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Fig. 1 Typical characteristics of dormant tumor cells

B1 B BhyEE 40 A ) B B 45 1E
4RI T A DR IR A 98 41 R 2 b 41 R ASS TR m 2 J 0 ) ML 76 )3
NEPEFRAE, ALHE . dH MR A S AR A ] (MDA-MB-
231) U8 fRigFE W (MDA-MB-231. HCC1954. A549) 192 4
IR VERSTE (MDA-MB-231. HCC1954, A549) 1'% 2 i1 R
7142 F (MDA-MB-231. HCC1954) [ 1y k3% (7L AR 8
DTC) ), LIBIAIFTZIE (A549) 2,
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JEIR s . an, N = BA P FLR S 4 R MDA-
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— X7 GOIE GLID) " ERlHl, 1% O, ik
AAFERTAE 24 h N B 5 R HER T (forxhead
box protein, FOX protein) O1%:; 2%, PEM
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W 2 BN, RE AR R BRIV iR BT 4 4
(rat embryonic fibroblasts, REFs) 7E 48 h i) Bl 4k
S, GO/G1 40 LE i A 60.8% 3 2 80.4%,
P R AT Y WEAR A, GO WS
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A AR XS, AU IREAA R ), 0523
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¥ 2a (eukaryotic translation initiation factor 2
alpha, elF2a) FWEMR L 1E ZARBIFE KT FEAG T 72
HORTE T OCHER . VBN elF2 B G dE 2L 5
elF2a Y36 P 32 SR T H: SerS51 0 3 A5 R LR
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HIRNAZ5GIRE T, DI BELAS B PR 45 52 5 0 1Y
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BT RFEREAER ' 2 B MR L5
Y A WE/MA  (autophagosome) TE G, 612 24t
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(F 225y 24300) o 20 W JR 00 %) i 2 el ) B 2R
(cyclins) 5 Ji 9 88 A K i P BB (cyclin-
dependent kinases, CDKs) J¥ B (1) & & 14K i
P 5 GO W= AN A Z A B B, Ar kR gt AR
W%, 2B A GO A Y OCEEAE T4 il CDKs i3 1,
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dependent kinase inhibitors, CKlIs) p21 #p27 7E It
AR RIEEZER O BRI, p21 it B
%54 I3 % CDK2 F1 CDK4, BH 1l 2 g L G139 1
A S, [F B E g A B G A0 A% bR
(proliferating cell nuclear antigen, PCNA) i i
DNA Z il s 7 VEAuEdE, MBI R 4 38
T EKF p21 Rk . CDK2 TE MY 24 ek
PLRAR KB R B AL =0 ML Z R, p27ifid
P Cyclin E-CDK2 & &4 2. & FH 1 G1 1171 S 1Y
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T Cyclin A RIAAK-, 30 S B4
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TESE RN, 246 5SS SREE A
M T . CAMER], AR5 c-Jun

R IEF (c-Jun N-terminal kinase, JNK) 751k,
MM F 4 Caspase-3 N Caspase-7 25 F 5 - K K )
Tk, WASEAUMEET @ 1A, SR REAE
HEAN AL (LR C ARSI 3 in Bax/Bel-2 WY LUAE, M\
M 51 & & ki 4K B& H, f7 (mitochondrial membrane
potential, MMP) &2k, I RARN F I T
HH

SRIT, SR AU IRE At LAk T IR HRR 2R mT a1
T2o WFFE R, ORHR A RE 20 At il RE i 2 Fh e
MU R TR 2Pk, 65 a. BOE AL
TGRS AN A RN B (1, dERR AR
b. 5 4 A2 AL LR 06 128 (reactive oxygen
species, ROS) 7KF-, 520 R T-AH G5 530 1
c. A 3RE A i W R0 K At S A0 AG Ay A, DA R AR
DNA 5 T IR T {5 5. A, SR B dupe
T8 A S BT T AL A A g T o, o
HIF-1lo 753X — i F2 h R 2O E . BART &,
HIF-1ouid it LA 22 R AL ] R W Bk 075 S i M 1A
51 a. HIF-lo AIMHIZERAAR AN (03 C ORI, I8
/DROS =4z, IR A N5 5 Tk, AT
HISS T {5 S f% e ; b, HIF-1o A 305 AKT (55
W, SEMAP I JH TN F Bad 1975 PE; ¢ HIF-1a
(A3 B R 1T 1 Bel-2 Fl Bel-XL AFL I8 T8 11
K-, [A A 3# Bax Al Bak S22 7 7= 25 (I 3k,
NIRRT i F =R 2 N Sy N |
T2 BRI, BN TP T AL A E PR R
AR B E RSB, MR — 2T
23 AMPK: SRETHEEEIFEZOETF

AMPK J& —Fl A6 PR 5F 1Y) 22 2 1R/ 75 2 2 76 1
Al , WAV BRI CIELER . TERE
AL (B0, ATPIE/>E AMP/ADP £
B, AMPK 930S ' BrEESRMET, dipftst
B EZR, OXPHOS A, fEfE AR 2,
M fiih A2 AMPK FR380 o 33X TS 7E Bk 48 2 1Y
JIek e 210 AR B 2 v 2 4 DG B g et SRRy RN
Mo B4, AMPKIELIIH mTOR(F 5@ #%, KA
AU A ACISS B fr,  BELUTZH BRSO, fol 4 5=
THERE (Go/GLID) . [FEF, AMPK T fL
AL RROE A IS R e (np27), AR
IRIRAR A 44y 7, HR, AMPK A
i FETE B R AT T FRARZOR A R, JF g9 4
PGP IRBREARE AR R PRI Jie e 40 B ) 4 I A0
PEALRER S HF. AN, AMPKGE i I ROS 4= i
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Fig.2 Overview of the molecular network of hypoxia regulating tumor cell dormancy

B2 GREVEHE PSP ORER Y 4 F M) 4 48T i
BEGE BT HIF-10f5 5, WSROSEUR . fUgHIH (OXPHOSFEAL. MHEH#ZIR) . AMPKIG{L, LAKPD-1/PD-LIA- Ry Geikite, feit
U yes 240 M A AR o [FIE, MAPKGE By IR e (ERKARTE PE/p38 it ) 5 p53. FOXO3ANMY L, JL[m] 9K 2f 4 M J& BABE W, 4ERF
GO/GUI . HeAh, BRAINHIPIBK/AKT/mTORTE, WA BTA AL, BRAIANAIGTT S ACHNG M . S (5 e A0 M R 0T . AR
I EABA AN BT kiR S 2 A R P EE R, R A A AT AR RARAR S o Ras: BRIRRDG 2R L TN W) IR
(rat sarcoma viral oncogene homolog) ; Raf: PGHEMIHLF4E R (rapidly accelerated fibrosarcoma); MAPKK: 2024536 1k A8 FH B
B4 (mitogen-activated protein kinase kinase); ERK: ZHIEAME 5815304 (extracellular signal-regulated kinase); Skp2: SHAM(ERFHICH
[12 (S-phase kinase-associated protein 2) ; PI3K: 5 EELEZ3 7% A (phosphoinositide 3-kinase) ; PDK1: B Jig B LB AR #6128 11 3 1
(3-phosphoinositide-dependent protein kinase-1) ; AKT/p-AKT: £ [ 3 fiff B/ 2 fk 1) 5 1 L i B (protein kinase B/Phosphorylated protein
kinase B); PHLPP. PHZ5#I & &5 & R 5 & )7 5 & MWL (PH domain leucine-rich repeat protein phosphatase) ; p21: 2 Jif &l 4145 (4K
i 984 I ) I 7 1A (cyclin-dependent kinase inhibitor 1A) ; GILZ: B i £ iF S &M PLHEHE 1 (glucocorticoid-induced leucine
zipper); FOXO3A: k&5 HF03A (forkhead box O3A); Rb: MMIBEEEANIFEEE 1 (retinoblastoma protein) ; p27: 4 Al & 114K
A S I ] T 1B (cyclin-dependent kinase inhibitor 1B); Cdk: 2 it J&l 1 8 AR 61 3485 (cyclin-dependent kinase) ; Cyclin D/E/A/B:
cyclin D/E/A/B, D/E/A/BHY AN J& ¥ 5 4 ) ; B2F/p-E2F: E2F #% 5% X F/#% 12 1L i E2F  (E2F transcription factor/Phosphorylated E2F) ;
P38SMAPK/p38a/p38y/p385: p3SHE 4324 I G Ak il 2 1 o ik 1 S Hio/y/S WA (p38 mitogen-activated protein kinase and its alpha, gamma, and
delta isoforms) ; JNK: c-Jun%d #& Vi i B (c-Jun N-terminal kinase) ; Becl-2/Bel-xI: B2 Jifg bk 98 2/ K 2 1 (B-cell lymphoma 2/B-cell
lymphoma-extra large) ; Bak/Bax: Becl-2[REFEHTIA F/HIEXE I (Bel-2 homologous antagonist/killer/Bel-2-associated X protein) ; ROS: I
428 (reactive oxygen species); HIF-la: {255 M F 1o (hypoxia-inducible factor-1 alpha) ; PD-1/PD-L1: FEJFPEAET 321K 1/F2 7 15T
T-Z WML 1 (programmed death-1/programmed death-ligand 1) ; AMPK/p-AMPK: AMP{& f (1) 8 (5 4 /B 2 L 2 X (AMP-activated
protein kinase/phosphorylated AMP-activated protein kinase); TSC1/2: 4535 1Ef#{LE G471/2 (tuberous sclerosis complex 1/2); Rheb: & 4E
HRas[A] YR & 1 (Ras homolog enriched in brain) ; GTP: & =2 (guanosine triphosphate); p-MTORC1/2 (phosphorylated mammalian
target of rapamycin complex 1/2, BERILINTRMBERLEAL GIK1/2); p-S6K: BRI ARTE FIS6HM (phosphorylated ribosomal protein
S6 kinase); GLUT: #i#jHlishi2E 1 (glucose transporter) ; TAC: —IRIRIGEIR (tricarboxylic acid cycle). p-AKTH11#47355308 B4t 3 H:
PIABERR LA 45 Serd 73 A1 Thr308 .
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FINBCE W8, 2 A A o i R 4 3 7
5, AMPK 5 HIF-1a WREIVEHT, 755 i 40 i
FEIR GIRIRAR DGR IE R (g B 53— Fn e i B 22 5
M), SRRy B R A A e
et .
2.4 PI3K-AKT-mTOR i i

FEBA ST, PIBK-AKT-mTOR 3 % 17 il J2&
e 240 B AARBIRCR S (R DGR pL 2 — . filan, 7¢
Sk 200 5 0k 40 il 958  (head and neck squamous cell
carcinoma, HNSCC) HMRHRIIE A, 2 i
P O uE S BT AR ™, F5 Lk, AKT
&b AGC % 1 34 % J%¢  (protein kinase A, G,
and C family, AGC) [J— 5t #aE T MR Bk
KiEST MW A WP aE (glucocorticoid-induced
leucine zipper, GILZ) [k ™, il FOXO3A
FF LR p21 97K, DT AR 2 40 A R IR 25 4
™ AEBEE, GILZ AMUAE R PIBK-AKT i
BN o, S AKTHI AL T —A st
. BLAh, AKT i M By 306l i fe i fi & 3% K A=
£ [ F % 1K (epidermal growth factor receptor,
EGFR) 1 Sp@mafb, 283009 240 i i 1 58
(G I

AKT B3 P IR AHORE T HAE 4 07 88 1 B 2
e, Horp PI3K AR VEEE PDK 1 67 57 95 R 1L
Thr308 "/, 1fi mTORC2 i 5T B fk Serd73 77, 1
PR AKT 38 o 1 5 A 5 i e (2 1k HIF-10 Y2
K, 1 HIF-1a (3 2kt — 2R T AKT K4t
Ho VR (extracellular signal-regulated kinase,
ERK) MYBERR LA o ™ fEEESAMET, i
qf M 8 ok BOTE # A M FY iz R 1 (glucose
transporter, GLUT), W54 i i A5 M A HEA0R
M RS E B A RE L TGoK 7. AKT BT Pk
B BT WA R R A . BN, sk
DX 5~ E2F i i % SsEHCRL R | 3 AKT B9 3R 35 F19E
PR T PH 25 A 1 R E R T B R
fif  (PH domain leucine-rich repeat protein
phosphatase, PHLPP) | 38 i HC i /% il 1% 1 2 i
AKT Q3% "7, oAk, PI3K-AKT i % i % 18 1 14
5% Skp2 A% sk AR e PE, IR L H K B
Skp2 11 = ekl FEREE p27 K- T RS, X T RE
S B S I e

£ PI3K-AKT-mTOR 3 [ i) &5 T A8 hz 43
¥, mTOR 7R HR K 2% 47 38 1 oL P55 A (o

mTOR # i I BB AP DI REA R A2 54, Bl mTOR
2 4 % 1 (mTORCI) F1 mTOR & & ¥ 2
(mTORC2), Z5{F %S . mTORCI @I w21k
S6K 1 Y= Bk as, M mTORC2 25 AKT
FRAL RS ' AMPK AR M RE =B T, REASIE
i ZFHLEIFZ I mTOR (36 M. Bilan, AMPK @it
B H mTORCL {4, ol 4 38 1 il 1R 1k 5 BT
TSC1-TSC2 & & ¥y [al 5 #0 # mTORC1 **), 4K,
H Al B = E HESE % B TSC1-TSC2 B &Y REHS
P mTORC2 ™, JbAk, AMPK % mTORC1 (1)1
PR RetgEsE bR A mE, NI AR e i T
K, SCRPAME ARIRIRES 5,

25 RAREFEFUMELRHE (MAPK) @K

MAPK % % (75 #i Ras-Raf-MEK-ERK 3@ % )
o K IS 5 R s bR A B ARG 7 AR R
ERK MAPK/p38 MAPK {55 Lt 5 (1) B A & 175 S b
JeR A ARBRIRAS R GBI 2 . ol ARBIR Sk 25
W98 AiE HEp3 21 A o 7 1 2K i) ERK MAPK/p38
MAPK 38 5 SIS 7E 24 90% 1 AR HIR 28 24
MR (EFGEZLME . AusI e . REEE . DNEE
MY RS ) I IR 7 ke R [ AR
1k 9% A S 5 40 B Ah JE i (extracellular matrix,
ECM) H () bR U Bk 789 2F 75 1l )5 6 7). (urokinase-
type plasminogen activator, uPA) K H 52 {k
(uPAR) E G E AR ZDIAEE ™,k —2
W52, p38 MAPK i i i I pS3 Flpl6
F S DU AR R & 1 DL, e AR
0 928 240 B gk 2R R IR AR . 4R, p38
MAPK £ A [ 37 8 7 PR R 8 4 vp & A [l 4R )
p38au il p3&y il 4t SR AR, 1T p388 IR B 13
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Abstract Dormant tumor cells constitute a population of cancer cells that reside in a non-proliferative or low-
proliferative state, typically arrested in the GO/G1 phase and exhibiting minimal mitotic activity. These cells are
commonly observed across multiple cancer types, including breast, lung, and ovarian cancers, and represent a
central cellular component of minimal residual disease (MRD) following surgical resection of the primary tumor.
Dormant cells are closely associated with long-term clinical latency and late-stage relapse. Due to their quiescent
nature, dormant cells are intrinsically resistant to conventional therapies—such as chemotherapy and radiotherapy
—that preferentially target rapidly dividing cells. In addition, they display enhanced anti-apoptotic capacity and
immune evasion, rendering them particularly difficult to eradicate. More critically, in response to
microenvironmental changes or activation of specific signaling pathways, dormant cells can re-enter the cell cycle
and initiate metastatic outgrowth or tumor recurrence. This ability to escape dormancy underscores their clinical
threat and positions their effective detection and elimination as a major challenge in contemporary cancer
treatment. Hypoxia, a hallmark of the solid tumor microenvironment, has been widely recognized as a potent
inducer of tumor cell dormancy. However, the molecular mechanisms by which tumor cells sense and respond to

hypoxic stress—initiating the transition into dormancy—remain poorly defined. In particular, the lack of a

# This work was supported by grants from the Talent Introduction Program of Xihua University (RX2200003672) and the Sichuan Students’
Innovation Training Program (SA2400004201).

## Corresponding author.

Tel: 028-87723006, E-mail: fujia@mail.xhu.edu.cn

Received: February 17,2025 Accepted: June 7, 2025



2025; 52 (9) B, %: ERENEEBKARNTIES S TRME 2279

systems-level understanding of the dynamic and multifactorial regulatory landscape has impeded the
identification of actionable targets and constrained the development of effective therapeutic strategies.
Accumulating evidence indicates that hypoxia-induced dormancy tumor cells are accompanied by a suite of
adaptive phenotypes, including cell cycle arrest, global suppression of protein synthesis, metabolic
reprogramming, autophagy activation, resistance to apoptosis, immune evasion, and therapy tolerance. These
changes are orchestrated by multiple converging signaling pathways—such as PI3K-AKT-mTOR, Ras-Raf-MEK-
ERK, and AMPK—that together constitute a highly dynamic and interconnected regulatory network. While
individual pathways have been studied in depth, most investigations remain reductionist and fail to capture the
temporal progression and network-level coordination underlying dormancy transitions. Systems biology offers a
powerful framework to address this complexity. By integrating high-throughput multi-omics data—such as
transcriptomics and proteomics—researchers can reconstruct global regulatory networks encompassing the key
signaling axes involved in dormancy regulation. These networks facilitate the identification of core regulatory
modules and elucidate functional interactions among key effectors. When combined with dynamic modeling
approaches—such as ordinary differential equations—these frameworks enable the simulation of temporal
behaviors of critical signaling nodes, including phosphorylated AMPK (p-AMPK), phosphorylated S6 (p-S6), and
the p38/ERK activity ratio, providing insights into how their dynamic changes govern transitions between
proliferation and dormancy. Beyond mapping trajectories from proliferation to dormancy and from shallow to
deep dormancy, such dynamic regulatory models support topological analyses to identify central hubs and
molecular switches. Key factors—such as NR2F1, mTORC1, ULK1, HIF-1a, and DYRK1A—have emerged as
pivotal nodes within these networks and represent promising therapeutic targets. Constructing an integrative,
systems-level regulatory framework—anchored in multi-pathway coordination, omics-layer integration, and
dynamic modeling—is thus essential for decoding the architecture and progression of tumor dormancy. Such a
framework not only advances mechanistic understanding but also lays the foundation for precision therapies

targeting dormant tumor cells during the MRD phase, addressing a critical unmet need in cancer management.
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