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Abstract

Chromosomal instability (CIN) is a hallmark of cancer characterized by an elevated rate of chromo-
some mis-segregation during mitosis, leading to persistent numerical and structural chromosomal
alterations. CIN manifests as aneuploidy, whole-genome doubling, deletions, amplifications, trans-
locations, and chromothripsis, arising from spindle checkpoint defects, cohesion abnormalities, rep-
lication stress, telomere dysfunction, and DNA repair deficiencies. Detection methods include cyto-
genetics, high-throughput sequencing (WGS, WES, SNP arrays), and liquid biopsy. In solid tumors,
CIN drives heterogeneity, metastasis, immune remodeling, and treatment response. CIN promotes
invasion and metastasis via cGAS-STING activation, epithelial-mesenchymal transition, and immu-
nosuppression. CIN levels correlate with immune infiltration and immunotherapy efficacy, with met-
rics like the CIN70 signature showing prognostic value across cancers. In lung cancer, CIN occurs in
60%~80% of non-small cell lung cancer cases and associates with TP53, FAT1, and STK11 mutations.
Smoking induces CIN via FANCD2 suppression. CIN drives EGFR-TKI resistance in EGFR-mutant lung
cancer through chronic cGAS-STING activation, while STK11-mutant tumors exhibit high CIN and
immunotherapy resistance. Targeting CIN vulnerabilities (e.g., cGAS-STING, DNA repair pathways)
shows clinical promise. Future efforts should focus on standardizing dynamic CIN monitoring and
facilitating clinical translation, positioning CIN as a novel biomarker for personalized lung cancer
therapy.
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1. EAEFREMNBSE S FEM
1.1 3BEIRBEENEXRES

etk A Fa 58 M (Chromosomal Instability, CIN)S& 40 I 7E A 22 50 245l F5 vh e i fhk 25 M sl B i ik AR S iy
AR, RN IERE U E W, BN R SEAE AR S TERFIE[L]. JERL CIN IR 2 M 25, B
A2 R RIVEE ARG Wi - AhG - IMEHSE, RN REEAREERFERINER, AR
HEEFMERREY G, R ERE A, R AR MEE E N — D B AR [2]. T
CIN [yl SO Je R TR AN A 22 73 R 2 R R AR B i 40 B A s T IR K, & — PRl iz 4y
BHIENALRR, BRSTEIEEHL R A, (BIEEmEft, 520 8 1R AR B & (3] [4].

CIN MBI ZHE, CIN KI5 A% E SR Mg by, et s | ffods, EPERefsik, 2
TRAE SR AR IRIF B E s Pt RS M R AR G AR Bk BRI B, B R, XX
& R P AR [5] . ARRERE R T DL S AR R B SR, IR R S B R R AR 0 B AR
W, SRR AR EOA[6]. teAh, AR R EENE CIN —FRBUE R, AR 2 PhaE 25
R S EI[4]. S5 CIN WS K& QARG MI o, Rk, EHE. Sk, LR E RN
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Gtk S B NG B AARTE 7] [8], IR LLZEH I 5 DNA BN M BREEAOC, =R =25 1)
K, FEUREAWNRTGEIEMIEE, 5] R EEEH AR E (Genomic Instability, GI) [6].

BRI AR E RN EYN T IR H B S R B AL ) N — AL B —AX, BN — Mg % 21 5
—MEAIA, XA FEEAE Y To R E R LB B B RG] DNA. Gl e gl itk K2 ok 4B
FRAF PR G E m T IER APPSR, BIZ DNA FAIIEAs, Wit &4, SN, 7 A
Ge AR IRAR DL K 3 WIS AL AG A1 1 202 [9] o e 326 TR 21 AN RS e 1 40 AR R /K 5 e e R /K 2 Rl 28 AL
TERH KT, AE s RN DNA BRINEEEE. MSI E T+ LA A= Wrbr 4 1 e A8 2 [10]

1.2. CIN Z4% 59#%

DNA SHIR e MM CIN MEERIE —, M6 USmE RS, TIT S Mn & 5L
WRIE UM B2 R AE[11]. RAEH) DNA Sl ] 5eIE T S i X sa . WA mt, BRI, sl
K DNA WUEEMIZIE i GOk B ke R o AL F A [12]. IR FE R WY, o B 200 2 300 S A2 1) R i
W, AN HREE DNA 0. S| 2 - F1 DNA XUEEWT Y, $En & il =4 1) DNA Wi & Gl alis ik
KR [13].

Ui ) BE B A R T - G - RIS CIN BN . dERFDIReMEsRI T B 1k GI
ZBOREE, RNk R B Ry i et iR Rl &, Bl S EA 20 R RE BNy, HEERE S BFB 1
Ik — 2B W, T = A ¢ HEPE IR G C RN R 8 PR [12] o RSB & 5 SO B 450 R e 0 1A A o o
BEAIG, MNTTTMOE G Rl & - My - WG HR I35 0 25 Ak AR 2R [14] 0 FESE 1 R (0 LR B, 2 M o R
B R S EUm R, XN T R AR SRR - B - RS R, SBUE R QAR E
[15] [16].

Z R O IE ST S H MR CIN, BRI RALE I 25 B . Gk et PR %
GRBE L A LR AT Y AR T B R AR R DL S R AR R A [17]. H AT O S8 CIN =4
B GRS ISR RGO R LR R RR IS B IA[18]. SRR B A R AT B
2 Sy L — P ORI L, BRAE IS LA 22 43 b 5 YL C AR B RLAE AR PR A BRAS TR PR T RO 0 T 4k 28
A 2257 %[10]. RIS T 1) DNA 300 BH AR IR 1) 57 88 e bR s e, X PECE filh . & «2kiib
e Al 2Y, I rT RENT DNA #0515 2l [19]. Mkt Ak G /& CIN 195 —EEHLH] . %
MU F TR 2 ) /KR DD BAS 56 4 1T 5 350 AR ok e € A R O R b, 300 7 7 Bk 4 B 1 AR )
B 72 A2 KR 5 o 2R HE[20] 0 Y AR (FH BB 43 R AR ok % € B [X 85) R G P2, (ER B A 2 i A
DE; MYHMHEN G T, X et B2 T RE 220 5 5 SRR 1Y) DNA XUEE T 2415 2R 29 [20] . x4t
Wi e REURGIERL, 5 THR R EE S A[20].

et s ME A2 CIN St IFRIN, AR s K 45 M 1 HEE J0 AT [R) R Jd R AR, T R B B R
i R AR o = AL ] B T G R A AR S R AN [RIMERE L S I B e AR et R gm
Yot R, REALEIAE S EU 2 AR B, IR IR ) B R T e S (R [21] . G R
& PEEIMELSE B R AEE RTINS, AR G i R AR O . BRI EHE, @2 “— ki
FEAE[22] [23]0 HRETHEH T TURRHLE R AR RE Gy i 2, I o o 52 S0 R U0 B ik h e e AR (R R 1
Bt e B DNA R P B iR OB, DAIOR AR WL 52 21 1) 2 2 B HR A0 e 5 [24]

2. CIN B8 5144 75 7%
2.1. EGYRESESBEEFERNGE
H 45 CIN K 3 B 36T A0 M FE A5 S RIZTIIBAL S AR, AT 4 40 B3 1 B B 8 B A A 5 et f
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T T . IR LT VETE CIN B AW B A Bt oA, 5 BE 5 RT R AR 52 2 M IR 38 I AR I PR AR A ER A
HEMSR E, R PRtz W H

Y M A=) 2 71 R AE R S B 22 4p Sk, I ] e 0 S R AU B LS A A 22 Rt
FEFPSE M Sw, FFRN BB WERALT “H2 g , R E R a2 AL, 5 LA SRR 5E
TR gLt fh .t R R Mg AR ZIRGTEE, R EU. BRI 22 0 R 0 T 5 A
e “CEhiE” ARV 2 NSRS 2 ZAE R A, eV AT R AR ST I EE, PRI ASE T
Il PR BB A A [4] o

A BB AL 5 g i Al I A AT G R T B AZ T T, VPN AN IR 4 B T ) e e A RS
AR, AN EHERT CIN [RAFTE . Wi S e AR T AU 8 BB AT 22 7 R b B, B 2k T L e
g E, DAIVEAL G RS H & S AEAN R 4H M 2 [ AR (RO R B A5 44), AT HERT CIN, 17778 B 2 AL
T2 Nnanie, AN H A HSY) A i g, B kg S W, S0 LLR A, 2
RE A H AR . A2 8L o M F a0 20 A BA G AR AT e . MBS TR SIS, el ek ERE, H
TR G AR H NS5 R I8 o W 2 e hnic i) DNA $R%F 548 & Je i 2o bR e th s &, v b
E R A G AR R AR AE O, TVl S R A o A M R B ELTAE MR 2R R, IR
AT YRS HRRIR R AR 1~3 Fh g iuflk, Joik LR VAN [4]. IR LTy VA AT LR 2 D) B B R AR
A FHAE, EHT NEMREAR, (HIXEET7 502 R EAHEN CIN FOAEAE,  ELR A A o 3 40 i 1) 20 A7 #8
27 FIMMOE B 5, BIORVFZ2 ™ E CIN W44 iR P A T Bk g b, AT HERR £ 2 A 2 4k
[4].

2.2. BT EEEBMFH CIN T

i Fe A4 Al E W PR I R A — AN AT i, (S RATRE AR B R A . SR Sy
B HE R 2 SO HEAT . mnE I PR AR R OAE T T b A JREE, @A R S
KIUBLFEATINF o 1X— AR REO P A it AR, 10 REE AR R 0 BE DR 4H A 1 SR AR | 4 N BR R
$ D147 53 (Copy Number Variation, CNV) LA & 45 #4748 55 (Structural Variation, SV) [25]. f=yi@ &l 7 H 45
[Rl 4530 F¥*(Whole Genome Sequencing, WGS) A1 44k -l J*(Whole Exome Sequencing, WES) & i & H 1
T, IXEEH R R R 20 7 . WGS Refig 78 oo SRR AL, OFEARImAS X I8, AT A 1 8 7 e oA
(5L S8 s T WES &y T4 ts X3, 3 FH T Al 5 Dh e AH DG I R AR [26] . FRAZH IR 2 SRR LS Fr
R A O 8 T e A S R A% DUk Beah, SRl R R i B e R, BEE
SRS DN 5 DR B % AR [X s P 3 S, R 3108 FH T L i 5 e B AR AN AR M A D A A R X 38 [26] o J8 I ik 2
JHREA UAF R AR R CNV. SV &58dls, il WGS. WES. 5 HIRZ SVES A HR1G
2 CNV H RN BEAIR R RIS CIN, 40 W FU R TCGA T H 1) CNV Hidls, il v+ 5B
[ EE R ok e S CIN: BUEIE - Wt A BEB SER Ot ], S50t s . #2 D8R
ARV B AR R A 58T BRUS S AR SR 5[ 27]. A WF AR TCGA /38— M afit. R4 CIN 4
MTAEZE, X 33 Pl R B ATZ I 0 A, 2 il S S P AN [A) 2828 CIN, 0T U5 e b S P i PR3 155
HH (1) L SR AR AR ] 5 I8 R AR [ 2] o AH KRR P v 38 i 7 R R 52 I e i (1 45 LB R i 45 2R, T CIN
e MNRREEMEN AN, AR RREENEL CIN 421,

JE EE R T HORLE CIN W7t B BB A, (BRI G —Le Pk bl . 2o i 5 A A O
RS A S B TR T R, G v A A B AR I PR B R M A S —, R
TFEARM A BAR CORIR PR, (EE— SR IRA PRI, o A7) 52 2 R ][ 26]
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2.3. RS REERIEAR

FAZH I AR 0 I HESN T CIN BEFE RN o« AN T RS R, 2R RE7E
Y MK E AT ZHAR S, AN A i ) (1) 22 S g AT ST R AR B, 4B R IR e O AT v P AL I R,
SE RS HEVR T 4L TR [4] [28]. 14N, PR D-R J6A= MR HOR RS 72 IR R RUEE E BT HiAL
TR L2, Aor B A% el e 5 i TR U B 2 A B HE S AE[29] o S RNA 00 74 A Je o i 2 B 4
PRI SR AEL, RS RS [ 4 0 T A o B PR SR B ) S P, AT #E 7 CIN X 4 i 1 e 2 AL ) 5l [30]
[31].

CIN & —FhFpal ik A et i iR o B shas A st 12, BAR 25t BT R CIN P
EZ R T RS, TR — IR SO G A 5 0 AT AN, e DA THD SR B L B AT AR A . Ak, 2T
AR IE AT I AR SR A, B R R AR RO R e, PR T HAEIR R 2 R
T2 T R A A= 0 A o] A N —Fhsh &5 73, T M 0 e g 3 e AV o Ik A rp e A 1R 20 B 5 1
AEA[3] o A IR R 0 B A A R A () B L T 4y, I A SRAE SRR 2T . TS PRAL AR T M e B
H BRI 7, AT DU I 5 S 24 S8 AR S A BR A AR C AR i e A DX 3, AT U U 55 % £ Ak S5
FJR AL R AZ B AR R PR LR T Hol G, H ki Ah A2 R A VEHE N g kb, thay DLt
PP L 4 25 K] ZEL ) B AR K A e 98 400 B 0 A R A AT A0, RV R A P A B TR A LA R
AT, (RS m B TS A, 12 T HAESERR IR ).

IR A& 25 DNA (circulating free DNA, cfDNA) A 1E F 2 i A0 83 40 AR 12 SR BB BN I 1
WEBRIE J, JCHRAETERE S5 T, cfDNA 1 Fr BoAb X 5 e (AR IR AN R e MR AN RIS A A R 3 DI AR G
LT cfEDNA [ B/ A5, o] DLHEDST HH g 4 b e kg 8. B HERT CNV 53544, M
9 CIN [1)58 S VAL SR ALK [32] [33]. LE A EHUM 7 (8 . AR A/, 842 B, $8m B i
G, UHXTMIC SRR H SRR AR R B3, RBOVEAR IR RE[34]. 1H cfDNA Ik s Bk, U
SEAE R I B R, X R T AT ) R AT SENE . Ak, cfDNA B B AR s nT e 52 BIRE A AL
AT TIERRC I, 5808 B g AR D R 4E PRt T R A4 [35] . A FTR A, H] STING B ER M
BUE S IEE ] LLR E > CIN IREN MR RS, Rl R RAC BN &M . T MK cfDNA K
CIN PPl s B CIN (TGO ZhZs M ER (7 —FhoG BT S skes . (R WGS midid v+ 4 I-score 55
Bbr SR AT E KT BT R, filis 35 55 2R 1-score 55 g i fif 52 IEAH G, HBUT JS 1-score
B NS RIT RNVARDC, $E7RFAEST R4 I 98 e S ANE36] . T BT % cfDNA #5 I
BB RE AT —on 2%, AR B AR AR B A DGR B (I UCP). WFFER I, A NEGE s
i F BA B A A (>3 N AL) KRS . TR IRTT IR, ARE S DUEOERAS R A7 1
SCET P LT RSO TG R, BRRIE T CIN [ DB 2 2AE G 1697 K 72 i B
E R MA[37]

3. CIN B9 Fil sl R B EESC R B EA
3.1. CIN 5piErEE = HLE

CIN i Z R 10 7> T IR e IR R . CIN SBURAR H SR B R, /R
e LS T AR A A, DR e [ T RESRAS B o KRS | R 2R BRI 52 K Ay (Al S ML) RE ST, R
[k KELE CIN 5 I #5 DIEE 5 8 WGD IR R B8 1t - 40 A & 6 A (1R . TRACERX fi
FORI, Gt ATEE FBOL S L TER, M Wt AR AL oy 17 . 0 THLHZ 1, CIN &
BURROAREIR > B 2T, R II IR A 2%, Bl DNA ZIZR[R5+, 3Em#eE cGAS-
STING i, XA-EH(ER 1R AL 2 A M5 S 1%, Mimfedt 7R, 2R, CIN %S
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£ STING #ufi 2= SECIFN 5 1 A, (55400 P 5 N SR R, X P S 5 1 e o s 20 B S 4t 1 5%
e #[35]. WEFLRH, ] STING Bt ER M5 Sl v] LR Z /D CIN SREh IR 5652, Rl 2 1E
GE R TEREMFZAET

TERMIBELZTH, CIN JBIE S 2 et i AR R A, d—SHEshmmiiE. 6
1, CIN SE etk H ] LU DNA H 3L LR (B R B A R, A oA Sea i (R () 3%
IS [4]. X FhRWIE AL TR CON 58 TR IR B AT R 7, il I S S R R R AR
MRS, b7 - [ A OCRE R, (R R A 8 Bk [4]. tb4bh, CIN &) Ll i 5 R H 41
Xk 1 B A AN R, 5O L PR ) R AR, 3 T S M 40 LA 5 d B T AET, 40 PIBK/AKT F MAPK JE i
T T % 1) S U - IR R A A DA R [3]

3.2. CIN E®EBIERIGTT ME

TESEREETT T, CIN /3R iki® 2 — N B Rk . CIN M3 ekikike—1 5
AR R . TERERGMIEREIEE T, Mg “kik” , @il Z LI R AR 4 i i,
BN JEd3RE MHC | 85T [38]. X Fh G g4 it 7 5 B R A DU 5 2k 107AR e bR A e B PR OR BE R oK
DRI A AT TR e 2 200 B P T R 0 P PRI [39] [40] 0 Bt k7K T 1) 5 A8 Sy ey b i A3 T BB 1K 40 LA
CIN FJREIE I 6 5 Y a8 K SR A i R 3 BN 28 T Al L 5 2 B P R R SR A 5 G e e, X
BLRAEL) 40%F A /NG0B fili e FR AR I 2 [41] [42]. FoA N2 A 40 BB IR 2% A 1 5 1y g 4 i = 2 o 2>
WL, X Gl £ U B A, 7E R b B B 34 [41]. 18 1% CIN Buh S8k (5 5155
(P EHTAT R ANING . T G fih R cCGAS-STING JH i, o 200 A &5 3 iok 18 % 98 A8 Bl SRy SRR IR 1208
PE[43]. 18 CIN AT b A R AR B A R i 2 S B e ik it , X 5 TR 2B ANAE S A% Sl g i R R A
K[44]. 18 cGAS-STING Wi v LAGE G #IE Y R X OS5 46 S, (it s ikife, I HaxFhak
IS5 P J5T I ISR 8 DITAF 9K [35] [45] [46]

CIN 5097 [ N2 8] (¥ 96 22 A 7 JE VE Hos BEAO T Rt 58, EF0aR ], wa7KoP ) CIN il
Tk A TR A0 B3 SR I R D BT e R R 2H 22 R R AR VR I i 24 PR [47] [48] o %S A5 1A i Jg LU A2 A 4k
I8 e S DU SRAT (e R 24 M R s AR 81T, (A ER MR, RMEERIT I R RSP AE N . I ge
e FERE, 2B 3R CIN SRSEHLII[47]. XK, TRVIshIE N AR e EREWE, 3745 CIN
R T HUBEIE KL — DAL . 5T CIN S25fgusdt, o BB e 167 B A .
FA T CIN (1) HER2+MR 0 PR AN ST IR BURR, TG CIN [ rbeg WL S8 42 e K 245 W sk [49] [50] .
FHR, R CIN KPR 386 0 2 e 20 28 ) NGB AN 5980 PR i e S5 4 R 25 M 7 VR I BIURRE[51] . 7E =
PEFLIRE S, R SIS B CIN 2GS rT i 45 45, AT 38 s 4t i 23 4R A FH [52]

CIN 5697 R Z B HIA JE R R PAE T CIN IS RS AN SRRy e A BAE o S& BE7KF 1Y)
CIN Jyfgg $ (i /& 1 1 L DR 40 22 K 1t ARG i 24 5 fe, R EVRTTIIN 52 T /i CIN DUJ 268 H b 4t
(IR SZAR IR, 51 R 22 5y 54 9¢ M s SO0 N OE B, M8 s 40 i 35 1496 97 [3] . WEFUR I, Yetifk
R 7> B AT 23 CIN /KT imr, 2 CIN R — i BRI, 23 ARG & 3 1% - B AE T2 [53] - t4t,
ANFIZEAL) CIN W] B AR A5 o BUE M CIN 32 EL@ IS IR R T R, (e i3k g v B 3t
fhs 2SR CIN TIATiE IS =2 DNA Wi Rz 450, B4 )it DNA ##, MI#EE cGAS-STING
TS IS T A O R B[ 11]

3.3. CIN 5MiEf E TR E
Z G R 7S 40652 T CIN 53 5E B35 A R UG 2 B R Y]k, MR ExR, CIN SEUZM 7R
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PE, FFSIRITHIME . RS RIS % V)M 95[48]. CIN FITH G M (B 7E 2 R iE 88 43 31 1 50AIF . i
CINTO & [KIRIAFR I3 4T, BIF FE R %R 25 1 1o 3k R T 12 AN S b 6 FhiRs 8L AN R R
SE IR, AR . MR8 (Lung Adenocarcinoma, LUAD). iR & BRZIMIR . [a] 52 J83 AL i ges [54] .
E iR 41 g% (Lung Squamous Cell Carcinoma, LUSC) i /1, CIN B B R AEFE RN 33.3%, 1
CIN A BN 76.7%, KLk 3.47 [55].

CIN 1EATE s SN PR B A R 7s BRI 77, A A B A I8 22 8 1 A 4 1) il 1k e
DRl 25 G v Jgg 43 2 AN o3 BH[56]. 24> CIN R FRAE I R R I0IE T IR R TS VAL, Horh CINTO B[Rl %&
AR N B ) 2 bR )2 — . CINTO JERFRAEAE 2 Fiiihr S A rh SR I 58K 0 7005 T eE ) B
FLRH, CINTO FR25 I 7 i 2R W] Tl 22 e 28 L AN R TS , B9 2 300 - IR 088 . LUAD . ST
HE R PR A0 IR R 08, JF R TOUIN i A M AR TR T B T8 [ R R 5 R4 K [55] [57]. DNA Rk MEAES CIN
IR, Cp AR 2 MR iE R I BUG bR &), B45 LUSC. BRARARE . BRE L . BIE. 75N E
e BOAIRIE . N LS BEAN R IR SOV LR, T8 R IX 2 e B B UG AR, LT JE R b
FEHAL AR EL TNM 43 BIPRAS[57]-[59]. 7 LUSC H, 2T FISH AR CIN AL 7R H 58K 1
UG E. CIN PHIEE S B3N 33.3%, 1 CIN BIHEEE N 76.7%, KK LLIL 3.47. 248N
HESE CIN FIAFTE A AR A7 [ TR R 2R [56]

4. CIN EREPFH S FIHSIRKEX
4.1. Fhi#ETh CIN B9 FHHE

Jitiges H CIN B4 T WIS K 2 A BOGHA R %, X ECIm R AR IR 1 40 A oy S0 F o TR ) G Bk 4y
B Hh iR BE NG —i IR 2 Ry AR BB . TR AR 7R AT A S 2 R g R, X T
UV BREAR A 22060 5 5K B A I 2 AR A R0 A 1) S 5 e 12601 . LA K 22 B2 W Hh 4 M 7E Ji5 A
FHUETT 2 IR XA 53 2L, (R B 1) S i e e 2 R 5 O i G Ak 1T 3 B e 0 A i iR 4 25 [40]. DNA &
il RSO SRS CIN [ 53— AMZ O . SHE AT e At tt, BA CIN fE g iRl & | SR
FH DNA S S0, 1 45 R PR IR Gt S 1 WA A 22 93 38 b R AR e ik iR 47 25 [61] [62]. X T
BT —ANFH ELBRAGRIIEER, CIN 155 SO FLOKZ), {806 4H PR 7E & S B R 1 R BT i SR A i v AE 34 [62]
[63]. MEERE, FEAlLEEMME, NG R CIN 3408 TREE I T FN . BRI S A B2 ) IE
HE B 40 FANCD2 mRNA (81, 11 FANCD2 235 F3MH] L L S st 4L A Ra e Ve AL 5 1t 41
MIFET:, XAEUEYIN T 0 FANCD2 ZER FEMs s B AL A i CIN 424t 7 — NGB 1
HLifil[64].

Z DKL R IR % O s it CIN (B IR BN R 3. TPS3 J& i Jx CIN i B 22 1) g 1) Je Rl 2
—, 1E 60%I[1) N il vh A7 AE HL L R 2028 [65] [66]. TP53 Zhth—Fh2 i) 1E H 4014 5 . DNA $if51&
SRR ES, HARESRRAE CIN KA HEAL[65]. FATL OB A — N RE LR, HIEH
Ao PR ENR E B EEFEA CIN, FATL B n] 5 ERFER I RO A 2 2R TS AT
SR PE CIN (FLAE Ge ok 5 A ABURPIR G ) 38 N [67]. 7 EGFR RAZH NSCLC 1, CIN #i% cGAS-
STING {5518, FEEGFR-TKI Y%y, 1%IEHKBUE FE K - [R5 1L-6 552 it Rg 44 it B
TP A:[68]. 5 CIN MHSEH HiAb R K 1 4% APC. BRCAL. Bub3 fil EB1, % & KK 40 EGFR 2§
AF . ALK FEPR EHEFI ROS-1 24742 # W, T NSCLC f& 3 itp 4t ffarh, JF{2iE CIN K fe[65] [69]. M2
Jf i I 2 AN e AR X S R, 3p 139 17p A2 il LOH sy & (1 G LA, 76 /N 21 i itz 1 >900%,
FEAE/NAH i 1 >70%. 5q. 10q. 22q 7E SCLC H k4 LOH 1)) 1#%>60%, [FF 6. 9q. 19q 7E NSCLC
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Hk A LOH B JLERTR>60% [5].
4.2. CIN 5l R B R e B MIFE

CIN A I 1E F CL7E 2 R 28 th 9 3R SE, Horf LUAD (1) CIN 5#6 8 6 fi 2 18] o H AR5
SRIGAHICPE[70] [71]o KRR 0T R, REEE RKME K DEISCREE R A T E R, FrE
F 2% X 15(17p13.3-q11.2 A1 19p13.3)7#E LUAD ¥ 84tk 535 & 5E[72] .

CIN fEfits i S5 0% RGIURL T —MAJE R R WIUAM oy A S i 58 A8 IR P 1) B 2 4ok o
EHEPRHERE KR, B m CIN BN R F b e S5 1 3 A, S mnd e vk 2 4 i v i A2
JEE R T [ 73] o 1 A G 2 400 1) R Y PO RT: i A, 40 5 P S B 200 P SIS TR RIS 26 Pk 4 B IR T b B R IA s
[ s A 2 L DT B 988 977 V5 10 s A, 52 B [11] [74]

55 CIN A I G e PN ia i 2 Fh A AL AR, I RepL i) 36 (R 280 T — AR A B . 72 W iR
Jer /N BRUBE 2R e, iR 003 = e DX 3l 0 AR R A5 AR 24 o 2 4 B IR A OC E MR A B S5 S s AR, S BUIIE
B 20 B AT R MR R 22, A 3% CD8+ T ZHAudiksl, IFN-y ZKSPRRAIK, X R EFAEEAS R A M it |
— o By i e 988 A A A3 R 1) G % B R AE [ 75]

Il RUEHE 22 B, il 25 255 (1) 51 CIN S5 AN R 1) S 4 M 2H BB SOFNVE 97 25 A DG . 51 CIN XURS: 1) £ 25
R B S K1) T gHiFEsaRRE, (HAHMEEtE T AR E AP BAR[75]. AHR, CIN AHICRUPE
ORI R N R B = B 4A. CDA+T 4ilffd. CD8+ T 4l FHHRignp. g4 i FBE A 58
RGEMLIRIE, IR ST 3RS 5K 2 AL [76].

g% 2 £ CIN R R, (EIXFR R HLEIE IRk e i B b 2 2 B4 . X LUAD 484G
SYINT N, §HEAE AT IO 2 B RS T 400, B 4. NK 4R 40 AE P K2 Fh e 2 40 i )
], SR 2k 2 MO W 3 B2 B 52 AN E 5 5l R B AR [77]. AR, AN RLR B, gk
RIS & S ECE LR B IE R, RERRMHAFE LK CD80 4 M & (1555 5/ i
(R T % HE A I 55 78] o

Ji e T B[R] AR 278 CIN 7K AR G 28 4 350 i A T 1 AR A o T8 B DN I 288 3892 12 i
AR MR R, RAT . Y Rug AR Ak R A0 £ AN SR DR 2 AN RS e YRR TG I, RIS R Sy
ST 32 T D> 3 P G R AN HL(CD8+ T AN AN yo T ZMAEBR AL, B AT TTE J5 MY Brs D) W & 5 4E 32 79] -
TERRG BN R, S RMEMIEARLL, @R AR CD8+ T 4 M /KT PR Je R A FaE v
SN, ARFAE A S A A G % 18 1% [80] [81]

4.3. CIN 5 aT N E R

CIN Sl ia 7 M2 195 RAEARGIT A N BRI A FAFIE. B0 70ER CIN ¥F4. Treg 4
W, CD8+ANEEYE T 4. CDASRO+ICIZ T 4Hiffl. CD56+ NK 4% & & NSCLC % jiiayT LRI
Wi (K1 25 [82]» CIN 5 iy it 25 Z [l 108 RAMI AL T — NMICAEZRMIEIRBEIR . 5 CIN RS E 7 B
AL, AR EE GRS R ZE, HAARiEsURE, RN B 4. CD4+ T 4iffl. CD8+ T
SHM . RN B AR BERE AR SR AN SR IR KT R AR, i BA CIN A S@ RUSE T 23 B A 1Y) S 3 i
MASEIETT ARG R 25 AL[76]. CIN BIVAYT B SGE R A% CIN ARAHLE P8 A vG 7 Hemg,  Jetufion
e E I MR 22 T2 ST cGAS-STING 38 % (1 AR A7 AR A , IX A6 4531238 2% B — ANV FE IR T 7 3 25 [40] [70].

WIVGEHE R, CIN 5IBYT RV Z I 126 R 0] e B A S . —2emf ek FR, 7R AR/ i
e, KT R R A A S T S e B A R LT B A SR VA T BB G SROSIAH DR [70] 0 IX R T LE ] E
filide R E VAT SRS, T ER FRSHER 0570, SR B 5 FER 2 1) CIN AKP B LI LR 1) 2 T
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5. ZRERE

CIN 2B A LR RIS L —, FESEARR U e (R A A 3R SRy T O v A9 L
TR ATEERMIBEFLRN], CIN AMUH A 2270 2573 H . DNA SHE R ukiE . B 5 7 Ko o) e s s
S TPy T WU SR BN bR B A A AR, SRS I RGN e S R L et R R e DA S EE B B T, Xt
IR AL AT O AR GO R . B BRI . PRI R SRR S BRI KR, BT RERE T
IS B E Al R B e iR R, N ERAR CIN ZER s AL h ROFE IR At T T A,

TR, CIN 5 IRANFL A (41 TP53. FATL 85) I RARE VIR, JEE MRS . fuiedbi b
ST 2555 IR B PR B VI R . KEM TR, CIN AMUAEW 2w il B TS, 16 mTRE Y E Hoxt
Iy BEIRNAYT R SRBEIRTT IR  BRLE, CIN AHSGHRAR (U CINTO & BRIRFIE . #% DURSs i) 2 A B
VRTS8 BN 7 T AE AR S, T B 0 R AR T SRS LA -

SRR KT CIN BT ST 1 B350 e, (B A7 AR5 T R i o ) 1R A 155, HRTR 24 CIN
P INEI R T A REA, LA T St CIN 3X — BN i #2: HIR, CIN FEAS[E) i S 8 K AR 4y
TR A LR A W R s S omE, L RARNLBIA fridt— 2B gebh, s CIN AR
T FRHER A T ERAE B IR ARA IR R, JF TR S MALIRTT, U0/ 25 2 IR RE 7T LASRIE .

KA, B ZHFEOR PANR AT RN TR RERIRRA R, CIN RS2 M I AR HE AR o T
RE o[RS, £ CIN AH AT 5 3@ BK (A1 cGAS-STING 3 iK% ) IR HE [7i) ¥ 77 St e B Hh V8 Pt PRS2 FH T 5%
RASEHT CIN 7E MR HEAL S S B P2t AOAE IR, R Bh T eSS HER 2 A fe, IR R B f
TR YT AN (1T A {1t E SR R A

E&WE

R T H SRR 3L 45 (CSTB2023NSCQ-MSX0454) Al 5 Fi 5= R} K 24 i J& 5 — 5 B 7 H R B 10 B
“CHEBEEEIT

&5k

[1] Chen, X., Agustinus, A.S., Li, J., DiBona, M. and Bakhoum, S.F. (2025) Chromosomal Instability as a Driver of Cancer
Progression. Nature Reviews Genetics, 26, 31-46. https://doi.org/10.1038/s41576-024-00761-7

[2] Drews, R.M., Hernando, B., Tarabichi, M., Haase, K., Lesluyes, T., Smith, P.S., et al. (2022) A Pan-Cancer Compendium
of Chromosomal Instability. Nature, 606, 976-983. https://doi.org/10.1038/s41586-022-04789-9

[3] Al-Rawi, D.H.,, Lettera, E., Li, J., DiBona, M. and Bakhoum, S.F. (2024) Targeting Chromosomal Instability in Patients
with Cancer. Nature Reviews Clinical Oncology, 21, 645-659. https://doi.org/10.1038/s41571-024-00923-w

[4] Lynch, ARR., Bradford, S., Zhou, A.S., Oxendine, K., Henderson, L., Horner, V.L., et al. (2024) A Survey of Chromo-
somal Instability Measures across Mechanistic Models. Proceedings of the National Academy of Sciences of the United
States of America, 121, €2309621121. https://doi.org/10.1073/pnas.2309621121

[5] wHH, XKEE. BEEATE S htE 0], RSP R, 2006(2): 150-152.
[6] Chan, S.H. and Ngeow, J. (2017) Germline Mutation Contribution to Chromosomal Instability. Endocrine-Related Can-
cer, 24, T33-T46. https://doi.org/10.1530/erc-17-0062

[71 Namlgs, H.M., Khelik, K., Nakken, S., Vodak, D., Hovig, E., Myklebost, O., et al. (2023) Chromosomal Instability and
a Deregulated Cell Cycle Are Intrinsic Features of High-risk Gastrointestinal Stromal Tumours with a Metastatic Poten-
tial. Molecular Oncology, 17, 2432-2450. https://doi.org/10.1002/1878-0261.13514

[8] Richardson, T.E., Walker, J.M., Abdullah, K.G., McBrayer, S.K., Viapiano, M.S., Mussa, Z.M., et al. (2022) Chromo-
somal Instability in Adult-Type Diffuse Gliomas. Acta Neuropathologica Communications, 10, Article No. 115.
https://doi.org/10.1186/s40478-022-01420-w

[9] Tubbs, A. and Nussenzweig, A. (2017) Endogenous DNA Damage as a Source of Genomic Instability in Cancer. Cell,
168, 644-656. https://doi.org/10.1016/j.cell.2017.01.002

[10] =, H3C, M, & Wi R AN e R A R IELE] SRR T T it St R 0], AR S5 i

DOI: 10.12677/acm.2026.1641366 1341 Il PR 2 2 3t


https://doi.org/10.12677/acm.2026.1641366
https://doi.org/10.1038/s41576-024-00761-7
https://doi.org/10.1038/s41586-022-04789-9
https://doi.org/10.1038/s41571-024-00923-w
https://doi.org/10.1073/pnas.2309621121
https://doi.org/10.1530/erc-17-0062
https://doi.org/10.1002/1878-0261.13514
https://doi.org/10.1186/s40478-022-01420-w
https://doi.org/10.1016/j.cell.2017.01.002

B, ZETHR

[11]
[12]

[13]

[14]

[15]

[16]

[17]
(18]
[19]
[20]
[21]
[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

J, 2025, 22(24): 3440-3446, 3452.

Wilhelm, T., Said, M. and Naim, V. (2020) DNA Replication Stress and Chromosomal Instability: Dangerous Liaisons.
Genes, 11, Article 642. https://doi.org/10.3390/genes11060642

Georgoulis, A., Vorgias, C., Chrousos, G. and Rogakou, E. (2017) Genome Instability and yH2AX. International Journal
of Molecular Sciences, 18, Article 1979. https://doi.org/10.3390/ijms18091979

Anand, R.P., Tsaponina, O., Greenwell, P.W., Lee, C., Du, W., Petes, T.D., et al. (2014) Chromosome Rearrangements
via Template Switching between Diverged Repeated Sequences. Genes & Development, 28, 2394-2406.
https://doi.org/10.1101/gad.250258.114

Diaz-Cano, S.J. (2012) Tumor Heterogeneity: Mechanisms and Bases for a Reliable Application of Molecular Marker
Design. International Journal of Molecular Sciences, 13, 1951-2011. https://doi.org/10.3390/ijms13021951

Sikder, S., Bhattacharya, A., Agrawal, A., Sethi, G. and Kundu, T.K. (2024) Micro-RNAs in Breast Cancer Progression
and Metastasis: A Chromatin and Metabolic Perspective. Heliyon, 10, €38193.
https://doi.org/10.1016/j.heliyon.2024.e38193

Hosea, R., Hillary, S., Naqvi, S., Wu, S. and Kasim, V. (2024) The Two Sides of Chromosomal Instability: Drivers and
Brakes in Cancer. Signal Transduction and Targeted Therapy, 9, Article No. 75.
https://doi.org/10.1038/s41392-024-01767-7

Bakhoum, S.F. and Swanton, C. (2014) Chromosomal Instability, Aneuploidy, and Cancer. Frontiers in Oncology, 4, Article
161. https://doi.org/10.3389/fonc.2014.00161

Ali, J. (2018) Chromosomal Instability and Aneuploidy: A Conundrum in Cancer Evolution. University of Ottawa Sci-
ence Undergraduate Research Journal, 1, 28-32. https://doi.org/10.18192/0surj.v1i1.3690

Guerrero, A.A., Martinez, C.A. and van Wely, K.H. (2010) Merotelic Attachments and Non-Homologous End Joining
Avre the Basis of Chromosomal Instability. Cell Division, 5, Article No. 13. https://doi.org/10.1186/1747-1028-5-13

Strunnikov, A.V. (2010) One-Hit Wonders of Genomic Instability. Cell Division, 5, Article No. 15.
https://doi.org/10.1186/1747-1028-5-15

Li, G., Wu, N., Ghabrial, J., Stinnett, V., Klausner, M., Morsberger, L., et al. (2025) Chromoanagenesis in Osteosarcoma.
Biomolecules, 15, Article 833. https://doi.org/10.3390/biom15060833

Mendez-Dorantes, C. and Burns, K.H. (2023) LINE-1 Retrotransposition and Its Deregulation in Cancers: Implications
for Therapeutic Opportunities. Genes & Development, 37, 948-967. https://doi.org/10.1101/gad.351051.123

Stephens, P.J., Greenman, C.D., Fu, B., Yang, F., Bignell, G.R., Mudie, L.J., et al. (2011) Massive Genomic Rearrange-
ment Acquired in a Single Catastrophic Event during Cancer Development. Cell, 144, 27-40.
https://doi.org/10.1016/j.cell.2010.11.055

Nazaryan-Petersen, L., Bjerregaard, V.A., Nielsen, F.C., Tommerup, N. and Tlmer, Z. (2020) Chromothripsis and DNA
Repair Disorders. Journal of Clinical Medicine, 9, Article 613. https://doi.org/10.3390/jcm9030613

Rodriguez, R. and Krishnan, Y. (2023) The Chemistry of Next-Generation Sequencing. Nature Biotechnology, 41, 1709-
1715. https://doi.org/10.1038/s41587-023-01986-3

Schwab, T.C., Perrig, L., Goller, P.C., Guebely De la Hoz, F.F., Lahousse, A.P., Minder, B., et al. (2024) Targeted Next-
Generation Sequencing to Diagnose Drug-Resistant Tuberculosis: A Systematic Review and Meta-Analysis. The Lancet
Infectious Diseases, 24, 1162-1176. https://doi.org/10.1016/s1473-3099(24)00263-9

Taluri, S., Oza, V.H., Soelter, T.M., Fisher, J.L. and Lasseigne, B.N. (2023) Inferring Chromosomal Instability from
Copy Number Aberrations as a Measure of Chromosomal Instability across Human Cancers. Cancer Reports, 6, e1902.
https://doi.org/10.1002/cnr2.1902

Torchinsky, D. and Ebenstein, Y. (2016) Sizing Femtogram Amounts of dsDNA by Single-Molecule Counting. Nucleic
Acids Research, 44, el7. https://doi.org/10.1093/nar/gkv904

Marie, R., Pedersen, J.N., Barlocher, L., Koprowska, K., Padenphant, M., Sabatel, C., et al. (2018) Single-Molecule
DNA-Mapping and Whole-Genome Sequencing of Individual Cells. Proceedings of the National Academy of Sciences
of the United States of America, 115, 11192-11197. https://doi.org/10.1073/pnas.1804194115

Van de Sande, B., Lee, J.S., Mutasa-Gottgens, E., Naughton, B., Bacon, W., Manning, J., et al. (2023) Applications of
Single-Cell RNA Sequencing in Drug Discovery and Development. Nature Reviews Drug Discovery, 22, 496-520.
https://doi.org/10.1038/s41573-023-00688-4

Khan, S.U., Huang, Y., Ali, H., Ali, I., Ahmad, S., Khan, S.U., et al. (2024) Single-Cell RNA Sequencing (SCRNA-Seq):
Advances and Challenges for Cardiovascular Diseases (CVDs). Current Problems in Cardiology, 49, Article ID: 102202.
https://doi.org/10.1016/j.cpcardiol.2023.102202

Koval, A.P., Khromova, A.S., Blagodatskikh, K.A., Zhitnyuk, Y.V., Shtykova, Y.A., Alferov, A.A., et al. (2023)

DOI: 10.12677/acm.2026.1641366 1342 I A [ 2 3k


https://doi.org/10.12677/acm.2026.1641366
https://doi.org/10.3390/genes11060642
https://doi.org/10.3390/ijms18091979
https://doi.org/10.1101/gad.250258.114
https://doi.org/10.3390/ijms13021951
https://doi.org/10.1016/j.heliyon.2024.e38193
https://doi.org/10.1038/s41392-024-01767-7
https://doi.org/10.3389/fonc.2014.00161
https://doi.org/10.18192/osurj.v1i1.3690
https://doi.org/10.1186/1747-1028-5-13
https://doi.org/10.1186/1747-1028-5-15
https://doi.org/10.3390/biom15060833
https://doi.org/10.1101/gad.351051.123
https://doi.org/10.1016/j.cell.2010.11.055
https://doi.org/10.3390/jcm9030613
https://doi.org/10.1038/s41587-023-01986-3
https://doi.org/10.1016/s1473-3099(24)00263-9
https://doi.org/10.1002/cnr2.1902
https://doi.org/10.1093/nar/gkv904
https://doi.org/10.1073/pnas.1804194115
https://doi.org/10.1038/s41573-023-00688-4
https://doi.org/10.1016/j.cpcardiol.2023.102202

B, ZETHR

[33]

[34]
[35]
[36]

[37]

(38]

[39]

[40]
[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Application of PCR-Based Approaches for Evaluation of Cell-Free DNA Fragmentation in Colorectal Cancer. Frontiers
in Molecular Biosciences, 10, Article 1101179. https://doi.org/10.3389/fmolb.2023.1101179

Takahashi, N., Pongor, L., Agrawal, S.P., Shtumpf, M., Gurjar, A., Rajapakse, V.N., et al. (2025) Genomic Alterations
and Transcriptional Phenotypes in Circulating Free DNA and Matched Metastatic Tumor. Genome Medicine, 17, Article
No. 15. https://doi.org/10.1186/s13073-025-01438-4

ZfEAE, BRER, SRR, A TIEA M DNA BI4s ATz e VA DU 7E N S5 HH A ek e [9]. [ foge, 2018,
27(7): 521-524.

Li, J., Hubisz, M.J., Earlie, E.M., Duran, M.A., Hong, C., Varela, A.A., et al. (2023) Non-Cell-Autonomous Cancer
Progression from Chromosomal Instability. Nature, 620, 1080-1088. https://doi.org/10.1038/s41586-023-06464-z

Cho, W.K,, Lee, J., Youn, S.M., et al. (2023) Liquid Biopsy Using cfDNA to Predict Radiation Therapy Response in
Solid Tumors. Radiation Oncology Journal, 41, 32-39.

Tosello, V., Grassi, A., Rose, D., Bao, L.C., Zulato, E., Dalle Fratte, C., et al. (2024) Binary Classification of Copy
Number Alteration Profiles in Liquid Biopsy with Potential Clinical Impact in Advanced NSCLC. Scientific Reports, 14,
Article No. 18545. https://doi.org/10.1038/s41598-024-68229-6

Fehlker, M., Huska, M.R., Jons, T., Andrade-Navarro, M.A. and Kemmner, W. (2014) Concerted Down-Regulation of
Immune-System Related Genes Predicts Metastasis in Colorectal Carcinoma. BMC Cancer, 14, Article No. 64.
https://doi.org/10.1186/1471-2407-14-64

Mihaila, R.1., Gheorghe, A.S., Zob, D.L. and Stanculeanu, D.L. (2024) The Importance of Predictive Biomarkers and
Their Correlation with the Response to Immunotherapy in Solid Tumors—Impact on Clinical Practice. Biomedicines, 12,
Acrticle 2146. https://doi.org/10.3390/biomedicines12092146

Bakhoum, S.F. and Cantley, L.C. (2018) The Multifaceted Role of Chromosomal Instability in Cancer and Its Microen-
vironment. Cell, 174, 1347-1360. https://doi.org/10.1016/j.cell.2018.08.027

Baudoin, N.C. and Bloomfield, M. (2021) Karyotype Aberrations in Action: The Evolution of Cancer Genomes and the
Tumor Microenvironment. Genes, 12, Article 558. https://doi.org/10.3390/genes12040558

McGranahan, N., Rosenthal, R., Hiley, C.T., Rowan, A.J., Watkins, T.B.K., Wilson, G.A., et al. (2017) Allele-Specific
HLA Loss and Immune Escape in Lung Cancer Evolution. Cell, 171, 1259-1271.e11.
https://doi.org/10.1016/j.cell.2017.10.001

Soka¢, M., Ahrenfeldt, J., Litchfield, K., Watkins, T.B.K., Knudsen, M., Dyrskjgt, L., et al. (2022) Classifying cGAS-
STING Activity Links Chromosomal Instability with Immunotherapy Response in Metastatic Bladder Cancer. Cancer
Research Communications, 2, 762-771. https://doi.org/10.1158/2767-9764.crc-22-0047

Requesens, M., Foijer, F., Nijman, H.W. and de Bruyn, M. (2024) Genomic Instability as a Driver and Suppressor of
Anti-Tumor Immunity. Frontiers in Immunology, 15, Article 1462496. https://doi.org/10.3389/fimmu.2024.1462496

Cheng, P., Singh, K., Reeves, R.H. and Davoli, T. (2026) The Hallmarks of Aneuploidy in Cancer and Congenital Syn-
dromes. Annual Review of Genomics and Human Genetics, 26, 103-138.

Xian, S., Dosset, M., Almanza, G., Searles, S., Sahani, P., Waller, T.C., et al. (2021) The Unfolded Protein Response
Links Tumor Aneuploidy to Local Immune Dysregulation. EMBO reports, 22, €525009.
https://doi.org/10.15252/embr.202152509

Salgueiro, L., Buccitelli, C., Rowald, K., Somogyi, K., Kandala, S., Korbel, J.O., et al. (2020) Acquisition of Chromo-
some Instability Is a Mechanism to Evade Oncogene Addiction. EMBO Molecular Medicine, 12, €10941.
https://doi.org/10.15252/emmm.201910941

Thompson, L., Jeusset, L., Lepage, C. and McManus, K. (2017) Evolving Therapeutic Strategies to Exploit Chromosome
Instability in Cancer. Cancers, 9, Article 151. https://doi.org/10.3390/cancers9110151

Rangel, N., Forero-Castro, M. and Rondén-Lagos, M. (2017) New Insights in the Cytogenetic Practice: Karyotypic Chaos,
Non-Clonal Chromosomal Alterations and Chromosomal Instability in Human Cancer and Therapy Response. Genes, 8,
Article 155. https://doi.org/10.3390/genes8060155

Swanton, C. and Caldas, C. (2009) Molecular Classification of Solid Tumours: Towards Pathway-Driven Therapeutics.
British Journal of Cancer, 100, 1517-1522. https://doi.org/10.1038/sj.bjc.6605031

Tamaki, S., Suzuki, K., Abe, I., Endo, Y., Kakizawa, N., Watanabe, F., et al. (2022) Overexpression of Satellitt RNAs
in Heterochromatin Induces Chromosomal Instability and Reflects Drug Sensitivity in Mouse Cancer Cells. Scientific
Reports, 12, Article No. 10999. https://doi.org/10.1038/s41598-022-15071-3

Seachrist, D.D., Anstine, L.J. and Keri, R.A. (2021) Up to Your NEK2 in Cin. Oncotarget, 12, 723-725.
https://doi.org/10.18632/oncotarget.27918

Lynch, A.R., Arp, N.L., Zhou, A.S., Weaver, B.A. and Burkard, M.E. (2022) Quantifying Chromosomal Instability from
Intratumoral Karyotype Diversity Using Agent-Based Modeling and Bayesian Inference. eLife, 11, e69799.

DOI: 10.12677/acm.2026.1641366 1343 I A [ 2 3k


https://doi.org/10.12677/acm.2026.1641366
https://doi.org/10.3389/fmolb.2023.1101179
https://doi.org/10.1186/s13073-025-01438-4
https://doi.org/10.1038/s41586-023-06464-z
https://doi.org/10.1038/s41598-024-68229-6
https://doi.org/10.1186/1471-2407-14-64
https://doi.org/10.3390/biomedicines12092146
https://doi.org/10.1016/j.cell.2018.08.027
https://doi.org/10.3390/genes12040558
https://doi.org/10.1016/j.cell.2017.10.001
https://doi.org/10.1158/2767-9764.crc-22-0047
https://doi.org/10.3389/fimmu.2024.1462496
https://doi.org/10.15252/embr.202152509
https://doi.org/10.15252/emmm.201910941
https://doi.org/10.3390/cancers9110151
https://doi.org/10.3390/genes8060155
https://doi.org/10.1038/sj.bjc.6605031
https://doi.org/10.1038/s41598-022-15071-3
https://doi.org/10.18632/oncotarget.27918

B, ZETHR

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]
[63]

[64]

[65]
[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

https://doi.org/10.7554/elife.69799

Hintzen, D.C., Soto, M., Schubert, M., Bakker, B., Spierings, D.C.J., Szuhai, K., et al. (2022) The Impact of Monosomies,
Trisomies and Segmental Aneuploidies on Chromosomal Stability. PLOS ONE, 17, e0268579.
https://doi.org/10.1371/journal.pone.0268579

How, C., Bruce, J., So, J., Pintilie, M., Haibe-Kains, B., Hui, A., et al. (2015) Chromosomal Instability as a Prognostic
Marker in Cervical Cancer. BMC Cancer, 15, Article No. 361. https://doi.org/10.1186/s12885-015-1372-0

Yoo, J., Seo, KW, Jang, S.J., Oh, Y., Shim, T.S., Kim, W.S,, et al. (2010) The Relationship between the Presence of
Chromosomal Instability and Prognosis of Squamous Cell Carcinoma of the Lung: Fluorescence in Situ Hybridization
Analysis of Paraffin-Embedded Tissue from 47 Korean Patients. Journal of Korean Medical Science, 25, 863-867.
https://doi.org/10.3346/jkms.2010.25.6.863

Vishwakarma, R. and McManus, K.J. (2020) Chromosome Instability; Implications in Cancer Development, Progression,
and Clinical Outcomes. Cancers, 12, Article 824. https://doi.org/10.3390/cancers12040824

Pradhan, M., Abeler, V.M., Danielsen, H.E., Sandstad, B., Tropé, C.G., Kristensen, G.B., et al. (2012) Prognostic Im-
portance of DNA Ploidy and DNA Index in Stage | and Il Endometrioid Adenocarcinoma of the Endometrium. Annals
of Oncology, 23, 1178-1184. https://doi.org/10.1093/annonc/mdr368

Tsavaris, N., Kavantzas, N., Tsigritis, K., Xynos, 1.D., Papadoniou, N., Lazaris, A., et al. (2009) Evaluation of DNA
Ploidy in Relation with Established Prognostic Factors in Patients with Locally Advanced (Unresectable) or Metastatic
Pancreatic Adenocarcinoma: A Retrospective Analysis. BMC Cancer, 9, Article No. 264.
https://doi.org/10.1186/1471-2407-9-264

Silkworth, W.T., Nardi, I.K., Scholl, L.M. and Cimini, D. (2009) Multipolar Spindle Pole Coalescence Is a Major Source
of Kinetochore Mis-Attachment and Chromosome Mis-Segregation in Cancer Cells. PLOS ONE, 4, e6564.
https://doi.org/10.1371/journal.pone.0006564

Giam, M. and Rancati, G. (2015) Aneuploidy and Chromosomal Instability in Cancer: A Jackpot to Chaos. Cell Division,
10, Article No. 3. https://doi.org/10.1186/s13008-015-0009-7

Burrell, R.A., McClelland, S.E., Endesfelder, D., Groth, P., Weller, M., Shaikh, N., et al. (2013) Replication Stress Links
Structural and Numerical Cancer Chromosomal Instability. Nature, 494, 492-496. https://doi.org/10.1038/nature11935

Ren, L., Chen, L., Wu, W., Garribba, L., Tian, H., Liu, Z., et al. (2017) Potential Biomarkers of DNA Replication Stress
in Cancer. Oncotarget, 8, 36996-37008. https://doi.org/10.18632/oncotarget.16940

Hays, L.E., Zodrow, D.M., Yates, J.E., Deffebach, M.E., Jacoby, D.B., Olson, S.B., et al. (2008) Cigarette Smoke In-
duces Genetic Instability in Airway Epithelial Cells by Suppressing FANCD2 Expression. British Journal of Cancer, 98,
1653-1661. https://doi.org/10.1038/sj.bjc.6604362

Freitas, M.O., Gartner, J., Rangel-Pozzo, A. and Mai, S. (2020) Genomic Instability in Circulating Tumor Cells. Cancers,
12, Article 3001. https://doi.org/10.3390/cancers12103001

Thompson, S.L. and Compton, D.A. (2010) Proliferation of Aneuploid Human Cells Is Limited by a P53-Dependent
Mechanism. Journal of Cell Biology, 188, 369-381. https://doi.org/10.1083/jcb.200905057

Hsu, T., Huang, C., Huang, C., Huang, M., Yeh, C., Chao, T., et al. (2019) Targeting FAT1 Inhibits Carcinogenesis,
Induces Oxidative Stress and Enhances Cisplatin Sensitivity through Deregulation of LRPS5/WNT2/GSS Signaling Axis
in Oral Squamous Cell Carcinoma. Cancers, 11, Article 1883. https://doi.org/10.3390/cancers11121883

Yonesaka, K., Kurosaki, T., Tanizaki, J., Kawakami, H., Tanaka, K., Maenishi, O., et al. (2025) Chromosomal Instability
Is Associated with cGAS-STING Activation in EGFR-TKI Refractory Non-Small-Cell Lung Cancer. Cells, 14, Article
447. https://doi.org/10.3390/cells14060447

Pailler, E., Auger, N., Lindsay, C.R., Vielh, P., Islas-Morris-Hernandez, A., Borget, I., et al. (2015) High Level of Chro-
mosomal Instability in Circulating Tumor Cells of Ros1-Rearranged Non-Small-Cell Lung Cancer. Annals of Oncology,
26, 1408-1415. https://doi.org/10.1093/annonc/mdv165

Dhital, B. and Rodriguez-Bravo, V. (2023) Mechanisms of Chromosomal Instability (CIN) Tolerance in Aggressive
Tumors: Surviving the Genomic Chaos. Chromosome Research, 31, Article No. 15.
https://doi.org/10.1007/s10577-023-09724-w

Nguyen, B., Fong, C., Luthra, A., Smith, S.A., DiNatale, R.G., Nandakumar, S., et al. (2022) Genomic Characterization
of Metastatic Patterns from Prospective Clinical Sequencing of 25,000 Patients. Cell, 185, 563-575.e11.
https://doi.org/10.1016/j.cell.2022.01.003

Zhang, J., Dong, S., Ji, L., Zhou, J., Chen, Z.H., Su, J., et al. (2022) Intratumoral Genetic and Immune Microenviron-
mental Heterogeneity in T4ANOMO (Diameter > 7 cm) Non-Small Cell Lung Cancers. Thoracic Cancer, 13, 1333-1341.
https://doi.org/10.1111/1759-7714.14393

Tripathi, R., Modur, V., Senovilla, L., Kroemer, G. and Komurov, K. (2019) Suppression of Tumor Antigen Presentation
during Aneuploid Tumor Evolution Contributes to Immune Evasion. Oncolmmunology, 8, Article ID: 1657374,

DOI: 10.12677/acm.2026.1641366 1344 I A [ 2 3k


https://doi.org/10.12677/acm.2026.1641366
https://doi.org/10.7554/elife.69799
https://doi.org/10.1371/journal.pone.0268579
https://doi.org/10.1186/s12885-015-1372-0
https://doi.org/10.3346/jkms.2010.25.6.863
https://doi.org/10.3390/cancers12040824
https://doi.org/10.1093/annonc/mdr368
https://doi.org/10.1186/1471-2407-9-264
https://doi.org/10.1371/journal.pone.0006564
https://doi.org/10.1186/s13008-015-0009-7
https://doi.org/10.1038/nature11935
https://doi.org/10.18632/oncotarget.16940
https://doi.org/10.1038/sj.bjc.6604362
https://doi.org/10.3390/cancers12103001
https://doi.org/10.1083/jcb.200905057
https://doi.org/10.3390/cancers11121883
https://doi.org/10.3390/cells14060447
https://doi.org/10.1093/annonc/mdv165
https://doi.org/10.1007/s10577-023-09724-w
https://doi.org/10.1016/j.cell.2022.01.003
https://doi.org/10.1111/1759-7714.14393

B, ZETHR

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

https://doi.org/10.1080/2162402x.2019.1657374

Bakhoum, S.F., Ngo, B., Laughney, A.M., Cavallo, J., Murphy, C.J., Ly, P., etal. (2018) Chromosomal Instability Drives
Metastasis through a Cytosolic DNA Response. Nature, 553, 467-472. https://doi.org/10.1038/nature25432

Alikhanyan, K., Chen, Y., Somogyi, K., Kraut, S. and Sotillo, R. (2021) Mad2 Induced Aneuploidy Contributes to Eml4-
Alk Driven Lung Cancer by Generating an Immunosuppressive Environment. Cancers, 13, Article 6027.
https://doi.org/10.3390/cancers13236027

Guo, S., Li, T., Xu, D., Xu, J., Wang, H., Li, J., et al. (2022) Prognostic Implications and Immune Infiltration Charac-
teristics of Chromosomal Instability-Related Dysregulated Cerna in Lung Adenocarcinoma. Frontiers in Molecular Bi-
osciences, 9, Article 843640. https://doi.org/10.3389/fmolb.2022.843640

Rao, C.V., Xu, C., Farooqui, M., Zhang, Y., Asch, A.S. and Yamada, H.Y. (2021) Survival-Critical Genes Associated
with Copy Number Alterations in Lung Adenocarcinoma. Cancers, 13, Article 2586.
https://doi.org/10.3390/cancers13112586

Yamada, H.Y., Kumar, G., Zhang, Y., Rubin, E., Lightfoot, S., Dai, W., et al. (2016) Systemic Chromosome Instability
in Shugoshin-1 Mice Resulted in Compromised Glutathione Pathway, Activation of Wnt Signaling and Defects in Immune
System in the Lung. Oncogenesis, 5, €256. https://doi.org/10.1038/oncsis.2016.56

Zhang, J., Hu, X., Zhu, B., et al. (2024) The Evolution of Lung Adenocarcinoma Precursors Is Associated with Chro-
mosomal Instability and Transition from Innate to Adaptive Immune Response/Evasion.
https://doi.org/10.21203/rs.3.rs-4396272/v1

Tang, W., Fan, X., Bao, H., Fu, R., Liang, Y., Wu, M, et al. (2023) Acquired DNA Damage Repairs Deficiency-Driven
Immune Evolution and Involved Immune Factors of Local versus Distant Metastases in Non-Small Cell Lung Cancer.
Oncolmmunology, 12, Article ID: 2215112. https://doi.org/10.1080/2162402x.2023.2215112

Lee, W., Reuben, A., Hu, X., McGranahan, N., Chen, R., Jalali, A., et al. (2020) Multiomics Profiling of Primary Lung
Cancers and Distant Metastases Reveals Immunosuppression as a Common Characteristic of Tumor Cells with Meta-
static Plasticity. Genome Biology, 21, Article No. 271. https://doi.org/10.1186/s13059-020-02175-0

FHE, WA, BEL, & 5T CIN I TILs #ERBCABANS NSCLC HfieifdrJr B Tl A [J]. BiAR
SEF B2, 2025, 37(5): 471-475.

DOI: 10.12677/acm.2026.1641366 1345 I A [ 2 3k


https://doi.org/10.12677/acm.2026.1641366
https://doi.org/10.1080/2162402x.2019.1657374
https://doi.org/10.1038/nature25432
https://doi.org/10.3390/cancers13236027
https://doi.org/10.3389/fmolb.2022.843640
https://doi.org/10.3390/cancers13112586
https://doi.org/10.1038/oncsis.2016.56
https://doi.org/10.21203/rs.3.rs-4396272/v1
https://doi.org/10.1080/2162402x.2023.2215112
https://doi.org/10.1186/s13059-020-02175-0

	染色体不稳定性在实体瘤中的分子机制及临床意义——以肺癌为重点
	摘  要
	关键词
	Molecular Mechanisms and Clinical Significance of Chromosomal Instability in Solid Tumors: A Focus on Lung Cancer 
	Abstract
	Keywords
	1. 染色体不稳定性的概念与分子基础
	1.1. 染色体不稳定性的定义及其分类
	1.2. CIN发生的机制

	2. CIN的检测与评估方法
	2.1. 传统细胞形态学与遗传学检测方法
	2.2. 基于高通量测序的CIN评估
	2.3. 单细胞与液体活检技术

	3. CIN的分子机制及其在实体瘤中的作用
	3.1. CIN与肿瘤的转移机制
	3.2. CIN与免疫调控及治疗应答
	3.3. CIN与肿瘤预后评估价值

	4. CIN在肺癌中的分子机制与临床意义
	4.1. 肺癌中CIN的分子特征
	4.2. CIN与肺癌的转移及免疫微环境
	4.3. CIN与肺癌治疗应答及耐药

	5. 结语与展望
	基金项目
	参考文献

