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1 REPRRAE

F R RAFE g R HHADNA G F L RAERRA
) AT A 18 R 3 4 (gene mutation) (Y5 H Mk
https://www.nature.com/scitable/definition/mutation-8/).
Mo FK BE, R RAS IR I IR 454 bk A=
FENTZH RSB FING 7 R e A i PR G i X7 SR A 5 i
RAIRAKKR, BT Z I 1REDNAR 5] AL ¢
BRI R RAE . /D Bk R AdE N, 2E 5] R
HVEE X ZOEFIR I RAE, SUFHREMEERET
BB AR T3 2k IE % ThRe, SR i deasl™,
FERRAE, JUHR RSN PERIRAE,  BEE IR T iR 4H i
AT, SR E AR R TR AN P ) AR AR, R
60 240 PR L PR TR, ek R A B PR T, 0 R ()
RIEFEERG AR IAER, T8 R LA A
PRPEAATAT S, PRk, X0 R P A R A 2 IR Bl R
AR e 3 AN T R AT, AR B B R )
I Ao EERE

UR B RAR KR AEAE M AL 5, I BAER:
IR, fEEBFEAT IR RESEFE
BEAN, BT SR RS R A S UK S R AR v T R K
PEFEAR, 74% R A BE 8 R IAE J5L R PR A
R B R A,

TR JE ] FEUMIE K AR, — O JE R A
Bl AR DAL U R DN R AR T SR A 1E A A A g
A, 224 S5 R O A M R X R A AR e, K%
2 LR R P23 2 slE MRS aR 1 10, S A
FERGGE, TER R ERE, M SR S R Xt oL
T 109 22k A ) AL A o) B 25 AR R S L, ot T
VER ARG A S B SR VE L, B A T8 A
A R X P R, A AT — A R A AR,
HA ] BE A R AR

BRI RARAEAT 2 i IR H A P I ) B A 5 (R
s A S HAN R A IR AR BAEF, (645 5 s Kk
AR AR ST 5l B e TR B . DA BE G B
g o ) D B Rl JAK 2 N LR A T IE H IR AS I
JAK 2V TH2 25 A6 30T TH 1 I8 285 g 38 0 435 P e 67 0 42
YER; MJAK2EE R AT HE 18496 IGHE T & #elf, &5
FIAK2 8 T 51 556 1710 1) 40 B A8 9 2% T & 1
(ZAL AL TIHIIXIR), P Z R I LA TH2 454415,
Xof TH 1 25 46 330 1) S 4 4 FH R A, AT S BUAK2

PG S5 A 00, Bl S T JAK-STATAS 5 i B 4 ¢
FEaE!D SRR RO MG, BT ] R
B T 1 A

TP53 7 SR LR 76 K Z150% 1) N 2880
W, PS3EE IS KA R, RABER T kLB AT
JibRg P T RE A, S8 HIPS3 R (118 & A3 B I B0 Th
e, XIS RO RAR RUPS3 1K T fig 38 45 (gain-of-
function, GOF). HHIHFFLINA, P53 GOFE MR A
FEAFEH T (1) PS3AE LA P53 HiA
Mok T R R B - A B AR, 380
W A B e e SR AR P IR . IR P i e kA 72
T IRAE B  ITE R,  EAX R RAR SRS T )
e, BEMTEAEAEILH, R Tk, (i) TPS3M) Rt
1 %N (dominant-negative effect, DNE)ZEAF (K Hrp—
NTPSIEALRE AT, RN T 57—
JE R 9 IE H ThRE) vl S 8040 f HR PS3 11 IE # ThRE (3
VER S iE, S4B A e B, (54t A, iR i
K.

Z PRI AR S T GOF B i g (1 Ay HL A5 B8 g (1 2
g Uzt NS I B R R R 2 I (The
Cancer Genome Atlas, TCGA)W %3], £ GOF %4 i
MLLI, MLL2FIMOZJRNAZ AW & 5 FP53H 2 A
JifR, IR IMLLIE % 7] G845 BT GOF 2 s (1) B0k
FAY, TR HERR AR IF BRI, MLLIYE R
Bk J5, GOFZI AR I 2 7 A KA R g ()35 70, DRk B
BOAERA T MLLI, MLL2FIMOZ T GOFRIIE R B A &
B AT O R G 9T ) E A AT

Ak, AR SEGOF X 8 1t & A2 K e A RE i,
TP5 31 i 2% [RIFE R A% (I a3k IR i A AR AR e, T HLadk
e fih e S PRk R #2 dbS 2 R a2k 77 B /R F . PS3 AR g
HERHIEKAI-1/CD82, miR-34%%, XL R AZEN
A ekl B H0 I 4 M A A2 B VR FH, S4PS3 H R HE IR 4
TERBGE ENGE, B enImRE, RIELA FT
Uife, mABINEI M EM. [FA, PCDH7,
CXCR4, FAKEF K2 AEMLAR P A K2 At i 3 B A ml B
FRI2EAE, HRPS3XEA R fOREIEH, Kt
SR T A1 e R A L R 4 . R, BRRPS3E
iR e A% B PR AR L Bk DL IRAS BE ML #2 1 R
71, XX TG SWIFGYT RE B A T EE R E X

oAb, FEIRE R R, Hras, Kras, Fatl 255
EXl AN otch{E 5 38 4% 4 () Notchl, Notch3 M Trp63%:
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25 S ARk bR (R R Rt B 4 B
M4, FETEHREE R ARl IR SRR R B A B
THNFIABER R MIFEA, 553 F5E R 1) 58 S R L (R
P PR, FIREAMERER R, Hp— MR E
B S & APOBEC3(H H Rt & R ik ) 2 IR ) 28748
IEFIEOLT, APOBEC3E S| i) 5k D8] 25 v 1 3% Jog o
FIVER, 2R AR JEAR I, X R /E B v] RE 2 2R
LRI 4 25 5 kA A P2 FE R i R A R R R,
W PR APOBEC3I 777, 18 22 PR 1) g v &R
RE WL %2 | APOBEC3 9375 52 LM\ F 11 1) B 301 388 o 1)
. De BruinZ NPWETE R I, KB 58 8 58 A8 A7 7E
WA H T APOBECHIfE . APOBEC3HITRAL W] F:3
Jir A 52 ) ()00 A R A, AT IR )RR 25 52
BIREIR, TEZ MR oG s R H P P R AF, S
O (1) I R L B A, o R o i JRg 4 P gk
B2 R $0APOBEC3 4= 5875 445 i Ra 41
2R Fe b4 I8 77, AT $ e BB VR 97 (A AR

2 NS

# DU 5 (copy number variation, CNV)j& —Ff
FERH R BOR A E R DL 2 (B B R A B R
BARKIMSE. ONVIE, S i B e iRt
St 4 5 R 2 31 4 ) B sk 2k S S 3 Y. eNv R R
RIAPFEA: — M E HDNABE R 5 F
JEPECNV(focal CNV, fCNV), HYaE £ FIRT—/ Mg
Syt AR, SR i T 2 2 R et ik
IR B R AR 2 ECNV (broader CNV,
bCNV), 70 [ 2 A B e (R B AR B 4317 i
RAECONV [ 2 PR 21 X3k 7 iR 9t 5 b e AL A OV,
W2 SEUSUE SEE AT Ym Y T B Bl i R AR K I O B
RO i, V% AR RS R, WERBB2, EGFRA
CCNDI, 2wy 30, Yr cn i@,
CDKN2A, PTEN, NFIMRBI, 7&&FhR e vh 4
HEHD, Pollack NPVE B, FUME AP IIFCNV
REfE s L R ()R I8, Ak E, FLIRIME T 2 /D7 1E
12% 1) 2 (R ek A8 5 v L EL VA A T FCNV IS, 31X
S BAE B T fCNV AT DL B £ 5 B R 3R IA 1 A T 2k
W, XA RE A BT R R RS k.

TE e B ] 20 o R 52 2 0 JE R 48 DI 8, X T
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[ — MRk i, 2RI eSS DU m, B
380 S 10368 % SR BA R 43 IR 1)) R AR RN B
i rh, MeCreery NPl A0 i 720000 5 i 1
Jib g (1) B R 4 DL T, R 5% 81 B A R /)N R e 44 i
(175 et AR 3 VRO N, (B2 Hras™ /NRRE
HILZIN G, XK Hras/ 248 DUBIE N 5 3K30 77,
/D HrasHE RN AN 23 72 AR 3 DUBCHS I 15 00, BRIk
AR, X TRZBEMRE R, EAETTRE
TRIAR TR g s 5 i I # DUESCR AL 2 B A 9p |
CDKN2ANL 5 (B R FIMET 4 38 585 DL n, 78
FRBIWEFE R, METY BAENTEIT RS FIFR & 1A 2L
A —PIRER.

3 R B

R, NFRde novoRE[H, RfaBA LT
FEDRIFE AL, BT — VR T AR MY DNA,  JF AT RE
A PR T2 510%). MAMHRT, A%
KVETEAASIER, SRR &7 A — /N
5y, NFEFEHAM3/42 FEmMIRNA LR, Rtk
W, 99% Iy 248 fr T A X 7. ¥ 2 Ak RS
T RNASE K TR J5 1 7 4 0 22 N 28 41 P bt i (hu-
man leukocyte antigen, HLA)BCAA (17 75 KJH. 20184F,
Laumont® NP*RF 70 & B, AEghd X 5% B P6 10 8
JR, A AT IEAT R )G I R R S 1 0 ) 32 R U
JE 4 IO RNA T PR AL J5 5 B 08 (0 0 S5 v 51 2 40
FYETIRE 400 (cytotoxic T lymphocytes, CTL)X M,
WA Bl T RE ALY /N B BB AR s, I BAE
JEAS 5y 52 S i 2 L R g2 e, AT ] 4 R S e/ 2

PR O S R A R S B R BAEAE THESMMNE
X I (out-of-frame exonic translation)5 AE 4w [X 45T
MR bR, HEEVr 2 Mmbats, BEAEEn
JYANME. DRI, 7R MR R AR R SR i R vT AR AE K &
AR AR A, AT R 3 e R 4t i B S 1 AR AR A
55 M e e SEARAE B I BE R, A 150 4 1 4 A
I3

4 Btk FE SR

Yett R ANFa 52 PE(chromosomal instability, CIN)/&
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JHIRE 1 R AZ D IR BN R 3R, 2 R R AR R R 1)
FEIRENPEIED, CINSG i i 8 1) 2 R 4 5 A,
AL FE R G AR 1) 38453 B Z 2K (whole-chromosomal in-
stability, W-CIN)Bk 2% #4Hi 48 (structural-chromosome in-
stability, S-CIN)“". Buttfhk | BEAGE 2. Jeta ki b
HULEHXN B EAERERS T EERE
i et B 25 SR A A R e R TR
B E RN, W, BRI FBXWT7, WRN,
CDKN2A%3 ™ gz b fINOTCH2, EXOI,
MLL3%IEN Vb 3 etk BE B R E K, X
TP 5 R (1009 2R 5 B30 P i J T 1 A

g gk EH, BAEAGEES, {8
ML, % HIDNAYUEERT I s 51", Yt
PR Fr B B HE 2 3 350 2 i B A ) 9 DLBS0K AR e,
— BB RN AT RETHI I B AR B MG e, I HLAT W REAE KT 2R
BT R i R RS AR AR ) R B R R . X
OB DR = AR AR Ak, RE T IR R R AR e B B
SO AR, G A i E A AT A e 2 R R
A R R BOR™, o RE ARk bR o 2 % F et R o
531 HEAK.

B MRS R B, t T etk oA fa e e,
3 24Tk F8 H DR G A 20 B B 13 1T A ) AR A A 4
TERZHUMRE h ATk, HAEJRBAS g i,
AN G EAR EI R E BB AN B R IA R H, Sk a
i v 2 5T JE A ML PR R AR R P AR ORI R
m. AN I AT DO G AR HE S R
FMALRAE . EAFTHRR, HHEL bl T e tfk
IR E M, RS R A S R A e AR R v B i)
B, UE TP AR — 2 R R, L, JERA
RA AR IR AR E A, Wk 2 NN
{9 A AN rh k2 P4 ),

FENR R e B b, Gett ik S e i —
NGHEB R IR ERRE. TurajlicZ N %5750 J5
RGN 335451 5 R T KRR S BEAT B AT, AR S A )
R T R R IR RE 02t e AR I S AR I R A
[, Ferh Ge AR op it 2 2k 2 b e i # st picads W ' 4
g R AR T AR IR BN M R 3R Je ik S 3R B 5
7 LAk Bz -[A 78 % 4k (epithelial-mesenchymal  transi-
tion, EMT)F 48 i A RFAE 1% B8 14 b oRg A T B, et
LI BT LA T R, MR S, Get ik
FRE AT IG v, A S G 0 A e AR 40 e 2 TR R M iR

(I 25, X LR HRUE ] T St A e AR 1 H B LA R B
Ji O i 52 A R e R i R e — AN g L
b, Geth iR S AR AT AT RE KN #5 DURI R A 57t it
V(TR T 5 5o B SR (M R R AL B, A4 2
ks B R, ISR VECGASTETEI AR, H2%
LI HERERS (2 AR 1 .

5 AR

gi b, TG HAAE I R A R RN R 1 R
HRPy i B A, AT s b A T B
IR 2 A A MR e A SR 2 R AATTRE B A b T e
I8 B R R RN i R o e A P g A S, A RT R
7 T iR R 7% 1 I Rg VR T 2 I ) 2 e, ) B
R E AR I 1) R AT B )

HAT, #2oR T 12 852 (1) b 2 ik Ak 3R
FEAFP £ R ERBI ().

(1) Zettkdhth. BEE RN R, Gt R
B, IRBh SRARK T 7 MR A M 40t s B A, HEk
LT IR 2 DA A R ), LRI 5 A
HFFRAR, 5 IKEISEASHRRE 05 Ik g A4 kY, 2
PR A BT B A DX 2h SEAR N R AL, DL S dn e
Y A 1 5 5 O G 30T F) S R . Vilarinho 25 N BRI
A1 JE I 40 B 4T P B 98 (hepatocellular  adenoma,
HCA). P RN P IR B DNAREST 1 4
SRR THNF. 4R E], BEAEHCARIKRE, il R
AR FIHE DB R A A B0 BN, R e i 2 vtk Ak
B, IF M E DNAF X F2 DNA 5 J5 & 1 4l A
ARG, EELMEE R Ge N iE
T X e K5 D DR R AR 52 R e R A AN AT AR T Sy
MR B, AR il (pulmonary  sarcomatoid
carcinoma, SC)ZHZH, % i 7 i (lung adenocar-
cinoma, ADC)H &I IZEE 202, PLR NIRRT e
AR (BLHE TPS 38 TALFIAXIN2 1) 6] SCHRAL TR AL 57),
XUEHE T B E MR K EADCRISC, F3IE KHISCR
EINE AR L

(2) 3. FHMORE AN IS, TEAS R R
B p~PAT A, AR A R A i s B — e ik
PRI, AHXTERPEEAL, 3 S A IR TR AE
LIS AN B e PO RE R B2 R I Y, T
HAt e 2R, Wit onEUE . ARSI L
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Figure 1 Clonal lineages and phylogenetic trees (modified based on
Ref. [4]). Phylogenetic trees reflecting different tumor evolution
patterns: (A) Linear evolution, (B) branching evolution, (C) neutral
evolution, and (D) punctuated evolution. The different colors represent
clones with different genotypes

b K, T4 ST Marusyk & AU
A3 SCHEII 78 B, AR PN IL 63 IR ¥) 2 55 e % 384 i i eg
FIRAN, T Me B e 2R g E . AR 73R
B, Wit 133 3RIE FIBAY G 7R HH J A A AR A s A A
PR R A e it R R B VR, SR (2 ks
{9 A e O, (HIX AR 3 2 T 9 A 7 Ak A < A0
WA A B2 [ AR, SEse b, K
ZHUEHUT, 2P0 vORE 2 (R BEAE <A1 A AL A2 PR
AHH 2 [A) R/ B 5 4

SI 56 A I I R A A ) B (tumor evolu-
tionary directed graphs, TEDG)Z#7 i J8 #5 #4 451 e 2k
PEBEAGIE R 40 ST A (152) ), xR, 2 e
WEINNIEATE SRR, HEE L, BAIAR TS
KFR, TMsedHeBREEYERARRZ), A
T,

(3) HtEith. R E T S A e 1
L, ARSI RE 7 A A B B AN A7 LR e 88 s ) i S P
fk, BEE R, R SRR, Williams2E A1
T e g4 vl e ad s B e L S, IR TR
S BE A ATIESE T TCGAR 78 7 1/3 B 88 i1k
R A PR IR AL B T SR I0d, fh AT TR e T
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— BRI R S B R A K R R DR ZH AR A )<
BB ZE, —ShhRs ek, AR RE
“Tepe RAR, IX L TEAR 2 T HUR N 75 M (intra-tu-
mor heterogeneity, ITH)== 2[5 K. 1245 [F]FE AT B
FH T A B0 6 o e 1 2500 2 5 Hh PR A L — B0, Ref
TR S W AR ) e SR RRALE

(4) TEIWTEEAL. BRI AT R A R 1R] A S
W, FEdER S, I E] A R AR R AR S, IR R
PEAE R Ok, S5 D E 35 e B A 2 /7 7E. Baca
g N s Xt 574 BE IR AL, RILT Rk A
chromoplexy(—Ff 4L AR EHE) I G, TEXFPIL G,
AR A Ty A AN VLR S AH AR ), IFAEARJE
(RIS T Y TR A AL ek, TRV Ad e b 4 B DR 2H 4
BATARR R AR, XL FIESE [ #5 DUECR e f
0 A 25 1) AR AE SR 1 R R I A T R A i ) B ik
A AL ™. XA S A8 AR 2 R A S
DSBS ) I R, L An S e 250 B 300 P e e st
KT FERIH B g AR A TG E BT RS, [RIFE R e
fiPL A 240 P P 2 SR LE B D R,

NS 9eE E FEE FAN [ B 9] mp g B AR, etk
TEALKHR A A2 R I foe R B 9 FLBE 2 fil
JERERE, J5 2] Re 2 I 23 Stk A A5 Qi ] Mk A
X, A T RE R I 7 AR X P A,

6 BEaiE5RY

BT, NATDRH R R A R R R # i R b (1) 431
HAEAERLE AR Z BIAR, FEIE R T 450 g
A M bt B R . (R AR ST B ST AR AN 42 T,
FEARIAE: (1) MRt 7 AT K s 2R AL e
A, BARE PR EARAATRITCGA, IRKEA
J52H R 43 M B BE (Clinical Proteomic Tumor Analysis
Consortium, CPTAC)EA K A E 8 H R4t
%ll(Chinese Human Proteome Project, CNHPP)* H T K
R 2 R, E RTIE R R T AN R A
R, AHAE BEE KR K B 2 v B A R 2H S O 1 B
23 S INAR A Rg oy F R ML I 7. (31) DAAE R
JEEA T 2 B T R R P A AR A5 5, T 4
Mo #E T, RV AERHE. B REAKT #
B S5 B AIAE BLAE 45 A P R A I AL )38 A 15
T AT R ATR AN SEATT. 7% 07 W _ A0, o
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Figure 2 Tumor evolutionary directed graph (TEDG) framework shows an example of the evolution of patient cloning by sampling different time
points and analyzing genomic data™%, Specifically, for each patient, tagged-amplicon library next generation sequencing (NGS) and fluorescence in
situ hybridization (FISH) analyses were carried out at different time points to evaluate the presence and quantify the clonal abundance of possible
driver genetic lesions. Then, mutation cell frequency (MCF) was used to adjust and unify the data (middle panel). Based on this longitudinal data, a

sequential network of one patient was built (right panel)
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Tumorigenesis and the subsequent development and metastasis of tumors are continuous evolutionary processes that are a result of
several molecular evolutionary events. During these processes, the tumor cells gradually gain advantages of survival and proliferation
and promote tumor heterogeneity. An in-depth understanding of the mechanism underlying the molecular evolution of tumor cells will
help us understand the intrinsic mechanism of tumorigenesis, tumor development, and metastasis. This in turn will aid in the
development of targeted treatment strategies for blocking tumor development and metastasis as well as improve the therapeutic
effects of these strategies. This review systematically summarizes the molecular evolutionary events, such as gene mutation, gene
copy number variation, the generation of de novo genes, and chromosome abnormality, during the process of tumorigenesis, tumor
development, and metastasis as well as their relationship with tumor development. This review summarizes the main theoretical
models of molecular evolution in tumor cells and discusses future research trends and prospects. Furthermore, it provides valuable
reference information for additional in-depth theoretical and applied research in this field in the future.
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