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Double-Edged Sword: the Relationship between Autophagy and
Tumorigenesis and the Development of Small-Molecule Drugs
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Abstract

Autophagy is an important and complex physiological activity in mammalian cells, which also

affects the occurrence and progression of tumors. With the widely use of anti-tumor drugs, the problem of tumor

resistance becomes increasingly prominent, which affects the prognosis of patients. At present, various kinds of

small molecule drugs related to autophagy have been used to find out “one shot fits all” strategies to conquer drug

resistance problem in tumor. This article reviews the molecular mechanism of autophagy in tumorigenesis and the

research progress of related small molecule drugs, to have a deeper understanding of cancer-related autophagy ac-

tivities and provide references for future drug development.
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A 20 Y i FTIA, E WA — ARLA 4E
FRARAS IO S 2L, B P87 ke DR mT DA gk A
TP R AR, E R AR AR, KRBT
FAME: 3. AWRZ . AR, Xz
FhA DA S IR A AT =T (B 1E,

1.1 %

FEWRIE S R AT S5 M R B I AL, BT K
BT E W NMA . H BTNy UNC-5 1R 1(UNC-
51 like kinase 1, ULK 1) &4 & 4% E W /Mg 2
BRI PREBEEARY. 4L, ULKIEAY)
FHULK1/2. H A A 13 (autophagy-associated
gene 13, ATG13). ATG101F1200 kDaff) 7% BT
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KA HAE H 2 [ (focal adhesion kinase family in-
teracting protein of 200 kDa, FIP200)2H 5% ¥, H 7l
K2 H TR R AE K IRULKIE R b, A 4E 0
ULK1fJ/N oy FHefk . ULK1ATULK2 & S RE FIVEYD,
PR T B T R R G E
1.2 BEBE/MZ

MU AR S5 E, SERBNTE K
F/NEIERESE R4, B 25 [ (isolation membrane, IM)™),
It A G R o AT S P ZR AR, IMIAN W ) ] L o
T 2 TR, T R E W HT A4 (pre-autophagosome,
PAS), 1IX — I PR FR A H BRI B (vesicle nucle-
ation)”, iZiIFE T Beclin 1(ATG6)-TT125 6 A5 L UL

Maturation

Autophagosome

Pre-autophagosomal
structures

AMPK: AMPHH 8 (0 mTOR: W FLZ04 6 W8 340 4E ; ULK: UNC-51RF 2 (0, ATG: [ WA DGR DR FIP: 45 B 52 ik FLAE &
[; VPS: 43 #8R [; USP: 2 3085 57 M 2 JIRG; LC3: 524435 SQSTMI: ASEH 15 CQ: 5 HCQ: FGik . —: {RRbE; L: I fEA .
AMPK: adenosine 5’-monophosphate (AMP)-activated protein kinase; mTOR: mammalian target of rapamycin; ULK: UNC-51-like kinase; ATG: au-

tophagy associated gene; FIP: focal adhesion kinase family interacting protein; VPS: vacuolar protein sorting; USP: ubiquitin specific peptidase; LC3:

light chain 3; SQSTM1: sequestosome 1; CQ: chloroquine; HCQ: hydroxychloroquine. —: promotion; L : inhibition.
Bl BREdiEREX N FAHMERER REE

Fig.1 Schematic diagram of autophagy process and the targets of related small-molecule drugs
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i 3- 34l (phosphatidylinositol 3-kinase, PI3K)&E & &
PL K ATG12-ATGS-ATG16L1E &k & 12 500,
1.3 BN e

W A IBE S e 52 9 20 2802 3 A0 B 1 48 o
e — Dz F R B H, ATGSFIATG127EATGT7 A
ATGIOTELE FIR L Ao 2 JGATGS-ATG122% &4
LS ATG16LA B AEH, 7= EATGI6LE &9, i T
AR AR R FESE D RGN,
g Wk . I % (phosphatidylethanolamine, PE)FITE
KA 1-5 553 (microtubule-associated protein 1 light
chain 3, MAP1-LC3, i FX NATGSFILC3) K 4 4%
A, B TE IR A 9% ILC3-TTMY, H AT A AATGS-
ATG12 B WIAEPE S LC3- I 4% & il EEAE T, b
4h, ATGS-ATG12-ATG16LE & W) AEELC3AE [ Wil
R,

1.4 XHEFIRLE LURIR (L FAEIYT

H AT\ B AR 2 78 A 5t BT ik, 7RIS R
E Y R VE F R R 8% B B AR b, JETERUE L8
O L SR AR . B S B R ARV B R L, A T I
A P PR 7K A e A 1 W A PR 25 )

e A 110 5o 2 AR 5 % S AR 11 I A
FTEATGEHAE A, 2 ATG2. ATGIM
ATG18 1 3, LRI, ATGH Hid it 75 &
PSR RAL (INZR PR . 2R (1R /R AR S Vs e B
YRGB B F WAk AR 09, SRR R i R R
AR H W N 23 52 AR 85 1 (autophagy cargo receptor
proteins)iZ 2 L AE S5 M 3H , np62FIBRCAT14BT
FHE K 1(neighbor of BRCAT gene 1, NBR1)™,

2 BEEEREAELZRPHIEA

Z AR TR S, [ WA AR RO E AR A, AT
DL PR a3k s i) b B0 VE A . 1 MR X i e
FEATFPAE F el e iR o B B R A e el

JEAPRES T, ARSI A 2 & A
AN B A (U ZRRLAARSE ) TR 1M BEH B b 5 2
EHEEKCE T BRI AT e R, A& FE
pO2(HAHFR N sequestrome 1, SQSTM DA EL, F=A: Iy
J53 WA R 3 i DNASAS , e s A A 7. 7RI
FRIEOLR, R IE 78 2 e 0 DT 35 00 4 € o A,
TE W A R P g s 4 P o 1 W A R 4R
A RO FE HR IR B TR A e B R i B B A70E U
HOE R B B AR e e R R R AR A, v e

Wi ok B8 25 RS2 40 1) R 1 BRI L B, AR T 24
Yrst s R & B0, CAWTFUESE, 7EMAE ik 40
753 H R e 3 4R R 4R U 2 B, B
FEAZ I B B R e 2 40 st T,

2.1 ZREERFEIENBEED

B 78N\ 51 O 42 4E 55, i 14 PI3K-Akt-mTOR ¥ 1%
BEL &I [ % 13 5 225 410 1 Ff e B A7 S0 A AP0 A5 Tk o8 40 g
HHON GRS, JTHLITI TR BRI Ak, R
A K [A F-(epidermal growth factor, EGF). Ras. BCR-
ABL(breakpoint cluster region-c-abl oncogene 1), {55
1 5 % % S B0 TRl T (signal transducers and activators
of transcription, STAT). Bcl-2(B-cell lymphoma-2).
Bcl-xL(B-cell lymphoma-extra large) ] 1 & H W i& 12
FEu8 A0 LA b R R OB E A .

EGF /2 4 A7 B9 B 19 K 7~ WA K
B, EGF{FE N 2 fie i[5 1, REdtE Ras-MAPK,
PI3K-Akt®VFIJAK-STAT) = Fh {i¢ 1k Je iE J A5 F1 ik
JEIAE 55 ikt KL T % 44 (epidermal
growth factor receptor, EGFR )% 2 B ¥ I 417 i) 751) m]
7S AW, NPT 2RI REEE R, (2 iR 4
FFET,

Ras/i 87 [ /& SRS -5- =R X R H 17t PY,
FEAN R LA P R IAAFAEZE 57, RasHIVE L EE AT AT
T E W BN AL T AT DA R A A P A
A RAZ (R AT ) RIS B0 T R A Ras @B I, 7]
iH1d Beclin 1/%3 %5 134(vacuolar protein sorting 34,
VPS34) I Jot P A 25 ) 5 BN I 3 2 B TR
AR PELN B AE T B, 7 Rast@ M E0E I, BRI
PI3K-Akt-mTORIZ1ZFITE AL KT A, (HtE FE
53 4 L 0 e o R " AR B T e e DR R U
TP B P LB, AR R T R AR, B AR
BEJEAE A R R
2.2 ZHEZRRIBEHN BEED)

VR 0 1) R A AL & Beclin 1. 284N
UM K 2L K(UV radiation resistance-associated gene,
UVRAG). Bif-1(Bax-interacting factor-1). ATGS5.
p53F1 X 3k # 5 K| 1-(Forkhead box O1, FoxO1)%% 5%
FEI AT T

W52 W], Beclin 17¢ 1 1 51IZEPI3K/VPS34 LA
J AR T, tnVPS15. ATG14L/Barkor(‘5Beclin
UAE G 1) B W AE G 1) G B 15 7). UVRAG. Bif-
1. Ambral(activating molecule in BECN1-regulated au-
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tophagy protein 1). Rubicon. =i %% £ 11(high
mobility group box 1 protein, HMGB1). 4174 [F(Sur-
vivin). AktF1Bcl-2/Bel-XLA5 3 7] 2 77 1 4% F Wil 72
MM, S B R R SCRT ERE e L —
PIJTEHE PR NI IE R[] “57 4038 7. pS3R
AR AE NSRRI o FEARE R 0 B0 RN
A B A T S REBRAT T, pS 3T I 4 sp MRS
A STATL ] B R 40 MR 25 LR DNAS S, LA
B G 52 DRI 20 453497 B 2 B i 7 1) 2 A B0 RE A 11 4
HuB9, [EAER ISR, pS3HE R A 1 e fir 5
Wiy F MRV 2l . H AT AARS N p53 1T LR H 4
FBET, T AT A 5 X pS3 U AT 4] 5 Wk BT 7
YU , pS3mid % 35 5 AP ML 0 1) [ e s et
W LC3IE , (Rt 4 feis . o, 45 AN ps3
AT LAEOE mit AMPAR ) £ 138 [adenosine 5°-mo-
nophosphate (AMP)-activated protein kinase, AMPK].
SESN2(Sestrin 2). 45 Tififi{k 1(tuberous sclerosis 1,
TSC1)~ TSC2#1 PTEN(phosphate and tension homology

deleted on chromosome ten)%, M fIHIHImTORIRE, 12
iﬁ E uﬁ[36-37] R

3 BREHEXESGIRFRITK

2 ML) WA 751 &0 (chloroquine, CQ)FFRJE
S (hydroxychloroquine, HCQ) &\ fit#E F F-1R 97
P o IXEGAN G Yo (VA Bl A R AR IR S S, P Lk
My fA 5 HEARRLS, FH B, Hiltc A
Il PRAJE FTUE S, HCQ S ARHEIRYY /7 % (standard of care,
SOC) AJ LAB [FI 4 F i R i e 11420, £ /NI IR
s, HH A R E TR HCQY SOCH & H] , {H
R IR, XY B I AR P2 AR TR
FERAEIER, Hr2A T 5 HUHIARFI g R B4, 1K
e RIS oy PR A R = Y 1 W ) R A A B
M BRI T 25967 i . HoAt B — 265 0% | R
s, WINULK1/2, ATG4B. VPS34. p62. iZ K455
4 2 KB (ubiquitin specific peptidase 10, USP10)LA %
Tl 1B NI TEN DLAET (R 1), X LERE U

®1 EEEMAAE XIS S M AR R ER

Table 1 Research progress of major autophagy-related inhibitors and agonists

e Sid) B TEH WEFEILIR 2R PMID
Type Name Function Research progress Characteristics
Inhibitors ~ SBI-0206965 ULK1 inhibitor Preclinical research Better selectivity to autophagy 32393312
pathway
MRT67307/68921 ULK1 inhibitor Preclinical research Inhibits ULK2 25833948
NSC185058 ATG4B inhibitor Preclinical research Better selectivity to autophagy 29232556
pathway
3-MA VPS34 inhibitor Experiment reagent Inhibit a variety of class III 33034415
PI3K
SAR405 VPS34 inhibitor Preclinical research Has better selectivity than 3-MA 32494661
Bafilomycin Al Lysosomal inhibitor Experiment reagent Inhibition of lysosomal function 32933997
CQ/HCQ Lysosomal inhibitor Clinical trail Inhibition of lysosomal function 32866424
Lys05 Lysosomal inhibitor Preclinical research Better than HCQ 32934241
Agonists Everolimus mTORCI inhibitor For cancer treatment Inhibition of multiple mnTORC1 33037176
dependent pathways and im-
munosuppressive effect
Metformin AMPK agonist For type 2 diabetes Mediate multiple roles unrelated 33021114
treatment to AMPK, including inhibition
of respiratory complex I
Rapamycin mTORC] inhibitor As an anti-rejection Inhibit multiple mTORC1 32964556
drug after coronary dependent pathways and have
stent implantation and a strong immunosuppressive
for rare lung diseases effect. Long-term administra-
tion of Rapamycin will lead to
inhibition of mTORC2
Simvastatin AMPK agonist For obesity and regu- The mechanism is unclear and 32848049

late blood lipid

has potential mitochondrial

toxicity
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FIHIFT SOCH FH K 2 /2 A KA B Jest i i 24 Il s 1Y)
EIE D
3.1 ULK1/23[%5)

M I RE ) f Bk, RIGE G ULK /24K
6 T TR A A VORI A R/ B A W VR TR R 1)
iR, N, WE AW B TRCNE
FOEL=iasln

EGAN S5 MO 2 i H i 106 41 % ULK 1/2 15 /)N
3 T3 5 A DG S8 T ik . AR ATT AN R [E] Bs
ULK 1 Fl1 %6 %5 BT (focal adhesion kinase, FAK)
P s VIR RN T, T A5 —iE R R
(structure-activity relationship, SAR)Z 1 2901k
WS I 1% tH ULK 124011 71 SBI-0206965 . 1M 5T 18
fa i, SBI-0206965F% B A7 _FIRYEFH 4, & w] LA
VPS34# Beclin 1 HJERRIL, [F]F I8 FEIC ATG 131 5E
GERE . Bk 2z Ab, Hod e i e 3k iR 4 i H
Mg 4 T L 2R PR A A A 1. EEA R, 245 mTOR
FOH A8 F IS, SBI-0206965 fEBILH T 5 5 ()7
ST RE

PETHERICK &S WM 34T 14X A1 ULK 1
AU LK 2 385 400 3] 770 () 4k A0 0 3 AR, e &4 AthAT
i 3% f MRT67307f MRT68921 . {575 — I+,
i 38 TANK 454 & 1 1(TANK binding pro-
tein 1, TBK1, A% K Gy R2& 5 400 4 R 73 )
A . fE R BRI S ULK &GS, H
MRT673075% MRT6892 1 &b 3 /)y 53 W i Bl 41 4 41 g
(mouse embryonic fibroblast, MEF), 2 [#{KATG13
E 3180 22 s IR IR A K F-. 534, FH MRT67307
B MRT68921 4k BE ] /> LC3-117 LC3-11%% 1k .
MRT67307 F1 MRT689217F TBK 1 il AMPK A < #
filg b 2o R R AE ] o /£ TBK1EL AMPK
T B1 (liver kinase B1, LKB1)#Ht 2k () MEF
gufrh, B3R MRTAL S IH e 2 25 4 LC3-111
B FE , X & W TBK 1A AMPK AR A /& AL &)
MRG0 A1 BT 06 75 1) . PETHERICK 2547 1
i, MRT68921 (& RH 1187 A= RAMEF H [ H W it JE 1,
{EASBEFDHI ULK 1 25 5848 R T 50 (M92T), iX 3%
B MRT6892 12 i i #1 #i1l ULK 1-M92 457 st A T 417 ]
ATGHI K HEH

b T bk 3 Tk T8 B B g X ULK1/2
1 H B 55 46, 5 Compounds 1/3954) SR-
17398/2029550 %% | #E 4R Hh 52546 v 35 W 7R Y 1%

W5 A [F) R R B P 76 A o AHAS ULK1/2 (G AH &30
i ) AR K Be R A8 R e PR F 24, A i AR 3R
3.2 ATG4B3#HF

ATG4B & —Fl Pt AR & Al v Y)#| LC3HT
P CoR vy, B MR RS IR 540 oy o 2R 8% CoRu
ARG, ATGT] LIS LC3-1, # Hii% 2 ATG3, fifi
LC3-15 W R ML B il e . A8 B ALY LC3-114 2
TEBT A B R b, 30 B I 2R R R 4 B2
R, ATGA#N N A IR AR I TR B A7,
YT R BV THERR 2 —

AKINZE B3I7E — 22 %1 sShRN A il B 52 56 7 56 31E
T ATGABTEH IR Saos-241 g 1 (1 7E T . HF 72 4
i, ATG4ABI 2k S8 LC3-T1IR S (1) [ WA 1
A PEREE R LRV I 40 IR AETE A 1R Es, HAK
P S2I6 WAIESE T ATGAB Bk 2 0] LA ) ARG )
A K. KR ATGABI SRS K, ik A 5 3L 7S
PEAL S5 455 /N TP FINSC185058 . HUANGES
54953 B 72 T NSC185058 F1 ATG4ABH 1l 1) 7F Ji it
BITH N E . B 78 Al AT R 30 ATG4B /2
A APISTE204F & [ ¥ ¥ 4(mammalian STE20-like
protein kinase 4, MST4)[J E iKY, fiefif ATG4B
(1) 383 22 Z B K AR AL . [FIB, MST43 1A K
ST 5 R RE A R 0 e AR AR A R R R
IEAH G . FH shRNA# ] MST4 2 #1 il #if 2 Ji Jo3 I8
TAML A, FHFRARFAE /N A I RE /7. i
A MSTAE 3 i g 3t J R ML 2 0% ATG4B
AL 3k ATGAB I BERR 1L, 11 {2 3F 1 W I 1 T i o
NSC185058i# ik F FH 11X — 1L 72, K% 7 A b
JEIIVE .
3.3 Z=EREBSFEERIMANFFI

BTN D1 E SeERE BE R I VPS34, HAE N K
SN R B XEAE A, & PI3KER H R R
SRR — , R ME— R TR PIBKEY, BF5T N
KRB, VSP34FREEPE T LA S 7L 30 B WS 3 .
VPS345 HKE 557 Beclin 1. ATG14F1 VPS15/
PIK3R4[FIFE & AW A R A AN EEH NS, 25
LAY B MRS . BEFEEREH, VPS34n LLd it B
5 R 5T e 1R s e, e 1ol T 1 AL A A g ol T 7t UL
Fi2 -3- 1§ 2 liE (phosphatidylinositol-3-phosphate, PI3P),
Mi%E A5 B EARRTASE G, 2 BR300 S A
b,
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RONANZ%; PO H £5 5 %35 EGFP-LC3 1] HeLa
20 W A FH 3 2 8 B 0 32 (high-throughput screen,
HTS)H AR i i% H —Fh A 25 89 VP S 3438 35 14 # 1) 771
SAR405. FLREA R i KL B KT m TOR il 17
TE R A AT R A2, SAR405 54 4 52 7] (£
FDARLHE 1) —Fh mTORZE K4t 7)) Wr R VE FH , AT AE
A &1 BT B iR 240 e P 3 O

[ 1, DOWDLESE PEAT 1 %F X VPS34410
B HTS %52, ik i &4k 22010 )5 1 VPS34
PO ) PIK-TIT. A F0HE H, 23 BRai i Py 2 1 fpk
(dominant negative, DN)] ATG4B¥ A J5, FH
PIK-TI14b 21 AT LA 2% BBy LC3-11A) LC3-11# 4k . 1t
Ak, HEHE, PIK-IIMATAED), tEH19(compound
19, VPS34 inhibitor 1), aJ A 40 i 5 15 4
HIFE R, B KU B PK(pharmackinetices)f5 P, Jf
AJE RKOSE [ fid 57 P A% A 8 155 784 o 5] JES R 1A LC3-
I R B8,

34 HibBEMEHAXES

AR — N ERMZ P RERE, 2R HE
BTN AR & FE S IE AR BT Eig
EFATULK1/2. ATG4BUL KL VPS34 4554k, ib47
U4 p62. USP10 A A BEAAR FI4M 7 .

TEREEJCHRAAAE R, 4581755 (Verteporfin) fE
BB p62, I ARRE AL 3 AN S p62
FERWITE R, MAZ G (1) p62 5 RARMREE T H 5
LC3- 1854 MBE ). AR, IEEFRETMEMT,
YE B ST R A0 B AR A %A s, (R B B3
B AR R = S5 A TTe 4 PR P A7 0 3R 10

Spautin- 12 #0[7] VPS34E A4 Beclin 13131
HALNG T, AT A A R TE S 0 g
FFW, Beclin 154572 Spautin-1 /) ELEEHERR , %1k
E ] DA 2 £z ZACIKEE USP10AT USP13 H 4l
Hlgrel, HAWF R, Spautin-15 BCR-ABLEX
T YAt A i 77 A7 S R B P AT DA R P 4 e
1.9 (chronic myeloid leukemia, CML)4H AT, #2
FHETT R, B Fi )51,

B E R SR TR A1, VA B ARSI 77 2 an A
KEE 2 —. 5CQE HCQIILL IR IR A B4
ThRERIL APt e B ) B W IR T A, IS S
H W H . CAREWZ2CHYAHCQ S 2 I AH il i 411
i) 77 B R A B T ROC-3251%). B E HCQ
BA S 4 L AN, ROC-32514 RE i BEVA BRI )

Jit B R [ MR AR IR 22, iR E R T R e 72 Y 4
SRR, ROC-325 L HOQR B 1 B 414
JT RS2 A, HoAh i 24508 W HC QI — 4
TE 3 Lys051 B #E s A 1 2 1 B BR B 1 (palmitoyl-
protein thioesterase 1, PPT1)4#l| 71| CIER A2 Ak B Wi
FLEVHTTT Ao

4 BRESERE

e 7 3 i R R O A, 7R S T T A
HERbIR AR, TR ) — S0 DL T 20 AR A R AR K.
T NAZAE R E V6 7 P 22 0 s T ) 3 X —
A, B TR AR BT AR BRSNS
SO AR Do TE A B R AU B A R
PP, BRATTRL 22 5 T L g b R i
T, D ZTHnH) B W . B R GE A A A S S
AR, FATRT DR HE B A RS e T B
I

WIFTR, MR 52 3 2 g B K (] i PISKC . Akt
mTOR. Ras. Raffl Bcr-abl). V& K-+ (51 Be-
clin 1. p53. FoxOIM Bcl-2)MHEmiRNA [ 35
e i 420 (1) 3K 6 9 1 e AR 2 RS R R ) 7
RIBWIOCHEE H bR B MR EIFIE v E BT 55 g0
6L P 245 ) 2L G A P R I 4 PR N B 29T
AV EE TR, WENE, HECHZ A
WGz AF G PR B 8 8 3k N I PR AR B o B (2 2) . fH
BH AT S, 28007 BRI/ T 400 iE AL
M5 BN SIS B B, R RS BE A S R L
ARG . tean, HATERxS ULK1/2 8/ T4
1) 750 1 R L2 I A AT 0% A R SR R TAE )
B2 —. XL/ NGFLEAR SN ULK /2 B4
TEFR 51 . SR, A3 R 7Lk = 18 3 4 e i A 28 v
PEAEAH SN 2 T30 U ULK /235 PRS2 . it
A, BEARTESERE VR IT H 8 ATG4ABI1 /N 3 1
B VP S 344l 771 1 SOC 24 W Ik & v fie 4 e i 2B
FHoka, (AR EEREN I, VPS34E A 410 A 1
TEB R E M, a0k AT R 2 FRAEE [ VPS34
I . AEMOR S e, ek R IR
ZH AR LS Y S AR, (Hid &
FR) W 2 R 33k AR s M 4l B AE T DRIk, ASWT T
il B e 0 B R BE S RT BA S, I A e
AT Z B PV IRTT 77, A2 AR 8 2= AL
MEpZ E,
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Table 2 Progress of clinical trials on the combined regimen of anti-tumor drugs and autophagy-related drugs in recent five years

N/A: not available.
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AN iR Y 2yt WEFB B RE Wi PMID
Registration No.  Tumor type Drug compatibility ~ Research phase Status Conclusion
NCT03598595  Refractory osteosarcoma Gemcitabine/HCQ  Phase II Recruiting Unfinished N/A
NCTO02333890  Invasive breast cancer ~ CQ Phase 11 Early Prognosis did not improve 31392517
termination
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