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19634F, AR FI2E K Christian de Duve(V4 B4
RINFNE R G0 S5 TR D Re sy, A48 A0 A R 7 45
R, B Ik “autophagy( H FAEWE)"1X — AR5, H LA
G0 MK BB B ) 8 Ik U R AT B AR O
G141 19924F, H A2 Kk K B (Yoshinori Ohsumi)
AL SR FH T 2 1 s P R B R e A bk, W%
FIFEPUR AT N B RO PR RKE W B Rk, B
Ja, B REER AL TRE, XN E H— RV
0 K AE %8 ok 5 B ATG(autophagy-related) 3 [K],
VIE B H e — 2 A 3 A I R b iy B DR ST 0 AR A
PRI X R IIBEE T IAR B W T 43 T A,
WAL AR FAIREY RE KT RI%. AR
P R RRUHHR R SR 20164, KRE R
PRI 2 Gt e WY 159 0 A2 1) 20 1 TR ATL 30 A v DR A=
B PR 0 bR AW NV S F LA,
KRB AR A ) 2 B DR S —.

2 B RAREENEY RS FEER

2N AR 2 40 I R B & BRI A% 0 4 T ALES, H
rRNA S 2R M, TR /N T3k (408) 11 5t
mRNAMRES, KIEFE(60S) 61 5T IR BEZE(H. AZHEAR R4
b s EEE, HARMERFTERERTER. ZF
e JRes. DRI, RO AR ) B RN o o0 i 1 TR R
FERatE . R AR A R M AR A K 2 o ER ),

EEFEFRAFMN T, mTOR(mechanistic target of
rapamycin){5 5 (& FEAZWE AR AL W6 i DL 2 RO 3
oK AR E FRE = B AN NBRAE T, B E A B
I, (7] Ak 36 Ik R [ 22 AR B RE S AR R A B 1
SEPLTTIR RIS, X PP BN AS TR BEORIE T 40 AR B Ak
2, By 1k 20 B S AR A SR AR T B AR
T2 WE R A & s e B e A AR RO 2, BRI
Wk B2 i 55 7 AT DL SR TR T A B A, A 4R B A E A
WA A B R 4ERR RS, SRR RS E AR
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PERVZ AL, HHCR S R AR 0 R 4 A i AR S
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1A B I (ribophagy ) 1 & BILYE T X 48 8L 5 W5 A5
BRI  a A. FEIRE TEA R, WA TE B IR = %
B AL 2 B o AR R ARSI T R AR HE
AN S EEE AR FEEE, A
IV 1E B H W (macroautophagy)id 72 HP 4% 5 B AR ) R ).
SR, FEBRIA R BE 34T B30 715 0 A 3 A, 7R BRI
T Blm TOR #1155 F5 1H 55 & (rapamycin) b FAE LT,
2R A B 1 (1) o ekt P 3 35 R T R 4 P o 2 1 I B
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tin-specific protease 3) A FH 4l B A1 Bre S 2R VL1
75 AL PR AR B il R OCHE: 7EBR K UBP3ELBRESIH
RN, AZBEAAR I R A 52 2 B A, T 2
1) H B (macroautophagy) /K - AN 2 54 . Al 75 2
HEREMAE, Ubp3MIBres A 2 5 A4 KL 1) H Wi
fif, LR R T AZ W A /N ST 25 (1) G 2 A 4 1) 5 AN B .
SEBR E, AR BN SRR LA DL T e kAR 3
M B A, 2R B AE oAt B 1 R IR A% T R A/
MEFE IR E MR, 1X— I OB AL B A 1) [ A
A B W BN B A5 IR, T AR A R s T A R T
RS BTFix— R, B BRI I 4
TR BEAR E W& (ribophagy ) iX — S, K A% HEARA ST
N2 AR R BEE B REY). R RIAMY Re T
prikea A= LSRR/ N E RV 8 73 LN e N N
55 R BRI RER, NE TR B
W A 2B B2y IR AN B8 T BR e LA

4 R WK BT
4.1 ZFA-FZRNAPE
FEHRE 2292 RALEEUbp3 K 4 B K 7 BreS N A
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WOV SRR PR T )G, DIICN R E 2
ANUbp3 1T 8 D RE Al F-Cdce48(cell division cycle pro-
tein 48)F1Ufd3(ubiquitin fusion degradation protein 3),
ZHAE YV T B A W R b A R
1 Cdc4STR FEBUR A S UFD3rs bR I BEREAM A, LR
S AR 1) B W AR S 2 B, TR A W
FEAR TR, UiBHCde48-Ufd3H3E B H W (macroauto-
phagy) FITHTER 1, T2 RF e 4% 1 A0 A B Ik 10
BRI, Cded8HR [ AT PaseliG I 7E 131
R IR pE R SR A R AR B S ZE M, AT 9Ubp3
Lz mAE RIS, AR SRATE N A Wi
FERIVFR]. FE I se i, W7 N A ER T — LA
B: Ubp3-Bre5 9 o LR B AT A LIZ R, M
Cdc48-USd3 Bk i) I Ab FEIX Se i FAb Az,

WEJm, WERN R, E3i2 RiEEMLMIN S T
60SIZIEIA RV IRz Ak, FERFERESEM Y, BT 5T N 7
MEBERIRTURBEHERACE T, R gox
ANBIBE AT REMR, TR RRAE I AZH AR
FIGoR. HLH L, Linl A5 7 60SEBE A RT3 Ay g
R E ARz 31 AL, AT BE L HA B AR e ) Al
g BB EEY, Ll 91EH 5 Ubp3-BreS%
REME SV RIEDIRR: Lnl - SRR A E A
2 F AR AZ A 5 W, T Ubp3-BreS MR & A
FZ BRI — 4], AT Fo VAR R ARAE LIRSS
JSE S S B HEN MR A izt A i AR —
o RO T B W, B2 RS Rz R a3
AT E.

EAFER )2, 40S/NEFERR T 0] DAE A2 S 1)
— BB B R B AR AL, BRI AT Lhd i E A B i
TEYVHRIRAT T, BRI, 40SKZME /R FHuS5
FluS3AEE HE 31z 2R iEHEMRNF10(ring finger protein
102 %1k, BB 3 — DRt 5 RN,
RNF10f)3 15 822 ZHALBEUSP10FI Sk 7] 51 %
408/NI7FE I BEARY). BE R 7RI, 45 FIFRIOK 3
(RIO kinase 3)fF A“reader”§F 7M1 #RNF 1072 &
PRI A0SIZ AR NI, FEAE i (IR R A B At X~ A
SFAOSHZHE (/N S0 FE: 1 e i ).

4.2 1ZHEK B2 IR
42.1 Rsal/NUFIP1

David Sabatiniifii2H 1 F-20184E 7 Science K 1]

A FEVR ST AR FLBh 40 i H 25 5 BIAZ AR B R
¥ 5 B2 AANUFIP1 (nuclear fragile X mental retarda-
tion-interacting protein 1), fif it 1K B LRI A3 Pi%
WA 2 73 30 e 1R 1 Wk A A % L 2 LR AN 1) i)
B AR 6 TR S % 2E A H R (lysosome Immuno-
precipitation, LysolP)5 i & & i 412 0 Hr KB, 7
B IR Z BimTOR 2 F | A5 0L T, NUFIP1&# &
LT A d— PRV, mTORMENZHENU-
FIP1 A0 A% e hr ZE M L, JF il I LC3-interact-
ing region(LIR)3EF 45 & LC3B(microtubule-associated
proteins 1A/IB light chain 3B), MIENZEN S
WER I B WERFR. ThRE L, NUFIP1 Stk ae 0 #0111k
75 TR I FIrRNARF A, H PR A 7S 7R 5L
ZAF NSRS, 2R E RS T mTORME 5
SR AR R TR, BRI SR
WHE MR L RS, WEFU ORI, NUFIPLZERE B i)
] J5 ¥ Rsal (ribosome synthesis assembly Nt 55 T #%
FER F e R AP0 R, Bl AN R B, ZE AL
BN T NUFIP 1R R 5 7 AN 52 e LG L T il A4 i
F IR AR, B b 22 7 B SR R AT g e 7 A
(] 40 i SR A sl U SR A T . Rk, NUFIPLAE A
— AMZRE AR B W 1) SR IE AR — E L

422 Rpll2

AR WX — 4, B2 AEYETE,
%558 HUAZ AR K P L 25 FARpl12(ribosomal protein
L12)& — /N EE b 72 A s B OR <1 B A2 A B W 2
A, WTEERE, 2R b, SRR A L Bh A0 A e A
H g R AR R A SCBAE. WE RN, A RIR LIRS
BN, Rpll12i@i HP3FIE2 19 M7 1 H 12 5 Atg8/LC3
FRE OGS, X —MHEAE SRR 2dr 53]
E A, AT ST AZ MR A (I B B . 7EThE
21, RplI2FRELRp]12 5 Atg8/LC3 HAF Bk ok 2k
S L W A W A N RO R Bl A, (RO B
(macroautophagy)FlHAth 326 £ B Wik (1) 4 A2 B 2.
B B, ATE X —LE E L bR RSy 2k
do SRR A ALY RPLI2  [FIRE A A% A
1 EWR AR, AL T — AN DU R R B A 5 78 2 3 R
SRR A ST (E D, 2 TR AR A R S
P BB BRI LS TR S BB R R E
IRPRAL T IR SR
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Figure 1 Schematic model of Rpl12-mediated ribophagy. Upon starvation, the protein kinase Atgl phosphorylates Rpl12 at residues S79 and S101,
promoting its interaction with the autophagy adaptor protein Atgll. Concurrently, two amino acid residues of Rpl12, P3 and E21, mediate its direct
binding to Atg8/LC3 family proteins, thereby targeting ribosomes to autophagosomes for ribophagic degradation. The schematic diagram was created

using BioRender.com
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RNase T24& i i B AR S AL A% TR . TE R
BERE, ZfioRNase T2 NRNYI, Royl@&—FR;
B R E, A TR, TEALRE R B S S
BUR, ARSI I B WA N R AT B AR, Hoh
Rnypft 5irRNAKIFEAR. B RNY TR S BUrRNATE R
YRR R, (R B WS I T R, 1SR R S
TR BE 1 R g 5 3 BRARE O,

4.4 AtgMKBERpI2BERR AL 4%

Atgl(autophagy-related protein 1)/ 40l H W&
rhfE— BRI, OO S I T BT SR R
WL F UL BRI, AR 2 A Rpl1 242
Atgl B R ALIEY). FERIRTURIEOL T, Atgl B0,
T B FR L RpL121f1STORIS 10147 £1, 3 Rpl 125 Wit
HEAtglUHAE, BETEZEA BB, K Atgl
T IIRpI 2R A AL rUBEAT RAR, AR B W 1) R AR
22 B WLRANR], HAEYUVHRSEAT N RS e it
¥ 52 T RETIE D,

S HHEVR B WY AP S BE DD AR

FRE IR BRI e F0E A ) 2R a0, IRk
CLAERERE, Zidt, SO AT FL 30 4 i 15 2 B R
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Z SRR DOROE R LK 2 Al A G A

5.1 PUHRRZS T B8 37 # 0 A 5AAHE B

KRB AR I i T 46 58 B AL BT RE R HLAEE 7
B2 2 26 T X AR IR A RIS AR . R oA e K
BEAAR AT RNAR R, HAEY & il S5 4R R A R Y
FOGERRA. A5 B BERT FLEh A v, UL S B
mTORTE 5 1 G457 T ME IR B WAL, R AETT AR
B T RE 2 10 AR B L LS 1 s 2 YL T I A
B AR, AT REBCR BE BRI H IR I A4, T DASCRRREAAR
PNESD . REEA G L RERERS IRy, Bk
WETERI, FEUUERIEAETS, B IR B W S2 40 1 SR AL 1k
LI AFTE R 02 R R, SRR 1 g F
e B RRE Y, T A s, BRI
AR IE 3L WS

52 X RSEMSMAEERKERIFE
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ORI . AR RS B E AR S A



hERE: AaRE 2026 E EsS6 % He M

BEERL, TUAZBER B R AR ER A T — A XS P B
AT, DA TR AR, sk R
R o A% BB AR, 41 B BE A% 78 R i 32 IR BRI PR B 4%
T A BRI BT, N g0 A, bR
WIHFE. BRSO B T DL BRI (] )RR
L E R RRRE S, AT M AR PR 5 B PR P R
PG s). X —id 2 5mTOR/AMPK(AMP-activated
protein kinase)f5 5 18 % Wr[FIAEH, R S04 g A=
K3 5 5 0 R A7 A PR A S,

5.3 HpEA BRI SR HRESYgER

A2 A W 1 A A R A i 92 ) A 2R 1) B B2 40
F oy AERI BRI AR, AT AR B T mRNAS A |
Fll R A2 it A B Al S5 S R A AR Dh BE S . IR
S SZ PR BRI AR A REA S R B, LA R AT RE
SEGHIREEG N, RSl REASENIES. SRR E
W N A SR T — e B AR I B SR B A ) i
&, SRR R BRI B (RQC) S R M B R AL &
AN, B LR, AR A2 R S TR bR
Z 1A AU, AT 4 2 0 30 o P A B AR

5.4 PLE RS M HAEE R

FEEFRORZ . R E R RN NS 2 F A
HIZEAET, AZBEAR B WO 40 A0 B B Ry AR
FAUOS) SRR 7 A O [ SO A L 5, 2
NEAX BES Y/ SR R AR I, 30 TSR A R R 2 R
GURBIRT SR AR N, SEERHT TR, AR
A% W B2 45 1 AR LA DL ERR S8 22 e 2 Bk A T 3 5 3 8K
HET, PETRAZ AR B AR ML S 4 b AR AR AR AT .

5.5 FEEMAm L

WETCIESE, BER BWRS 5EMRN 2 578 W
U, IR, A B R R R . R
SRR AS TR K S 8 B AR O M f AR R ). s
EEVEB R ZARBIRER T BRI, Rp i
H AT B T4ERr B R AR DO RE e BEME, I REZR 2
AR HZ DAL, AR I dURR I, %
B B WD RE 2400 5 7 dn i AR OR, T SRz s 1R B
W) . 2 S KT ., ST, RO T AR M W E 2
AR W 0 TG HAR RIS
Hoph 3 238 5 1 5% R AT Fp itk — 2D 1] B

5.6 iR ER 2 R v O TR AE AR

IR SR B8 7 B2 2 5 R T R LSRR AT
W, B R AR SRR R S ROE RO
R 1A 15 Wt T JEE o A A R AR 1 (1L B TR/ % Y TR
FEFTTRIERE S, IS TR 4 A K R S i 32
PO B O TR e 1 WA E SR R A K
JE R BAT A FE I EERIESE AT AN A2 . AROR T EEAE IR
(SR PO AL L NE LSS i BN R G IEZ LR (EFSEN
ARYBEAT AL “A 00 IE, PRI A W 7 RO AE fi /8
KRR HIEA.

6 BBEAR B W AN J5

R, A B 15 RS I 7 32 2 B = 9
A A R 1A 5 1 O AR A E . AT
LA B 4 B RIIRNA R A, DL KCH 7 S Sl el
ZHE AR ALV A FR R A

6.1  SEIEHRICMZE A A2 1 AR 06 VA AR S o

TEMERFANA R, BT GFPAE RV IR 1 PR 45 o AH Xt
kg, I HOH € M i 5 I B8 ATG 15 (autophagy-re-
lated protein 15)%E Kl @i br > T E0RIE N 1) B WA TG
VERRRL, TX PR PR AT A DU B2 AR BE AR B
Wik (1) 5 2B T8 TEAZ BE AR ORI B A /N B AR R 1
H BICHE N _EGFPR AR %E, FHAERIENEE I Vphl1 )
Coi s IimCherry % YE AR 2%, I8 I 2¢ 6 2 B8 WL 82 7
ATG 1 ST B 1 T 5 400 i e A 0 A 2 1 A3t s o),
TEF L3490 Fiok 241 B S A B A 1 Wk A A TR e
RS FE EKeima 6k ¥ R4, Keimaje —FlipH
BURI R, R AE AR pHIAEE T R I H AN [E]
PR IGHREYE. TEIE B AR IR I AT R S 40 (7 ks,
T 7E FR PR B RS R R S S . 1X — R AR
53 Keima iy B A A U A28 4 B R K A2 1) 2 G b
TCER [, AEN ST I WA RS A4k 15 W6k U 470 70 5 Bl 1
et A

6.2 Ak 75 IRAG I AR A 2 L RIrRINA B e A7

FERE RN, T B AR R AR A R A P,
AL S A I Com il L GFPRRAE. %T GFPAE
B BONRSE, W LA b 2 BV ) 7 R R i
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GFPIF=A 5, A )i GFP %, R M4k [ W
RAEAFERBZATS, e LA AR, T R
ANFERZRE R S LR dh, 3 H R e BN K T
AT IR (A TR sk B, LIRS RO 1A B W
PERRAEIST. X T IRNAM R, TCi0 R 7ERE BRE 2
FEMFLEN VIR R, A2 L S SR AN ) B RN AT F A
TUrRNA 25 5 SR PP A B A 51517,

6.3 HLF WAREEASI AT R T 6 VA A S oL

FERERESR A b, T DLE i 75 A% 08 44 B AR C g
FAPEX2FRZE, IHAEWIL R A IR A g 5E [ PEP4R
BRETESLT, R BT S S A S R B B 7R
i AR LS AN R, T B V-AT-
PasefIfIffill fflconcanamycin  AFHIABEIA I DIRE, MM
BEL 1h 32E N VA B A (A2 W A R A B . el T L sh A 4n
LR AR B A SERORLR, B A TR IS, i
- S5 Al 0 T U A W A T S AP o A 6T

7 AZREAR A AR R R IR
P

TERAZAIM T, AP ARTRAS R AR T4
PR B, O E AR A BRSNS,
A5 A B4R 5 245 1 (ribosome  quality control, RQC)«
B A P2 i (no-go decay, NGD)FIZ AR (ribo-
some collision)%. IXELHLHIFLFMER, #HORAZ AT
RERIIEMIsATIO) R eNs B A —E ko,
{EERZRE R B R, X ik d i AH B ME
SR 7 2 RO B R, B A e R
Ioh A R P A R, AR R A e R A
HERAPE.

7.1 RQCHAZHEM H W

RQCHE — > - AL B8 1 1 B2 vh R0 1 Hh B A%
i B P R A I AL IR AR, A fEmRNA ) 5
B X Sl iy R AR N, RQCHIL i 23 38 1 PR 13X 8 452
fkzREtk, BT R G 3 N E# IR, RQCH
RHEAR B g2 (8] (58 R ARH R E. RQCH &R AIIF
PRICSZARIAZHREE, 10 WEAL ] ) 57 531X L8 S 45 A% h
PREREAR. Py b R R P A DR S B A A A
P PIAR B, DT i G o 20 125 R PR E P
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NGD & — ™7 B 19 52 2 1R 31 o i A i A £ It
EASHIHLSE]. A A mRNA B A X4, NGD
B 2 il VIR mRNAFFREBOZ . 31X — o A
T AN TE 4 I W R 32 45 AR A E 20 T 9 O AR
2. NGDIE AR T B 5 I mRNA, 3838 5
WA A2 A B L v 52 45 A 450,

7.3 RZHEAREE S5 A% A B

A2 A 1 8 7R RN PR R P 2 MR A R AR
FRAIESRE, X PR 2 T RN IR A R BT A A S
A2 BB AR 48 1 45 B8 B RQC . NGDULA K H Mg i
2. I A HE A 5, 4T R 5 3 [k IS A Rl e s £
PR [ 2 B E A, KRB0 1E R G Ot 14T

SN A NS T ST 3 FUN R kil by e SR Y KN =
Wi 2 [V B DA 5%, TERN et R i ARGl Bk, LRI 4ERE
S P AZ AR RRAS . ML b, MR AR E R B A
rhE RS, RQC. NGDAAZHE AR 25 WL 25
B SR A SZ B RER, A RE R R R
BEIRZNERIERRIEARE, 5 BhAH L & Ay PR X LA b
AR, T8 G A0 2 PR R A R 7 1

8 ARBWHITT A5 PR

SRR R A B W B TS T B Bk R
(1#12), HZ VAL 5 WP R S 737 AL 77 T
A 22 S B I R AR A . LA, AR A ORI 2 2
FIRpI1 2 e 4 5 3 12 32 A M AR B A A, Ll S
Atg8/LC3 I AR LA 5 B AR 0SS, JF
TERERE . ZRER . S0 DUS ALl DA i i R B i JEE
HIBEAL DRI, 28T, X —ABR S Kk T — A
WA B R T AR B — 248, EAN ) A B BN B ok
PER R AT AE AR E AR AR WS4 2 W 2RAY
£, B AR B SR AT A2

T AR I R T AL A U (T e 1 3
PRiCY BRI, A BE RN A BE AR Oy E HLAS
M BEORST, (BAEYUREE RO, U #5120
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M Ab T UV RO S, mTORKE, FEZNEIR B W2 AANUFIP 1A M e ia BAZHER L [RIIN 0 0 2R
Atgl/ULKI, #ETBERRAAZ B4 B W24 Rpl12; BLAE, 292 ZAUHFUDP3-BreSHiZ AL R AL 202 Fofh; XN RS
BUZHE A B2 AR pI1 2 JeNUFIP 15 Atg8/LC3 SR I 03 ELAR ELAT, JA S AW A 2E, MR AL MR AR B gt Beh, 80 A% pl
PRI ESTZ FIEFERIRNF 1032 24k, B f5, 2 FMEERIOK 3R AINZ ZALAS R IFAZ B A /N S, T Sl AZ M A2 /N S0 2 1) 2 1 il
A B fift. 1555 B i BioRender.com % {4 2 il

Figure 2 Schematic model of ribophagy regulation. Under nutrient-rich conditions, ubiquitination of the large ribosomal subunit by the E3 ligase
Ltn1 suppresses ribophagy. Upon stress conditions such as starvation, mTOR inactivation leads to the translocation of the ribophagy receptor NUFIP1
from the nucleus to ribosomes and concurrent activation of the autophagy-related protein kinase Atgl/ULK1, which subsequently phosphorylates the
ribophagy receptor Rpl12. Additionally, the deubiquitinase complex Ubp3-Bre5 removes ubiquitin from the large ribosomal subunit. These events
facilitate the direct interaction of the ribophagy receptors Rpl12 and NUFIP1 with Atg8/LC3 family members, thereby initiating ribophagy and leading
to ribosomal degradation. Meanwhile, a subset of small ribosomal subunits undergoes ubiquitination by the E3 ligase RNF10, followed by recognition
by the protein kinase RIOK3, which targets them for proteasomal degradation. The schematic diagram was created using BioRender.com
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Ribosomes are the core machinery for protein synthesis in cells. In rapidly growing cells, ribosomal proteins and rRNA account for
approximately 50% of total cellular proteins and 80% of total RNA, respectively. Therefore, maintaining ribosome homeostasis is
crucial for cellular energy metabolism, protein synthesis capacity, and overall cellular stability. Under nutrient-rich conditions, cells
support growth and proliferation through high levels of ribosome biogenesis. However, under conditions of nutrient deprivation,
environmental stress, or translation inhibition, selective degradation of ribosomes becomes an important adaptive mechanism for
recycling materials and energy, as well as alleviating translation load. Recent studies have shown that autophagy plays a central role in
ribosome degradation, exhibiting a high degree of selectivity. Ribophagy, as a key type of selective autophagy, is regulated by a finely
tuned molecular network, including the ubiquitination and phosphorylation modifications of ribosomal proteins, the interaction
between ribophagy receptors and Atg8 (autophagy-related protein 8)/LC3 (microtubule-associated proteins 1A/1B light chain 3), and
the involvement of rRNA degradation regulatory factors such as Rny1. Through these mechanisms, cells can precisely control the fate
of ribosomes under different physiological and stress conditions. Functionally, ribophagy plays a significant role in nutrient
adaptation, translation system remodeling, protein homeostasis maintenance, and cellular stress protection. It is also closely associated
with pathological states such as aging processes and tumor metabolic reprogramming. This review systematically summarizes the
discovery history, molecular mechanisms, regulatory networks, detection methods, and physiological and pathological functions of
ribophagy, and discusses the future research directions in this field.
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