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Fig. 1 The role of lysosomes in tumor microenvironment and metabolic reprogramming
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Fig. 2 Role of lysosomal proteins in the mechanisms of hepatocarcinogenesis and progression
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Fig.3 Molecular mechanisms of lysosomal membrane permeabilization—driven cell death in hepatocellular carcinoma
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P it o Ry TS A kv A T AR 11 Tl A - J B
G, MEUEARHANIN:, 4050 CTSBAIZUE D
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(O ZEALE] . AR KB, miR-93-5p 1k —Fh Uk
PEmiRNA, 3 1 FH5 Galectin-9 25 G g i 4156 43
TIK B ki . JSAE T BHATE miRNA A5 1Y 74
v (0 ELACAE T v R e Bk, (HL 0 1 k- V5 il
PRIEAR 2520 miRNA BN T 5 B, WR M 2
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VA ST 2457 2 HCCIRYT I H 2R AT,
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T 802 L B R A A S Al B T, AT i HCC
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Table 1 The role of lysosome—associated molecules in hepatocellular carcinoma
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LAMP2A % g I F oy T AEAB A 5 09 B W 19 4% O B0E YAPBIL6ST-JAKA 5 i % 5K 2)) & 191 45 [ Cyclin

e k240 L 1 5 [36]

Z ik DU) /¢ Snail. Slug. ZEBI&#ZL ¥ 1FRIA

DRAMI [ W A0 A 1 2 1E T 42 TR 7
LPLA2 B A N At

AR T

CTSB  EZMIAMALIE IR E Al MTTEA FRARAER IR ER. fEEE

5L i

ek E WA R A AR A
WORMAPK/ERK A5 ‘538, WG C-Myc S5 He [A 1
ATP6VID V-ATPase 2 &4INIEEE, SUOTIHBGIRERIL  SEm BB IRmR I, et | ik 5 e 14

ARLSB SIS Ehl . HAR-TE R R (3R AR A AR, 3858 15 Wi

et 4 i 1 e [37]
et 40 i 1 5 [38]
Scizailinkiyicd [11]
et . & [35]
ZE MBS
AR AIERS [20]

=,
255

TBBPA IF85i5 5, 456 R RIE I TRPML (R HEARE A, CTSB/CTSDAHE AREAME, M (edbdniufiit® . [52]

FEIE, Rt Ca PLd R N ML
NEX1  J B 5 R 2 B g R IR T A S

1) UP 85

P (HCO)
miRNAs 52 [ Wi- 15 BRI A 1) 1 42
ROS i VA R NLE % M
MLKL  SRFEEE TR AT#, AT 450 7 A4 5t

W45 Galectin-9 55 G I AH K 75+
- S-caspase /R4 IE T
HBaxlAKEME, WHRSERML, EHEAEKLE  (Rdigifste: [41]

(2

NEX 1 B [ A, (2t Gal- OB, MHICDS TiF (bl forekite  [55]

fledtafaseedkie  [60]
feEARIEALT [46]

JERILE, P5FLMP

AR BGE T VAR O A FAE TR P Y Sh BEWF S UE R . LAMP2A . VA RERAL C IR F12A  (lysosome-associated membrane protein 2A) ;
DRAMI: #5145575 AW T1 (damage-regulated autophagy modulator 1); LPLA2: ¥#HHA#IGAFA2 (lysosomal phospholipase A2) ;

ATP6VID: ATPEE T44i2 V1D (ATPase H' transporting V1 subunit D); ARLSB: ADP-#i#ILfb A F#EE 18B (ADP-ribosylation
factor-like protein 8B) ; YAP: Yes#fl 375 |1 (yes-associated protein) ; CTSB: 41417 1§ B (cathepsin B) ; TBBPA: JH{R X F A
(tetrabromobisphenol A) ; NFX1: ## 5K FX & 454 HE 1 (nuclear transcription factor X-box binding protein 1) ; miRNAs: fif/NRNA

(microRNAs); ROS: 7itE% 2 (reactive oxygen species); MLKL: JRA&1% R EHAHNEEE 1 (mixed lineage kinase domain-like protein) .

4 EREREERRIRT AT R R

HCC & 2Bk A G T E 2R 2 —,
HIRIP A 2 PR AR, FenE XS 2 W fnia T
M 25 PE DT T SRS EEEA, 38 R D e el £
PEREIR HAS e E LS S st T, E R —FPr
MR TR . BAT, TR AR ] AR YT
FEMEAE SR A o 2 U, ST A i
S ANMIAET | B 1) 2 T R R AR LA B
il A 5 LA 41 e 25 A B R 45 55 2 S HVR 7 1) o
4.1 AFEARELMPEE G E L

Y AR B AR T Ao S I 24 Wy )RS e R S AR R
B, MR MG R T B AR VR YT R A SR R
P, HAEZ ik RGh B A B FAEE
YR AR EAT RSN 22588 58 2 T e YRR
PR, Rl RIRYT IR T R O B R ELAL
HAT, & EWgkesyishit RERMa8E: f5n

& N4k (lipid nanoparticle, LNPs) ., &
YW . BAWH KK (polymeric nanoparticles,
NPs) . & KA . TCALYN KL L K 40 K
7 LA, SR NG T RE R MR i A
BERr A MRS R A, i pHAE 77, R
Jiff L Ji 4 J& 25 (1% 2 (matrix metalloproteinase-2,
MMP-2) 7 B E SN RS an i 2T AR Y
pa AR ST RS TS R, RIS S ERAE
I 6B RTY . AT -REERYT . SERTUER- T A
Z R FARYY, SR PUIMRE RO, g I IR
HCCIRYTILARFEHE T HAR S HF .

VAP, 38 3R] FH AR A AR I i B 1) v AR 11
IMARAITROR . CBCHIZ SRR . Biln,
RN F R T TRAGIR A AT Rk, 1% BkL
AR BN TR M PR vh A R AR AR RN i, P BRABER
JEZERY, RS M ANEIE T Y X SR
AU AT A MR A b i e 4, Bk
TR I e 240 L ) S A o SR T P A OB M e 4 PT g



-616- EMUFESEYIRHR

Prog. Biochem. Biophys. 2026; 53 (3)

2 I AR SR, UG OR O R T, &
e TR, EEATH R, TEECXT IR, [ 415
SRS UER S AT T, PSRN LT A T R A A
1 i ) [0 BB IR, 7E HCC 20 s i g 13 2 2
ALY, WIRBERREYE, 53 LMP 5,
K CTSB B = Mo, B2 caspase-3 91 T2k
BRI 7 X — 1R AR HCC 4H M i A v iy
FIRM AT RR g, AR ™ s s IR T H
PR AT BEA T, S T AR S AU 2 4 i 2 7K
PG HERE ]

BB, R R 2 B AT RIS AT AL Tm IR
RIS B, AP SR AR Tl PR AT RE S i AN AL i
o YRR H IR AR AR, (RN
IEH PSR AR R v & U OB S5 A2 1k

EUR
1

WARAEFPA IR, #8A RE BN, SIkEIES
20 A B T AR A
4.2 AL E A ERBEAR

VS I AR B0 ) 2R B A% (lysosome-targeting
chimeras, LYTACs) J&—Fugi %A, 5&EH
[ fi ¥ ] #x & 1K (proteolysis-targeting chimeras,
PROTACs) K#fif1z R -E ARG, %K
AN BRI ) R A /b 1, I a2
LN RS AR R Al LT B, ARy 2R
PEAE T B G s T LYTACS H %5 it 14 ¥ 1) i
A ST R B RO 3 BB R Bl ot (K1 4)
LYTAC 43 ¥~ [ I 235 5 B2 2 1 09 Tl A 8 1) 52 44
e —=TeZ AW, MIifil & MAs & - A
FH, PHEEER s 36 2 BT TR 12

— Hifk
]ﬂj‘ ]iﬁﬁﬂ%
H
P N-Z. -
LSRR ] i ]N-ms
L, S e
e FFLHEE
AIAHEAILY TACs
o X
N @
) Efls
Ha A @
N ‘&Q
Pk s i
il )5 F bR 8 1 A
JiR/ A B R A cHE HAREARAE
SRR 24 = LYTACHT

Fig. 4 Schematic diagram of lysosome—targeting protein degradation ( LYTAC ) technology
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Abstract Hepatocellular carcinoma (HCC) is a lethal cancer with high morbidity rates worldwide. It is a major
threat to public health in China, due to the combination of known and new risk factors, such as endemic hepatitis
B virus (HBV), dietary aflatoxin exposure, and the occurrence of metabolic dysfunction-associated steatotic liver

disease (MASLD). Although many methods for surveillance and multimodal therapies, such as surgery, local
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ablation, transarterial therapy, and new systemic agents, have been available, the survival rates of HCC remains
poor. They have very limited durable responses, long post-treatment recurrence rates, and high resistance to
treatment. This reflects an imperfect picture of the biological cause of the disease and a need for new mechanistic
or targeted techniques. A significant characteristic of HCC, in common with other aggressive cancers, is the
presence of reprogrammed, hyperactive cell metabolism. Tumor cells hijack metabolic pathways to promote their
uncontrolled growth, stress survival, invasion and metastasis. While classical mechanisms such as the Warburg
effect, lipid metabolism and glutamine utilization have been understood, the lysosome, which was once viewed as
a static “waste disposal unit” to remove old organelles and proteins, is instead a dynamic signaling and metabolic
core. The lysosomes incorporate nutrients, energy and stress signals by master regulators such as mTORCI1
(activated on its surface) that balance anabolic growth and catabolic recycling to the cellular demands. In HCC,
lysosomes are not passive, but are highly active and dysregulated. HCC cells upregulate lysosomes, which
scavenge intracellular components via enhanced autophagy and engulf extracellular proteins via
macropinocytosis, crucial for survival in the nutrient-poor, hypoxic tumor microenvironment. In addition to
metabolism, lysosomes exhibit pro-invasive functions by secreting hydrolases to remodel the extracellular matrix,
promote angiogenesis, and suppress stromal immune cells to foster a pro-tumor microenvironment. In a clinical
context, lysosomes play an important role in therapeutic resistance: they sequester and inactivate
chemotherapeutics via lysosomal sequestration, and enhanced autophagic flux protects the cell from therapy-
induced damage, contributing to relapse, as lysosomal dysfunction is a key cause of treatment failure. This makes
lysosomes promising yet challenging therapeutic targets in HCC. Recent preclinical and early clinical studies
investigate multiple strategies to exploit the susceptibility of lysosomes: lysosome-specific agents, alkalinizing the
lysosome lumen or inducing membrane permeabilization and lysosome-dependent cell death; pharmacological
inhibition of key lysosomal enzymes or autophagy to impair nutrient recycling and stress adaptation; smart
nanotherapeutic agents or antibody-drug conjugates, specifically activated in the acidic lysosomal environment or
utilizing lysosomal pathways for efficient intracellular drug release; and combination strategies of lysosome-
targeting agents with tyrosine kinase inhibitors or immunotherapy to overcome resistance and achieve synergistic
antitumor effects. In summary, our review systematically presents the role of lysosomes in HCC, from metabolic
reprogramming and microenvironmental adaptation to therapeutic resistance. By synthesizing the latest
mechanistic insights and preclinical advances, this review highlights the indispensable role of lysosomes in the
complex HCC biological network, emphasizing that an in-depth understanding of this dynamic organelle holds
great promise for developing innovative, targeted therapies, offering new hope for improving the poor prognosis
of global HCC patients.
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