2 PR A A A A
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Table 1 Selective autophagy
W AR AR R AR R/ <s BomR R
Autophagy Organ- Autophagy-associated ~ Cargo/organelles Activation factors
ism receptors)
Lipophagy Yeast - Lipid droplet Starvation and lipid overload
Mammal -
Ferritinophagy Mammal NCOA4 Ferritin Iron deficiency
Glycophagy Mammal STBDI1 Glycogen Starvation
Aggrephagy Yeast Cue5 Protein polymer Polymer accumulatio/ubiquitin
Mammal SQSTMI, NBRI,
OPTN
Mitophagy Yeast ATG32 Damaged or superfluous mitochondria ~ Hypoxia/mitochondrial damage
Mammal SQSTMI,
BNIP3L, FUNDCI,
OPTN
Pexophagy Yeast ATG36 Peroxisome Excess peroxisome
Mammal  SQSTMI, NBR1
Reticulophagy Yeast ATG3, Endoplasmic reticulum Recovery/starvation of endoplasmic reticulum
ATG40 stress
Mammal RETREG1/
FAM134B,
CCPGl
Ribophagy Yeast - Ribosome Acid starvation, proteotoxicity and DNA dam-
age
Mammal  NUFIP1

NCOA4: 2 AR5 74; STBDI1: JEH 45 4381; SQSTM1. NBRIFOPTNAIZ RE5E A48 H; ATG36CNLRRIARIME R (H; ATG3. ATG40N H I
M5 A; CCPG1. RETREGIFIFAMI34BJy P4 i 9 11 Wit 52 14%; NUFIP UARZRE RS2 A = 3o H Rl A R0 E AR G2 1

NCOAA4: nuclear receptor coactivator 4; STBD1: starch binding domain 1; SQSTM1, NBR1, and OPTN are ubiquitin binding proteins; ATG36 is mi-
tochondrial outer membrane protein; ATG3 and ATG40 are autophagy-related proteins; CCPG1, RETREG! and FAM134B are endoplasmic reticulum
autophagy receptors; NUFIP1 is ribosomal receptor. “— means that autophagy-associated receptors have not been found yet.

— /M BLKLC3AH BAE F X 48(LC3-interacting region,
LIR), H Wi 324k — f#h B2 A S8 (I LIREE /e, AS[A] 1)
EEHBEE MmO RS RS 5T
LIR-LC3MAH HAEH, &2 RFRES & S5 M B B AL TR
BT AN LS, R H &S/ JZAET
SNEMEAFETEMEANEiE. WAME AL
MIPEfR . EREVEARU =M AR, FE a5
HIE. SREEEWE. HERARESYERGER]D.

2.2.1 J§ A %(lipophagy)  ZHAE P 8 7 LR ) 7
A A7, LDsHZ O BH— J2 10 i 60, 5 1) v 1 T o2 2EL B,
Y —EEMEARE. guEn, THEERE
1% 25 M (perilipins, PLINs)fR ' LDs A 52 41 il i 7Y 52
Wi, 5 I DT A AT P AT LDs i B 2 1) D g A
Fetitae i, o AR T AE S R Z ML 2 Py
FRASFEIRIBC N B30, B 1 RE WG H i =16 e il A e
TCER A T 7 i B 45 B 5 T 1D 88 T 43 i LDsAM'S), LDs
L AE I O N ) B W ORI R E Vi Bl A b B i . i
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NP5 IELDsH) I BERL R, At ZK - 1) Ml B W 4 155
KA, AHIE A N IEATI AR KB — T g 5 LDsH 7 1 45
BB SR,

WeFEIE LS S LA BT TER M, BB i B MR AR fE
FELDs B R, Bl B R SE {40 S LDs, fi H
VAT J R AT B WA (2 A) o BF 522, REAEILC3
FAAE TLDsZR I, fe it H R R . % FRAB
B A E AL T LDs R I, £E 1 5 B W AR
H T i B A R T P A B s 3 2 L R,
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fitt. BEFLR M, PUHCIRES 21 5CMA Y F PLIN2
FPLING B i, T 24 A P I A O B I H 3o = 6 g
fit#(adipose triglyceride lipase, ATGL)F g L 1) H Wit
MIZEE A RIE SR, ATGLI L FR NPNPLA2, AT
JUE (FJPNPLA2IE 8 38 1 0% SIRT 1 35 g H w2, 3%
HH (2 338 AR 7 20 i () TR 28 76 3807 PNPL A2 (19 [] B {12 32
JE E W . PNPLA2 L —/MLIRE P g 5SLC34E A2,
222 4%k H % (ferritinophagy)  #SE—Fh T A
HE R, SLZMEAEARMEIET. 2410
SARIZZRIRAR UL E{ R L/ E=RaN bt TP S | A
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BREOR—MIEIRED, B2 AR A E T
SRR AR A R . A T R & R
B R T R A EALRE JE SR, PR AR
%A (reactive oxygen species, ROS)s,

2 A Wy ] R R KT RAR I, LA 2 1 1 B ik
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Ffll4(nuclear receptor coactivator 4, NCOA4)45 A8k
1, IR W 52 AR T 2 S 5K
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EARA 5 HAL AW Z AR R BLIRE T . &
MYERFA P NCOA4IIKF, AR THifREEE A
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4G kR ), R LR AR
2.2.3 #E A E(glycophagy)  BERA SHEIE AR
DL A T i 5] 8 755 76 260 B8 Ko 78 2 B B =
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WA R S LR, — iR 40 P T R I P b R
TG 5 B0 I B A 12 A, o — o2 75 1 W vl
(AT L Eh v B A 1R R MR o3 260 W I (glucosidase
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B S UAR AR i LA LR o AL 7 B A R P P W
JULPR B R A 3E [ MR X R P A% A W iR e A 7 T
W] REAS[R], B B W S DU 8 23 SRS B ks
Beefide B BREY o 76 P DL ERE (R 11 o- 7] 6 W 7 PR 5k = i)
o, BTV E R I R R BT =2 GAA
AR AR D3 A 08 L R 7™ P R AR e ol BE ) AN [,
P DU EAE AT 8 7 A = AR . B LAY, SRR B A ™
5, —RAERAEINAEB34ANHE R B RIER
R G KA, WA, S ILAITE ), 2t
e, ELJE 7 2k R LR, HAE 1% LA IR fii D) RE 3
WIMAET . A WWE S OREYR, A HUE LA
WERROR ., DERRE . LB, WS RENE, BRULG
b, HAh 2 B2 BA —; EUNMER IR EUEE
ANFAE RAER, AL T0R . 0 R A R
JVURRSEE, T A7 HERZ LB R 35 R i 18 e e S5 R
VAT, AHER 7 3 AT AEE 204 DA b o AN,
Pl (I GAABR S PR, SEAR LR I, AR I
WG 71, 220553k R () DU IS LR 22 4, LT g 50 g 7™
#H; DARTFWL B @i WU B 2, 0L B AR
sz &

DU, BEACSHRE IR &, LA 2
3K, BOEHE ARSI . R b, BEARHE
cAMPHI mTORIEH 4% 3, FARFTA MM [ Wi #s 2
JEPEVER, FEIEREVE FI R, ek 456381 (starch bind-
ing domain 1, STBD1) e b LUK JFURURL Ay [ A i
Y, JENEEVER 2R . STBDLIE St K hEL: A
WEF 454, 8L 5 GABARAPL1(GL1)F)N-3i; LIRAH H.
VERIT S0 B4, /S R S e gs A (B20)7,
224 K44 B v (aggrephagy) — LR,
Ve R A BRI A0 [ (huntington, HTT) & %
R, (kA M E T B AL B, HIOR AW W
HEHRAMIEFERREBRE RS ik
HREAER . BERERE 1) CueSEEATIENERY
A2, 752 m A 1K 2 B/ A BN (poly-
glutamine, PolyQ)M LC3tH H &5 &, (2t S SR IMIE
BrOY FERZAYY, TR EAREOSE A
Ak SQSTM 1 (sequestosome 1). NBR1(neighbour of
breast cancer 1 gene)f! OPTN(optineurin) /& 1K ¢ H I
BAEHERR B MO IR A R SQSTMI ) H W [ fif 75
EWDFY3/ALFY, WDFY3/ALFY7E H Wik 454
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JRAIEE FE RS AR BESCE, SR AGPISQSTML AR 38 & A BT AR AR AS . (020 i 2% 1 Ik,
5 EWEMER, EWBE EMEARERESY BRI AE. SRR aE. PRI A

(E2D)P7, A A INELAE IS
DRI DES=] A 2.3.1 ¥tk B "% (mitophagy) YA LNE R S Gibu

B A B, e B R TR A HL T A% B 7 A ATP O LA SR S 2B A7 P 7 (R RE A,
T, WWEMTERINRE R B R AS, ORI (HEAR TSR P AR AR A T

(B) (1) Iron rich NCOA4
HERCQ degradation
(A) L X — @lon g
Ub NCOA4 3
Lipid droplet (2) Iron deficiency
~ 5 Oxidation .’.
~ of fatty g
acids Ferritin .
Glycerol \x 0..
lycolysi
Phagophore LC3-IT BYCOWSIS Ferritin ycoa4 .’ *
/ 4
NCOA4 S fron
HERC2
Phagophore
©)
GL1 ®)
oLl SQSTM1
STBD1 STBDI1
—
STBD1
GL1

Phagophore

Phagophore

A R AR R IR R R IR (lipid dropolet) 3R M f2 AR i B: BRER 1 E M. BRER 1 IR AR LA BRI . NCOA4R A H] T8k
AL RILC3-I 324K, (1) AR A 2 I AMF T, M HERC2I BRI IE 1T, NCOA4BHZ Z AL, S EINCOAAFEAE; (2) 4201 Pl 2 Pk -F T I
i, HERC25NCOA4IAH FLAE I35, NCOA4SE [ E I T 7 Wi b A Bk i 1, Bk (1 () P A RS HE U S Bk C: B IV, STBD L i el 5
GRS 1y, FFiEId 5 GABARAPLI(GL) UN-SLIRA LA H] S WEIE 1%, fLia s ShER 5 uasi &, D: RamAm. ZRURGKE
1 (PolyQ) %5 A WG Z ASQSTM UL IR A T A ARSQSTM K 1) 4 fi# 75 ZEWDFY3/ALFY, WDFY3/ALFY {E F Wi A - 454 R A& N
REm ARSI, KRGS AIATER, (LR AW, Hd, REAWDRSISLC3-IR A IAEH], #— P et R e, $5E
AU =PI 1 2 R I — S5 A L3R TLAR Y DX 52 AR o 5 (K AC ) 5 5 LC3-TDE AR, a8 1wk 3k | I 25 B 22 A i AU 7 95 O
— AR IR AL AR AL R

A: lipid autophagy. Selective autophagy of lipid droplets occurs by the formation of phagocytic vesicles on the surface of lipid droplets; B: ferritin au-
tophagy. The degradation of ferritin is iron-dependent. NCOAA4 is a receptor that connects ferritin targeting LC3-11, (1) under the condition of sufficient
iron, NCOA4 was ubiquitinated through the iron-dependent action of HERC2, leading to the degradation of NCOA4; (2) under the low levels of intra-
cellular free iron, the interaction between HERC2 and NCOA4 is weak. NCOA4 targets ferritin with LC3-1I in phagophore. The degradation of ferritin
releases free iron; C: glycoautophagy. STBD1 binds to glycogen through the glycan binding domain, connects with glycogen through the interaction
with the N-terminal LIR of GABARAPL1 (GL1), and mediate the binding of glycogen to phagophore; D: polymer autophagy. Ubiquitin polymerase
protein (PolyQ) recruits autophagy receptor SQSTM1 to form a polymer. The SQSTM1-dependent degradation of the polymer requires WDFY3/ALFY,
which binds lipids and proteins on the autophagy body as the scaffold for the autophagy of the polymer, and connects the polymer to the phagophore
to promote the polymer degradation. WDRS81 interacts specifically with LC3-1I to further promote polymer autophagy. Specific metabolites autophagy
connects specific metabolites with LC3-1I through a receptor containing the LIR (LC3-interacting region), which removes redundant metabolites and
provides a raw material source for some metabolic processes and pathways.

B2 HrERE~8 B
Fig.2 The autophagy of specific metabolites
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FH & ¥ 18 1& & 1 1(voltage dependent anion channel
1, VDAC)ZE Wiz 24k, 3t — D 45 2 b 7
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R E AWM, 52 K461 A2
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A: mitochondrial autophagy. As mitochondrial outer membrane protein, PINK1 (PTEN-induced putative kinase 1) kinase enters into mitochondria,
which is cleaved and degraded under physiological state. Once the mitochondrial injury, PINK1 stabilizes on mitochondrial outer membrane. PINK1
phosphorylates ubiquitin protein E3 ubiquitin ligase Parkin, which promotes large-scale ubiquitination of mitochondrial outer membrane protein. Ubiq-
uitination proteins are recognized by ubiquitin-bound autophagy receptors such as OPTN and SQSTMI, and simultaneously bind LC3-II to promote
mitochondrial degradation; B: peroxisomal autophagy. (1) SQSTM1 and NBR1 recognize ubiquitinized proteins, connect peroxisomes and phagocytic
vesicles in peroxisomal autophagy; (2) PEX14 directly interacts with LC3 and forms a complex with NBR1 to promote the degradation of peroxisomes
under starvation; C: endoplasmic reticulum autophagy. The RETREG1/FAM134B-dependent endoplasmic reticulum autophagy maintains the volume
and structure of endoplasmic reticulum. Another endoplasmic reticulum autophagy receptor, CCPG1, also plays a key role in the recovery of endoplas-
mic reticulum during stress; D: ribosomal autophagy. Ribosomal autophagy receptor NUFIP1 selectively targets phagocytic vesicles to promote ribo-
somal autophagy.
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