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(O AEREIEASRRAARA A ) B BRI, 8 A TR
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Fig.1 Schematic diagram of programmed frameshift
translation, degradation effect and dynamic regulation
mechanism of OAZ1
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ORF: JFFJi [# 2 4E (open reading frame) ; ATG: iz If % i F
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H o] 19 6 2 & I I 25 25 11 2B B (heparan sulfate
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T 3R AR F % 22 AL 51 16 (solute carrier family 22
member 16, SLC22A16) . A3 HLIHE 74 iz (R 5%
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£ eT o ATP B 13A2  (ATPase 13A2,
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Fig.2 Schematic of the molecular mechanism of the mammalian polyamine transport system
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HSPGs: #itlg LIk 1 E M (heparan sulfate proteoglycan) ;
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LA AR A1
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N'-acetyltransferase 1) ; SLC3A2:

amino acid transporter )
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i, OAZIATREIDHIAMEM: 2 M, $2m I
s MEIThEn] 5 ODC IR ThREA 238 112 >0,
OAZ1 X} PTS APl HAT PL . Af 8 fl X % 3
PEVESFRE A RBRZHHIHEL AZIN FiE R RIS
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OAZ1 417 ODC 255 /B it 5 A R e iz T il i 4544
FEREIEATE AR, AR KA B OB T e
ANTRI g L et

AR R, ZH05 51 0AZ1 Rk
A RESEHAN G PTS M EHZAG L IR . AN Z Bl
YT OAZ1 —RALINRE 15 Hofh & 22 b U 15t
Ml aE 1 B FEM:, BEIH OAZI AR Z I
SR Y, el R A AR — R £
ARSI PTS 161k B Ik, OAZ1 AT#iA A
AN N 22 e AR A 5 AN 22 Fre B iR 32 1
KR T o

X — ML 5 e A B A DI AH G o e 4 it
S PR . R A AR S BT R, R
FEI 0T 22 eI N7 1) e BEARS . Y OAZL ik F%
fiK . =R AL S s 0 D re w55, s L T g bk
AZIN1 35 3k M2 AZINI RNA Z 58 25 F F 45 0,
Al B 55 OAZ1 X ODC 43 32 i i s s, 1)
RE M) 4252 i X PTS B BRI MR (o1 529 7 3
LS %R (difluoromethylornithine, DFMO) %
LA AR FIEF T, B8 20 i 38 nl 38 i 3 5
PTS /™ B ERBOR AERE 2 i K-, AT 1 55
BAALH A R W T s LTS Rk, OAZI-
PTS R AR B — Y08 S, T e 22 e (e
P ARG RGN 32 Y E BT FE At

4 OAZ1-PTSHK1E., MBS EREBHER
BITEL

ARSCTFR OAZ1-PTS il 248 LA OAZ1 A= B 17
R YIRE R SR A HE A R . OAZL
AT ODC A MY Z A A, X T BRI PTS /-3
B AMIEIE 2 et B . OAZ1-PTS %ih 2k i ] i fith g 44
Jit [ B 38k PR 2 e B ORI MR 2 B ER L, DA
AR R E A KA H, g 4 it 4 2
Z WK LS 2 —. SR, 7ERFE P,
OAZ1, AZIN1, ODC DL K Z gk iz FANER 5
SRS ERERIPARE S —E, MR TSR
AR

SR T, MYCN UL (MYCN proto-
oncogene, MYCN) Rl Mg 2RI A Z e &
BRI B % 4 TR AL A5, AZINT i 36k sl iR T
FIWLE (adenosine-to-inosine, A-to-I) RNA % f&
HH O B R 5 2 3 i s OAZ 1 X ODC 1 i S A4
Wil A 3EVER, IF AT RIS I OAZ1 %) PTS By BR i
YEFS, T30 4 e D) 38 1k ATP13A2/ATP13A3/ATP

fii 13A4 (ATPase 13A4, ATP13A4), Ll M 5
SLC3A2 #CH) DAX FEFL 12 R48 . SAT1I A 1Y &
ik 2 e A i S ANHESF =X, S R AN
KA AR BRI LS . BRI, AST7HE AR 2
RURE SEERIATT AL IS Z 10T, 18 OAZ1-PTS il
A IR 22 Wi A I T8 1 % 22 i BEL BT 3697 v 119
V=Y

4.1 OAZ1% RIRfRR 5 IPIE & R AR B 7 B

FEABRAET . M 2R T T e iF OAZ1
+1 PRF, ¥4 K iEtE 0AZI EH AN, M5,
OAZ1 —J7 T il ODC 7% P -2 gk Hi AR v R AR i
PEEE IR, AMIBEIR IR 2 e &, S —
5 T A PRI PTS 164, R AR 22 B4R
X BRI “ Z KT R -OAZL Rk ik-%2
Je - BRI R B T A AT A

V96 £01 B ] 3 5 22 R MIL AR 1 55 LR 2 R A £
Rt AZINI A SE4rk 254 OAZL, BHIET OAZ1 Xt
ODC Wyl R ;. FEFBor R, AZINT 3%
KB A-to-1 RNA % A] S5 AZINT ({2 I DI fE
BT HIL 55 OAZ1-ODC 43 32 1 67 S it i if] 10
T OAZ1 [FAf 25 PTS sl , AZIN1 5% 1]
B AL PR T R A DI RE A OAZ 1 7K - Sl 1 i [ 422
IR PTS P44 .

Bk AZINT SE - PEFSPLAN, OAZ1 H B ikK
L R TR B GRS AR A 2 52 i 22 B U
Tto FEAE/N MR NCI-H157 481, OAZI it
KRB MR i A il ek 55 sl B e, IfR 2
JHie 28 L) N N'- XL 20 3 25 HORS e (N, N'-bis
(ethyl) norspermine, BENSpm) %41 fifd Py £ 2 Al
Bk S FERTA IR DUL4S b, 205 S
OAZ1 — Ak 55 15 Bz A1 7K frig 5% B4 o) R B AR O
$ER OAZ1 RS GARAS T e oA J: PTS KAz
Hl AR Sy 52, X EERFSE N OAZ1 HiEZ 5 PTS M
PPt T EEOIRRUEYE, (X —E5e N E E M
2T I 2SR

TRITBERR I BT S 2 AR U % . DFMO
LN AT A ODC FEARZ e & hit, F g8 241
RIS PTS A A M 22 I HR LA 4 -5 P 22 i
AKAF, DN 55 B a0 i 5 B SR W i 7
Rk, T OAZ1 B4 FEPE it o RgE, T A B
Z MR RYT R AS BRI R T ODC i, i g
% J& R B BHIBT ODC A1 3 19 PR VR & LR PTS A3
PISMEMERRI, RIS AT RERLIL OAZL X Z i & il
PR R 71 S D RE



2370~ EMUEEEYIEER

Prog. Biochem. Biophys. 2026; 53 (9

4.2 A EIEHROAZI-PTSHI R E LRGSR M

N[ g XF OAZ1-PTS il M AH X Z2 g 25 0 4%
AR i R S B O AN A TR) . MYCN ™ 3 4
22 B2 RS SR PO MY CN B 50 11 22 e 5 i 44
5 e Z2 e he MU A% 5 i AN 0 BRI B 78 R OAZ L
3 PTS Uil T8 H M tnenEds; 2k
F 1ML 0 45 1 9 ) == 295 S DFMO &b B 5 119 7

s AU e AZINT 598 A OC I 2 e e s ol 2z 5 4
Mg R C WAL Z e S HERT 2 5 e s, FLAR
S, TR RN 1 R iR SRR e — 2D U,
iz AR S B IR S A0 | AN X 2 AR BE
2T . AN F P 2 T OAZ1-PTS il XA ¢
2R . G SRR LR 1.

Table 1 Cross—tumor comparison of dysregulated OAZ1-PTS axis and related polyamine transport/metabolic nodes

R1 AREMEZEEGFOAZI-PTSHI K HX & /R FENER LR

JibyRg il OAZIMAZINI R RZS

2 e 1a AR S B R S BT AR B SCHR

MYCNY #/ 5 fa 4 MYCNIRE) £ i A i E; OAZ1FIAZINT 5

REL R I EPAEE A R
/NGt i fiti s OAZ1FEAKTT I §9PTS S As 4], AZINT 75
Al EIRTIOAZ 1 H [ 15t
A5 e OAZI G AN~ FAIRZS S5 PTS S A il AH ¢
=S Nk OAZ MR8 Mk Z REWF 5T

EENEN 7)) AZINT RNAZw 45 5 g it g FIAS [ TG RO

JH- 41 g AZINI RNAZw 0] 5 550AZ1 91 = 5
BN OAZ1FIAZINTF V2R S5 12 478 Y 1 A 1
Ji R OAZI B AR A IR

M S OSFRIE  OAZI B #:1EH A i

0scC

ATPI3A3RISLC3A2MH IR B B I 55 ATPI3A3S 53 [17, 54]
fith X DFMO 5 [¥1 2 i Y

OAZVIRAS 5 M BENSpm %% 22 [ ) 1) 0 HURN 25 AR 16, 56]
OAZI = FAC S RE e« A e BB AH
DFMOA] 5 A ME 2 5, AMXT1501 A 4%
L B, SAT1-SLC3A2/DAXAH AR fit 2
flckads E

SATIN G Z. AL Z e/, SLC3A2MISDAXFER S [14, 44]
AR B G P40 )

ATPI3A2. ATPI3A3 fl ATP13A4 £ W A 4% &t 1 I #% 5 [40, 59]
ATPI13A4TT 4 58PTS I

[52]
[57]

it F
5% [15, 58]

&
5%

ATP13A3 } Caveolin-1%: 55 £ i B 4% [36]
Z AR R, RS R SRR K esE i [45]

UEES

OAZl: SEFRIIFRAIYIAEL (ornithine decarboxylase antizyme 1); AZIN1: HUEEME| A F1 (antizyme inhibitor 1); PTS: ZM45is R4
(polyamine transport system) ; MYCN: MYCNJRJ#3EFE (MYCN proto-oncogene) ; ATP13A2: ATPi13A2 (ATPase 13A2); ATP13A3:
ATPRi#13A3 (ATPase 13A3); ATP13A4:. ATPR#13A4 (ATPase 13A4); SLC3A2: IAM#EIAFIEIMN 512 (solute carrier family 3 member 2) ;
SAT1: VK5 M/ BN - Z Tt 5% % B 1 (spermidine/spermine N'-acetyltransferase 1) ; DAX: X AMHEFE 12 &2 A 1K (diamine exporter) ;
BENSpm: N N"-XZ3:FHF5E (N',N'"-bis (ethyl) norspermine); DFMO: 335 % #Z (difluoromethylornithine); OSF: &%
R £F4EfL (oral submucous fibrosis); OSCC: [JEE#IR4NMI%E (oral squamous cell carcinoma) .

A IR W, A B4R e 2 et e
HIRI P AL R B L T I B 2 — . MYCN
9K B A i 40 i A A JH ODC 45 £ Jiie 4 A 56 3k
K, b Al 358 SLC3A2 45 2 e e i AH 53l [ .
AR IE 3 — A0 R0, ATP13A3 2 45 B 4 it 93
Z M I BT B ML A s ATP13A3 @Ikl B AIK
Sl S DFMO 15 5 19 Ji e/ A Rie 5 30, I 15 9
DFMO X 21 A= 1 A e IR B I/ E F 7

FLARIE AR AR AR GO 5 7R, PTSHOB AT
U2 R A SRR S . FLARIE B, ATP13A2,
ATP13A3 Fil ATP13A4 1] GETEA [R] 737 74 ok 48
ANTE ) 2 e R A T T Re e R P
ATP13A3 A2 F AR i 20 i 22 g i ¢ G et
SE0ULH, ATP13 ZG A 5t Z [ I FHE T H g D RE T
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Table 2 Representative therapeutic strategies targeting the OAZ1-PTS axis and related polyamine homeostasis networks
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Abstract Polyamine homeostasis is tightly coupled to tumor-cell proliferation, metabolic reprogramming, stress
adaptation, and immune escape. Ornithine decarboxylase antizyme 1 (OAZ1) is a central negative regulator of
this network. When intracellular polyamine levels increase, the ribosome shifts one nucleotide downstream and
switches to a new reading frame during translation of O4Z/ mRNA, thereby enabling the production of the full-
length active OAZ1 protein. OAZ1 then restrains polyamine accumulation through two complementary
mechanisms. It binds ornithine decarboxylase (ODC), inhibits enzyme activity, promotes dissociation of the
active ODC homodimer, and facilitates ubiquitin-independent proteasomal degradation of ODC, thereby reducing
endogenous putrescine synthesis. In parallel, OAZ1 suppresses the polyamine transport system (PTS), limiting the
uptake of extracellular polyamines that may compensate for reduced biosynthesis. Recent studies have reshaped
the concept of the mammalian PTS. Rather than a single plasma-membrane transporter, it is now viewed as a
multicomponent and compartmentalized network involving cell-surface enrichment by heparan sulfate
proteoglycans, caveolin-associated endocytosis in selected cellular contexts, endosomal or lysosomal escape
mediated by P5B-type ATPases such as ATP13A3 and ATP13A2, vesicular storage mediated by SLC18B1, and
acetylation-coupled export mediated by spermidine/spermine N1-acetyltransferase 1 (SAT1) and the SLC3A2-
associated diamine exporter pathway. These findings provide a broader framework for understanding how tumor
cells maintain high polyamine availability even when synthesis is pharmacologically inhibited. However, several
fundamental questions remain unresolved. The direct PTS targets recognized by OAZ1 have not been identified,
the structural basis by which polyamine-induced OAZ1 dimerization contributes to transport inhibition is still
unclear, and the relationship between dysregulation of the OAZ1-PTS axis and therapeutic responses varies
among tumor types. In this review, we summarize the molecular mechanisms of OAZI polyamine sensing,
programmed frameshift translation, ODC inhibition and degradation, and feedback control of polyamine uptake.
We also integrate recent advances on ATP13A2, ATP13A3, ATP13A4, SLC3A2, SLC18B1, SATI, and related
transport or export modules, and compare their alterations in neuroblastoma, lung cancer, prostate cancer,
colorectal cancer, hepatocellular carcinoma, breast cancer, pancreatic cancer, leukemia, glioma, and oral
squamous cell carcinoma. Particular attention is given to tumor-type specificity. MYCN-driven neuroblastoma
appears to depend on both enhanced biosynthesis and compensatory uptake, lung and prostate cancer models
provide functional evidence for OAZIl-dependent feedback repression of uptake, hepatocellular carcinoma
highlights the immunological role of acetylated-polyamine efflux, and breast and pancreatic cancer studies
suggest nonredundant contributions of ATP13 family members. Finally, we discuss translational strategies that
aim to mimic or restore the dual negative-feedback function of OAZI, including difluoromethylornithine
(DFMO), AMXT1501-based polyamine blockade therapy, ATP13A3-directed intervention, targeting of AZINI-
OAZ1 antagonism, and modulation of SATI1-SLC3A2-associated acetylated-polyamine export. Future work
should combine transport assays, interaction mapping, spatial omics, metabolomics, and immune profiling to
define actionable biomarkers, such as OAZ1, AZIN1, ODC, ATP13A3, SLC3A2, SAT1, and tumor polyamine
signatures. Such biomarkers will be important for selecting patients, monitoring target engagement, and designing
combinations with chemotherapy, targeted therapy, or immune checkpoint blockade. A better understanding of the
OAZ1-PTS axis may support biomarker-guided patient stratification and rational combination therapies targeting

polyamine dependence and the immunometabolic tumor microenvironment.
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