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Fig.1 Typical characteristics of dormant tumor cells
E1  fRAR PR £ B ) B BY 454

TR 475 S A DA R 8 40 i 7 22 o 40 A28 v s o 08 1 AL 951 )55
BEPERRAE, GG A0 JE 45 S AR A RS L (MDA-MB-
231) 8] fRigf & (MDA-MB-231. HCC1954, A549) 19 |
TSR HEEE (MDA-MB-231. HCC1954. AS549) 1'% 2 hiT-fig
71 F+ (MDA-MB-231, HCC1954) ') | # 5 pk ie ( 3§ o
DTC) ', PIKIAITMiZHE (AS49) 21,

1.1 ZHRaEHREE

S AR T P8 20 AL IR ) S AR AIE 22— 4 i
JAAR R . Ban, N =B FLAR R 4R R MDA-
MB-231 7GR E R T 24550 T GO/GLIY, Bk
HE—2 X7 GO WIS G ™o e, 1% Oafy ik
FALFE R TR 24 h N5 XCKHES B (forxhead
box protein, FOX protein) O1 4%, =4 itz ,
M2 il (granulosa cells, GCs) # A GO/
Gl > Al ARE AR R BRI G AT 4k 41
fitl (rat embryonic fibroblasts, REFs) 7E 48 h [k
FALILSE . GO/GI A A LE 1 A 60.8% 3 2 80.4%,
R BB AERKASEE  WERE IR AR, GO s
Al RE s th 2 AR P RIVE R G R, FEETET
1IN N e 1 R N AT (24 = WA S I 7
FE LA R B E RS . EAIEE, 4T Gl
WA LR AR TR, e 1 40 T

A GO I AR >
12 BRERERBRETE

R E AR AR R MR EZ —, 5
FEAREGE A AL R 1L (oxidative phosphorylation,
OXPHOS) j=ERet i IEH AR, Jag 40 s
] T 38 2 M 1 i O T OFE A A Y L O S 3 AR
OXPHOS it 20, 20 tihed — =448, fEERl
% Otto Warburg 7 5 YCAHGE 13X — i 5 5 9
% BMEAEA ST, Iolve 4 6 8 i 1] 44t
A A bE I A #ﬁ““%z’“ﬁx % — IJD%EEWJ@
“Warburg ZUN; " 2 o AT AN EERR LR, &
DT RE P A4 24 ATP, T OXPHOS %
361 ATP 177 1, {H Warburg %500 i 333 {12 i 7 26 0
BRI IST, 5 A 1 A0 P R 4 B e v X
fetE . K6 BT M A A P e ok 2
RS, MR E SRR AR R B 54
B HAREIRD ™Y (AnFLiR .« BRFAE) JRATIR
R SRR GO B, Sl e An e T Re . Rt
GoREdkif , DA ITTOR I iR R BBy T A2 B

52, SR PR AR bR 20 i ) R s 2 {4
fREKE A0 B2 R R PR, SHERET
MDA-MB-231 4l ig #H ., # 2 IR MDA-MB-231
211 ) A A R ER I AP AR . LIRS Gl 434
WEERER Y FRE, ERMIBESMT, MEa
i ) AT 28 R S T 824 80%, R UFAR IS =K
AR KRR, 8 R R, i
PR AR R, MITFEA IR FREE RS

R EIAEAFRE ST Y (AR SRR B, PRIR I 4 i
A AIE B, ST HARIRARES TS = | G-
FWrb i anid e, RASZ S i e i A Qi 5

PR, SR R e RS HE T TR AR R YT R
W B SR, e A A R I 2 A A 3 1Y) S I
PR, CRCON) IR AT AT . BT
41 s RNA il J¥ (single-cell RNA sequencing,
scRNA-seq) 73 Hritt— 20t 1 LRI S AR
SRl Rk Y 2 A AN e R W B e A )
RS Y DRt R I, XA
Bt R IR IR R A L2 AR E GRELSs . B A
ki) Rkt A [ e Y (O H 2 ﬁiﬁﬁﬂﬁi)
ARG B T 1) 25 S a2 I R S e RS TR B 25 S
ARl e
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K, (B 50 DNA G, Ml sfe . el
P I AE A RN B8 S5 D BEAR G 15 AR 1 TR
REfSw e BEbE LR 7 BERRRIT, EARIER 4G
¥ 2a (eukaryotic translation initiation factor 2
alpha, elF2a) HIBEIRIAEEEAREI AT FEAG S A2
TR T O ER . AN elF2 R G R H BT
elF 20 4715 P4 32 B I T H: SerS1 AL A B R fL AR
A5 Y SerS1 HMEMRILIG , elF2a k235 GTP FiliE
ARNASSGREST, T BEAT BSR4 5 A i
e, FBUER mRNA BIFERHCE KIERIL . ©
AHRIE B, TEE s A (41 MDA-MB-
231 FLBRE AN AL) b, elF2a YBERR LK 12
FIE Y, T ERARS T e, Ik
BRI T A 8500820 ATP JH #E I FREAR A A R 3K
L DTS A R SRS T At M T T I 9 A 77 o
HeAh, T3 mRNA AL 3E G A AR AR A A
(internal ribosome entry site, IRES) =ifi#fiT [l
JF i ) 132 HE  (upstream open reading frame,
uORF) , 0 ¥ i ¥ % + 4 (activating
transcription factor 4, ATF4) ghty, LB “IEIE
HAPE” Jr BB RIE, AR 6l 4 2
F BT A i LB, AR TH 4 K5 BT 75 D) e & BT )
Fik >
1.4 FERIZHAR B

H W (autophagy) J&—FfEfk [ B PR SF Y
2L PN AR P U PR R, E4ERR AR A R
BT RS 0 RV K WUZ B2
#9 H WE/NMA  (autophagosome) JE AL, I 2 32 i
AAs . AR IR R R TR, K s
KRR SEATIE  TEREEAR N, X R
oy =R . A% R AR TR S5 /N AR
Y, DAMERRAMOr BEm AT, JRAEREA I T St
ATP A N AW 6 iU 75 B g i 5 W) o S RE
TEGRE GRS Y, PRBRCIR 25 1 8 4 i 5 4 R 13
ARG IR, iz R R A AEEH . —
T, 1 MRS AT 3 o (2 A 240 T B s a5 =
AT, DT A M T B Y Sy — DT
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BL, A DL A W oA A ) R T PR g i P
W
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PRAIRZS %) e 240 M R 0 1 I S5 3o i Pl A

WRIHT-RE ). lan, FLARE 40 52 MDA-MB-
231 SRR P RE S UE ARIRRAS, XI5 &
PP BAT R AT ) Y XA TR T Y
P& Tl OB Jieb 22 200 L B 00 A R 0 B0 L il e RN
JE o SRR O T K A, 3 AL
AT R )R 7 B AU, DT BRCA e A A 1) s
TEIRBIN R . AREERME, SRS RIRA T8
A AE R ASET - Z B B B AP AN ], AR KT 1Y
PRI B A R T B S A ] e
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JIa TR T 1) 22 G 9 200 B A E e g SR W AL
TR AT REEVER, X R 4 I R ARAR S = A T
TRIs ] 7 EE, MR A P Ao 2 AR 5l R Bt
JRpRE i, BRI Sk, DT S0 R GE Y
WERRL, e ) 2 o e T i AR ) B A B . WFSE
T, TEGE LR By, Sdie R0 i sl i
TR AR AE KA SHUNRE S, dERPIE 4 i
FIPRIRARAS 7,

SRR SR B 3 L R S e e AL ) 8 R R
WM AR R iz, JUH R AR T
f&-1 (programmed death-ligand 1, PD-L1) ¥ 3
ko TEBRAESIETR . HIF-1a 1 LA E 32454 PD-LI
Ja s X, fRPE R S BR Y, PD-L1 e R
IS T T AR RS SEhEE, SEMIERERMET
Y Dy REREM S T P00 BESREE AL TFRAR
TR i e 4 B 2 R4 3 = 7K P Y PD-L1 3%
I8, DNITTREZ0 g S 458 v 1) T 248 ™ A= S e 1l
HFER B 2D RWEE R, BT R 20
SPIREE IR A 2 YR T R A A (R 28R DT, W]
B 0] 7T 4000 3G 5 L AN M R M D) R AR TR
REJT
17 BT

PR AR T b A Mo TRy T 32 M. 1%
GEr AT R FE B X G TR BR A AR A, X
B TR AR A PRI s i i i e 22 o o HRL A
4 RIS, 4010 DNA B E LI R
TGk, HARUEADNAK I, S3by7 255X
SOARM A A2 R AT REAE S | PR AR 978 4
L) DNA 475, A5 BT ORHIR e 40 B a1 F 43 24
R, HBEENLHIE w4, FILRE A RUE &k
SRS . BRI N T X iR Tk . L
o, SA R E S BRSNS (I P-BEEE )
eIk, HERALIT YIRS, FEEMIN 25Tk
JETRRE, 45259 A S E I [a] =2 Ak,
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AR T oA i A RS, S ORAR MR 40 M e 8
T R B AR RE TR, AT B AR T B2E 25 W iy
VI G

BNZ TR 20 ORI — 05 S LR )
PRSP ARG . (EAHE RS, RAR
Je8 21 9 3X SE R AIE 55 Hanahan 1 Weinberg ) 2 H %)
YEAE TR FAE—ENES, fREVEIE S
{14 e 9o 4 R BIR T S I 1 e v vl B 4% E AR I
2 NTEMEARRIRA B FRERE
ML

AR, N T REHRVIERAEY Fd i ()
Frik) e ANMARIR rh R OCHVE T, BFR B
B T HARE R SRy 1- AR Sl s B L
SRR AR B ER T AR R (1812)
2.1 RREEHAE IR B

20 i o B VR A R B A A R, TR )
NANFEEHEL: G (DNA A RATH) . S
(DNA & BU) . G231 (DNA & BUG ) FlM
(A 2203 241 o 40 0 5 40 0 ot e vl R 4 2
(Cyclins) 5 J& 1 & H1 4K 46t 1 3 8 (cyclin-
dependent kinases, CDKs) J& {1 & & 7K i 4
5, GO LR AR R Z A B B, bn A At AR
M A EEA GO MW G BEAE T 1 il CDKs 175k,
v JE I AR RO e A I (eyelin-
dependent kinase inhibitors, CKIs) p21 il p27 7E it
R R AEE AR O, SR, p2liE i B
454 1Ml CDK2 1 CDK4,  FHLIE 40 A ) G131 i
A S W, A B b 2 G E AR R Bt DR
(proliferating cell nuclear antigen, PCNA) I 1l
DNA S HilE LG 7 VERUESE, PRI R 4 i i
RIH EKFA p21 K5 . CDK2 (TR S8 ik
PARARAKF- (9 R BER AL ™0 AHELZ R, p273d5d
filil Cyclin E-CDK2 &5 A 35 BHAE G131 S 1Y
HERE

BRAE A T SR S IR G AE AN [ 0 2 AL 2 ]
AIREFEAERLII 22 5, JF HAS IR 4H B ) SR B 1) s 1y
RIS, e, HIF-1aifid EiHp21 53
ik, MREANIETEA GO/G I & A5 . fildn, 1
JEAR B AT 4E 41 iy (primary fibroblasts, PFs) Ht,
HIF-To L p210™ ({55, 2 GO/G1 IRy 40t
B 0 e CV-1P 4, ARk
TGN R, IR G2/M IR AT . it
Ab, BREEIRE S T Cyclin A R IAKFE, TS
AR

2.2 PR 4 AR T3 B

TEBESIET, 2GS RES 5N
M T R . AR, B4 AT o-Jun
FAILIEF  (c-Jun N-terminal kinase, JNK) 764k,
M _E I Caspase-3 . Caspase-7 25 S 8t i T- 5L [H (1)
Tk, WRAFEUMIET ', A, SRR
HEAN A (3R C ARSI 3 fin Bax/Bel-2 B9 LUAE, M
1M 51 A& £ ki 4K % B £/ (mitochondrial membrane
potential, MMP) &%, MIGLRARN T IH T
TH

AN 1T 7= e o R N R PN R el S
TZo WFFE R, ORHR AR 20 At nT RE i 2 Fh R S
MU SR G TR 2P, G el BOE AR
HERZ TS R AT, RS s b
o o A2 QU DLV 0% PR U8 (reactive oxygen
species, ROS) 7K, Ff5 00 i T AH AR 538 1 5
c. HLIRE B g5 W K A L R A Ay A, DA R AR
DNA i i F T {5 . A, B A i
T8 A PG B0 T ML B R g T e o, o
HIF-lo 73X — i B8 i R RGO AE T . BARTN
HIF-1ouid 32t LA 22 R AL ] R W7 St 4075 S 0 A 121
1 a. HIF-1o AT ZORL AR AN (4 R C OB, Wk
/B ROS B9 A=, IR M N ES &5 PR, AT
IS5 T S L 3 ; b, HIF-1o 7T 305 AKT 55
i, SEMAHAE R TN Bad TS M c. HIF-1a
(3t B Fe 3k v] | Bel-2 Al Bel-XL 4018 T8 1111
7K, [RIEFR I8 Bax Al Bak 28402 8 T 25 FI A 23K,
AT Sk 5 4000 ) ke S0 PR B T 10 M R 240 i g %) 1
T2 SR, SR T I PTIE TALIFE PRI
b BVER AR IS, MR EE— DAY
2.3 AMPK: SRETHBEEIREEZOEF

AMPK J& —FltF A0 DR 5T 1) 22 28 1R/ 95 2 R 2 1
A, WOE VAN RE RS IR, TERE
EARMKIET (B, ATP K />5 AMP/ADP 2
U, AMPK Z#3E BT, gty
B EZMR, OXPHOS BURFEAR, RERAZM,
AT fifh A& AMPK B0 o 33X MO 76 848 519
I e 240 AR BIRG od  rh J 4E D B ) 8 et SRRy RN AR
Mo H5E, AMPKGEZ M mTOR {5 il M, K
AL A far, LU0 B SR B A, 4 e
THEERE (Go/GLE) @ [F, AMPK AT {L
AL RSE A R AR A e (np27), #F— DAt
IRERAR A iy 7', R, AMPK AU &
M FETE SR T RRARZORL A R 0, JF R 4
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Fig.2 Overview of the molecular network of hypoxia regulating tumor cell dormancy

B2 HREVE B 2 B R ER A9 43 F ) 4R 48T ik
BREE I HIF-1af5 5, WROSTRR | MHIH (OXPHOSFEK . M2 IR) . AMPKiEML, EAKPD-1/PD-LIA i fueikik, 2
HENPIE A A RS o (IR, MAPKGE B e (ERKARIE M/p38 =it ) 5p53. FOXO3AM) L, L[4k a4 ffa 5 I RE Ay, ZikE
GO/GUIF . MAh, BRAEIMHIPIBK/AKT/mTORTE S, FERAE BTG, PR AMAG T SRNG5S 58 B e A A R 04 . Qi
IR EATA AN PO TS e kiR S 2N R E N RIVE R, R R R A0 AT AR RIROIRAS . Ras: BRUPRRE EE 0 R A IR
(rat sarcoma viral oncogene homolog) . Raf: PHMIEAFZEREHE I (rapidly accelerated fibrosarcoma) , MAPKK : 24324 FyG Ak 1) 3 H ik
[ #ME (mitogen-activated protein kinase kinase) . ERK: #HJfI4ME5 475G (extracellular signal-regulated kinase) . Skp2: SHAUMEGFAHCHE
F12 (S-phase kinase-associated protein 2) . PI3K: BEASHENLEE3-1%M (phosphoinositide 3-kinase) . PDK1: BEASHEILE 1R H A1 (3-
phosphoinositide-dependent protein kinase-1) . AKT/p-AKT: & [ A B / B B2 1k 19 25 11 #4 i B (protein kinase B/ Phosphorylated protein
kinase B) . PHLPP: PHZEH#le & & 75 & ik 2 74145 I8 E2 K (PH domain leucine-rich repeat protein phosphatase) . p21: ZiJifd &1 4 Fk
P S W A I I T 1A (cyclin-dependent kinase inhibitor 1A) . GILZ: B B X5 S8 MR B4 11 (glucocorticoid-induced leucine
zipper) . FOXO3A: SCGL&HE5HF03A (forkhead box O3A). Rb: WML HE ] (retinoblastoma protein) . p27: A K
S I I 1B (cyclin-dependent kinase inhibitor 1B) . Cdk: 4fififd J& #i 8 AR 36 3 (cyclin-dependent kinase) . CyclinD/E/A/B:
cyclin D/E/A/B, D/E/A/BTYAN FE A& 1) . E2F/p-E2F: E2F % 5% A F/W 1% fk. ) E2F  (E2F transcription factor / Phosphorylated E2F) .
P38MAPK/p38a/p38P: p38FE /2L it i) 25 1 i i M Hia/BIF A (p38 mitogen-activated protein kinase / alpha / beta isoform) . JNK: c-Jun
FHE0 P (c-Jun N-terminal kinase) . Bel-2/Bel-x1: B4k ELIRE2 / i KA (B-cell lymphoma 2 / B-cell lymphoma-extra large, ) . Bak/
Bax: Bel-2[RIEIEPLIRF/4HHXE T (Bel-2 homologous antagonist/killer / Bel-2-associated X protein, ) . ROS: Jfi:43E (reactive oxygen
species) . HIF-la: K% %5 S M F-1a (hypoxia-inducible factor- 1 alpha) \ PD-1/PD-L1: F/FPEFET- 2 K1/ F2 ¥ P50 1- 32 AR Fid 4 1
(programmed death-1/ programmed death-ligand 1) . AMPK/p-AMPK: AMP % fb % 25 H B 3 i/ 2 L JE X (AMP-activated protein kinase/
phosphorylated AMP-activated protein kinase, ) . TSC1/2: 2595 P:AE{LE A£471/2 (tuberous sclerosis complex 1/2) . Rheb: ki & K Ras[r] F
1 (Ras homolog enriched in brain) . GTP: & = /R (guanosine triphosphate) . p-MTORCI1/2 (phosphorylated mammalian target of
rapamycin complex 1/2, BRI FE MR RME AL GMA1/2) . p-S6K: i b2 {& 5 FH S6# i (phosphorylated ribosomal protein S6
kinase) . GLUT: #4452 (glucose transporter) ., TAC: —IRFRGIR (tricarboxylic acid cycle)., p-AKT "¢ 473 5 308 4370 H:
P BERRAL A7 5 Ser473 Fl Thr308

X R M AR, PRI AR A ORI RS A %, 2 GO O 4 it a4 7
PALREE S FE. LA, AMPKIE M ROS A4 #Ji, AMPK 5 HIF-1oBhEIVER, 1S R 40 it
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FIR GIRIRAE G IEE (R 53— Fn e B 22 s
HRF), RIS B T AE R A
et

2.4 PI3K-AKT-mTOR i# &

FEBA ST, PIBK-AKT-mTOR i % #1 fil J2&
96 4 L i AARBRRZS B G s b =2 — . filan, 78
Sk 25130 5 Lk 40 ffe 9% (head and neck squamous cell
carcinoma, HNSCC) AYPRHRAPRI 40, 208 %
A SRS R AR ™, F5E L, AKT
YER AGC B BB M — 01, 382 T PR o
WREEFW AP EE (glucocorticoid-induced
leucine zipper, GILZ) Ry#3iA ', il FOXO3A
JF R p21 A KT, DT AR 24 248 P PR BIROIR 245 4
R AR, GILZ AMXUAE PI3K-AKT i #
P EZ T FRE ST, W5 AKTH R T —A4
. BLAh, AKT i M B30 il 8 6e 98 fi & 3% K A=
£ K F %Z /& (epidermal growth factor receptor,
EGFR) 1 S@mafb, 8 im 300 240 A Y 18 5
5 7

AKT 135 P I 45 HORE T AR R 6 i ) B R
fegi i, Hovh PI3K ARSI 3 PDK1 17 53 B2 1k
Thr308 ™', i mTORC2 i 5 W2 fk Serd73 "', I
PLi AKT 38 1o 384 35 B PR AH G it R {2 #F HIF-1o0 9 38
ik, 1 HIF-1o (9 1 Fak gt — 2Rl 1T AKT K Jigsh
f& % ¥ 7 ¥ B (extracellular signal-regulated
kinase, ERK) MBI LK o ™ FEHAA SFKF
T, iR 2 e O A A s B (glucose
transporter, GLUT), I 3 $i& = i %0 4 19 8L B A%
2, NI RS E SRR TR . AKT U35
PRI SZ 3] 3 AT e 200 T ks g R . i,
Bz SR N1 B2F Gl o B SO i) L9 AKTT B35 3k
FEPE 0 PH 255k e & R R 2 P
W BR M (PH domain leucine-rich repeat protein
phosphatase, PHLPP) | i i HCw % il 1% 7 {2 i
AKTKTE "7, eAh, PI3K-AKT il 4 fit 1% i i 14
5% Skp2 I % sk AR e P, IR A H Bk F B
Skp2 1 =y FR ikl FERE A p27 KR TR, 3X T RE
B R e

YA PI3K-AK T-mTOR 3 % Y X 68 Ui i 4
+, mTOR 7E PR ) 4% rh 4oy 3 1 e PR 4% A £
mTOR G TIE WM REAR R 54, Rl mTOR
2 4 % 1 (mTORC1) # mTOR & & ¥ 2
(mTORC2), ZH{F54: %, mTORCLEIHRIL
SOK 1 JH#BIIEAL A, 1M mTORC2 25 AKT HY#E

R AL RS . AMPK AR A BE R K, BE6%iE
i ZFLEIZ I mTOR (& M. Bilan, AMPK # it
B H mTORC 16 M, o i B R 1 I 3 G
TSCI-TSC2 & A ¥ 8] 4% i il mTORC1 ¥ K1,
H i Sk = B R R TSC1-TSC2 & & ¥ g
% mTORC2 ™, KA, AMPK X mTORC1 (14
PR ZRAR A g, IR 4H MY e fe 75
K, SRR E ARIRRES 5,
25 RHAFFFCHELRME (MAPK) #Eig

MAPK Fji% (JRFx Ras - Raf - MEK - ERK i
%) At e B 5 R g 0 B ARG S AR
F21], ERK MAPK/p38 MAPK {55 [t R &K &
5 IR A0 B A RBRIR S I B N 22 . o, K
iR Sk 390 3 9 AE HEp3 40 i & 7w 32 I8 19 ERK
MAPK/p38 MAPK 3R ™ R I AE L 90% 1Y
IRIRIE AR (IEFLE . Ayl . Bax
A . ON B AT RIE ) hIAEE T Y X
SO R AR AN N S AN LR (extracellular
ECM) H [ bR 84 it Y 2 15 T 5L 9% 1% 57
(urokinase-type plasminogen activator, uPA) M H:
ZM (WPAR) EEWINIAHEAERZUIAC ™, i
— L WF9R £, p38 MAPK MY i i i it b8 p53
Al ple 55 LA K TR R & A D1, A8
R N LR 0B NG S S T 7 N7 /91 T8
p38 MAPK 15 5 % S e 4 f s s b B W)
G BN, X RPRION 5 A [F] I 7 Y ) fig 4% U A
oo EUKIMTE, p38a A p38y #iA k78 41 it & 317
P BATIMHIVE RS, M0 p385 L MR 41 i g v )
s A2 T A B BG A R . TR AR ST p38
MAPK. [ WV BY 4 5P g i X T 4 1o 2L e EL A i e
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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
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
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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, mTORCI, ULKI, HIF-10, 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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