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Abstract Objective: To explore the advances of low-error next-generation sequencing (NGS) technology
in cancer research and drug mutagenicity evaluation. Methods: The technical progress, advantages and
disadvantages of low-error NGS and its application in cancer research and drug mutagenicity/carcinogenicity
evaluation were summarized by reviewing literatures and collecting data in recent years. Results: The background
error rate of traditional NGS technique is high, which limits its application in low frequency mutation detection.

Several low-error NGS technologies developed in recent years (i.e., error-corrected next generation sequencing,
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ecNGS) can reduce the error rate of NGS to 107 to 10 or even lower, meeting the needs of clinical tumor
monitoring and drug regulation. In addition, the minimum error rate of ecNGS technologies such as HiFi-Seq
and PECC-Seq can be reduced to 10*, which can detect ultra-low frequency mutations in cell/tissue caused by
short-term exposure to drugs, helping to assess their carcinogenicity risk in the early stage of drug development.
Conclusion: The ecNGS technology is currently in the development stage, it has not been standardized, and has
not been popularized in clinical, toxicology and risk assessment fields. However, these can directly detect drug-
induced tissue/cell mutations and obtain the specific mutation spectrum of drugs, which can be an alternative

or supplement method of the existing mutagenicity tests, incorporate relevant guidelines, and become the gold

standard for early drug genetic toxicity and carcinogenicity screening.

Keywords:

frequency sequencing; drug regulation

FERERTE S I] 23 R 3l e AR e3>
BrEct, Hoh, DIJERRZSAE | Bk B Y (R g
AP A LAY DN A 372 P EAL R0 Y 73
AN O R & AR R R, 125
TR RIS AR, H AR I8 e 2 1] 24t B
BRI R A G BRI GO, X 2 U TE B U
PEURE N LADEAR - RLORAP I PR A5 52 AR 1 %
4o TR 2 S EURMEERIAOC PP 2 i, B
VRN IR I i 2y, R s
BEMEPTA RGN 28 A1),

R A D B 5 AR VR 10 A 45 0 1 ] A2 5 AR
RE (AmesilH ) | /)N B T8 40 TR PR 5 715
% (mouse lymphoma assay, MLA ) 4§, SRMI{A
HMRIR RGAFAE—E BRI, AmesifIn A
TP A RS2 AN GOR TR, A Py
A ARG AR R WA & HOF N A Sk e 2R A
Yo MeAb, X N-SE A AL G A5 T AR R
PSR AT T A BRI RN FATESE R . MMLA R PAYE
R IR S I R (AR N Pig—a Bk IH 58
ARG T A NG TN A 32 F AR 3K
SAREEMN RS S SR, IO IR ACRT R & A
CTANMLASE R 2 AR A SE TR sh i 6 B AR HLAT ]
Rt 58 T2 IR I B SEAN [F] SR ZH SRR R 52
AL M SR TR, AHIZ T Rl FH Y s A Al
AR A o R 2 e B, AR R E
AR HRGES S DA A H R B o AR DA
TIEBVIRBIR S (v . sobERBS Insican i
THURBUESE ) VRN A g s R, JFER
FEE BN R P9 5 R AL, 4551 AT BEAFAE

V@O i iR CEUTICALAT

next-generation sequencing technology; mutagenicity; carcinogenicity; cancer research; ultra-low

Pifar o

DNAJ 4 AR ( DNA sequencing technology )
SO AR R R A ) E S LR, AT
BOESL WER LR WL ZDNA_ERISE R
HERATHAFEY) . WY Sh) B AR 4R 1
JFHI7 SRS —RDNAMFH AR (Sangerik ) A
AH e HARAVE S, SRk, JoRki e A
;A BRI, ZEIG R - AGE A B . 3K
o 22 AL BT ) S PR B A% s

BE & LR Y AE B A o Rk, AR ARy
HAR (XFRT —ACMFH AR, next-generation
sequencing, NGS) WizliAd, %7k LR H6E
Wi (polymerase chain reaction, PCR ) F13E[H
O R HOR LA, AR BT AT I Y Y 2o A
[Fi] B PRA T 500 7 B A b i e s R 4R
M7, P RN GSEE A R, e LA R s i ]
H bR A R RN SRS, 75T A S AR I
FE O VAN 25 )5 | A A8 A . 2 i P b
HETF AR ZENGSH AR . FrancescoSE 5, %
TIERIN RS, A BN ETEN ALY
DA 5 A CHORSE T EN . ASCLriAR I
A AT T e A 5 R 24 ) B9 AP /B e IR T
fAINGSHEAR SR, Zr A AL S BRBe LR
HERE, ARIRZENGSEORTENM IR I . F5 S R
25, 5Bt S 2% T W A U AR S
1 NGS

SE— AR P B AR A EE N7 L Sangerik IR, H
DK T A2 R A S5 — A PP A A D03 )R
25 RWTEIiE, DARoche s W] (454 FE 0 BRI 7 12

zhgysh



2024 7 38 7

833

A . MMuminaZy 7 B Solexa B A filF4 WM 7 3% AR B
Hiseq 5 R FIABIZA ] 4 Solid 14 3 I F6-H A b s
FINGSHE ARBEZEHEA"", UTllumina* -5 1], NGS
() ERE AT LIRSS R A Gy o 7Ek—id
H, DNABEGEWIZL /N B, ARGl e A
7, B EE/N B BT ST R DN ASRE . FEIX
— bR, RS B R R R S, O
P HER I DNAFS] (E1) o NGSH—Ril 4
D25 S R B — 5, AEAE ARSI A e RS0 8 2 T 0
P, FELRFEANY . S/ TFHNT . %

B DRI s A 4l iy )iz

JEERA VL EILR, HMINGSZPCRY A1
FIRIDNA Fy BE R H Ll nl A A= 72 57, HPCRY
WG BRI Y S B a1k, S EDNA B
TEY B4 5 BRI AN R A2, NCSF-H#
R BRI A5 BT AR, BT B
BER, HHNCGSEARMIRERLAN07~107, A
PRI S AR 107~107, Ik, HHINGS
BORTCA R bR T B sl rh T2 i) 2 5
VR AT AL .

RRRRRRRRERRRRSRNRARE

¥ DNAEE

_+¥;m:

y e

.

L*H*W VWW/

WE -

1 NGS

T HHINCSERBIBE , BN TR Z Rl
RIEARFEMMNGSHI IR 2R, TR TRIRZENGS
AR CRIRIEM P H52H NGS, error—corrected
next generation sequencing, ecNGS) . HEJ, 7 F
— B T SR A AR R AT AR NGS il
IR I TR, CMRIERMecNGSELIFAK
fLIJF (nanopore sequencing ) . HL43SCHHI T
('single molecule real-time sequencing, SMRT ) |
Duplex{l 745, AKENGS A I 5% 22 R EFEALE
107~107", FLATAR, AT AL b 8g e PRt I A1 5

zhgysh

SHZTE R, SEGANCSHEL, eeNGSHIEL
P R R AR A R, VR
PR UERIBFSE T, A 2R IXURS: PA 40t s )
N H #5652 B 6
2.1

A0 K AL B AR — Ty R, 48Kk AL
JEH o IR B E AT AN, HHevrn
7 FDNAE S /Lo YA TR DN A G L 1 44 KL
F, AT LA ]y 2 ok f LAY B Fiish, M
IAE R PN = A AR W AR FAS S, TR Tk
SRR I 2 I Ak N T2 B I P B AR
R HFREN AR, 8 IR A

SIVICIEETS P 6 & P



834

2024 7 38 7

5 P BN P EERT IR 100 kb B o I6Ah, %4
AREHA BRI RS Rt &
TS 4 W] —DNA SR F B SR RS, — Ul
RVATSRAS PR EE AL, KA DR IR Z 5% LA T,
MHTAAAALIN Y TR 2R (L4 i
W FLEE . A . JBRE . RS ) MR
FHAAES . Fl i Minervini %5351 F Sangerill J7
AL S 1 1245018 P bk L0 4 L g S 5
HITP535878 24 45 7R, Sangeril 7 4G HH Horp
ANIEHFTPS 35S KL, iAok AL I3 0 e 9 1 —
LA ARAE Sangeril J7 A A 5248 835, BLUERAH
Kl TP5 35 R 5 A2 A A AL T A,
2.2 SMRT

SMRTE Hi Pacific Biosciences ( PacBio ) ‘&1
HH G AT S A T BN DN AR 1) 2 i R O B
PEBCH P A5 DRI P H AR o IR T 20 HIE
P EAARRISMRT Cellits v Al 5 45 I SMRT-bell
SCPEFAT Ry F P AN AR E . H PP SMRT-bell
S EGE R AFIDNA B Bk, M Al 1A
MR BEERAR™ ATk F s A EHES A 1554
ELRRTOGKINF AL ( zero model waveguides,
IMWs ), B ALIRH S AT DNAG MU, I e ik
BN EZEH—KDNAGT, BERNT, F
A B A15~20 kb %A MR IR X ]
—ZRDNAGF T2 WMIF, MR AR R PR 2 1%
PLR o SMRTA] A Z2 R RU A 5 A 728 5, A AGr
K H50~2000 bpAs SO E20, (H7E A
I3 F KV B AT B HERR A A R T A ], H
6 0038 A% T 3L T [ 454 A lumina - 5 AN 55
AR SMRTE R FHTHEAEZ W, 41 Choy %211k
BUS# R I | 132 NP4 (hepatocellular
carcinoma, HCC) fBF 13418 R N E
YR, MHISMRTE AR ML BIfDNA (cell
free DNA ) 73 T340, 53HrefDNAGFFHI KR/
i, IS e B K K o DNA ST AF
TEo TR B HARH EAAE, FEAR
HCCH AL PE I3 F T X AR e B e B
TEHCCRE . LU a4ty 3 A Mg R A
MR K —ER I DNAK 1 kb, Hjix
K705 5939.8 kb JE (DN ATE # HEARBE (14
fDNAKE, SAEMRDNAMILL, MR cfDNA R H
BT 5 5 TR BeA EL, (A Ay

V@ORTR Y i ARVACEUTICAL A

FARRHBIG 58 1 A 1 0 e g o %o Ry
T KefDNAZ T FERE 2 W IR T8l et
2.3 Duplex

R e IR PG B A BIR R, S el AR R A IR
FRE A T — PRI Duplexill ¥ . %
TEATDN AU 1 B — A3 ST AR A, i
RH D TP iR 2 o HL I B OA RS B B LA
MR AN GIA— 25 H k8, SR)5 FTHDNA S & B AE A
Ty — ok, A AN UEEAR S, B S ATDNASY
TSR FE DL UEATIN Y, LAV BR DN P 4 (17
FETFIRAEECT ) FIPCRESIR (FAAE T AkhEZ —
(945 DL ) B0 Duplexill 37 AT 15 57 28 28 4 e 42 il
FE107LAN, JF A EHPAS A0 2R ALK DN ABEHL
GBS AR RN, SR, O B AGE ] TN
L PR 20 BT R SR A, T HLBCRAK, A
S,

Duplexill J¥ € FH T 0 15 PRAE A () A1 A 3 52
AR AR, IR R A A R 2 b A A
B FERPFIR (variant allele frequency, VAF) %
5x 10" B ST, BAH —F 0 B & M
Je 2 RSN ) AT A - T = TR TR AT o) 5 i 245 4
FHICHIGEAL o Al DL e 45 R AR ST 25 W i e A
R PR S, A BT IR X R T
{14 B
24

AN P 25 (bottleneck sequencing system,
BotSeqS ) & — il [f] I 12t A R 1A FIAZ Bk P52 v 2
DA HE S RALBINGS o BotSeqSX B A5 K 41 #Y
B RBAR, AEPCRY M HXHIN PP SO HEA TG
108 3 AR AR BT AR P B DN A 870 850 i 7 A 0
i, HEIMDNAXEEG AN (A, (545 hh
DNAZF TR BUR S RE ) By BENE, JFHEBaEAL
Pe DI E . RGO, LRSS
T S OR i B AR B T T . 7EBotSeqSHY 3L
Per, s WG AR AR N R R 2 A | 4 T
BEMES, A BT RAE #4140 2 UL A 4
HaZ7E" . BotSeqSEARHH 5 I AMA AT 151071
T, 1E TR A AL E A7, Hoang
SEPOR HIBotSeqSH AN 1E F AL 2L rb () 3 R 41
PEAT i 8 I R A, ST LA
GBI E BT, BIFSEAE RAE R IE AR 2Py
TR 5 f s 5 AR M ARG IR R AT G, AR A

zhgysh




2024 7 38 7

835

AR LN EOE S TR AR T IR R H SR
AN R will 8 SPS i e T[N 88 7
WA TS R HHA RN RBE& A, H 5%
AR AV RAZTEARML o XTI AAT B FRA T fif IE
WL R R MO BRI, IR TR
R FR 2 S BE LR 20 1Y) &% b AR [ L
2.5 Nanorate

Nanoratelll ¥ ( NanoSeq ) 42— XL T ¥
Ti%&, ZBOR T E R N DTG B R B s
Rl X sen] e P EBum R 2Z R R, I AJEA
MU EAZATER (ddBTPs ) **'. NanoSeq ] #47£ 41 i
BRI DN A ST AR OB NS (1) F i 42 il 7
SAZN, IR SRR R, R LAVEAR
I N LI DNAZE AR O o ACE I i B 15
2RI DR 22 (R S546E F ) B2
WA EANPCREFRAVBER ) AHIL 1074, I AT
T ARAL R IAG AR A, (AR AEAL Sl
ST ERERIR A AL ITE A I RE . NanoSeq i 5
GEBIRLEL0T LT, R FER AL T 85 %,
PR T RORPY, Sangerfiff 7% A P\ fifi FHiZ 4 RIF5E T
ENGIEEAGRE 5 e 3411 )ilalEishz 41 )i 0P et e s i 1
AT HLE . SR RBL, TEIMR S
3SR N 3 B P T 2 B Y S AR AR AR
AR5 2L LA 200 AT 53 2 2 T 4n e it I
AR, EATEA 5 A0 A ] ) 58 A R AR
o BXARGR B EE PR 2848 1Y) 2 BN 22
ML or%L, ST T AN R R A R AR A 5 A
RN, A, NanoSeqtl nf F FASN AL 7|
AT e . 1T VE O 70 B SR A L B AT EA TS, R
AP i T AN R BRI e, AR BRI
ZH IR [B) N FE A I AN S A8 T L, T AN 2
240 A I
2.6 CarcSeq

CarcSeq ¥ ATH 12 70U RR 1Y 43 F AR 15 51 R A 4
PBE—FOPERPA, DA SEEL A A RV 22 P
FHF 2 ARSI 28 48 43 BUOR 107 1 SRS IE 9K 8 28
7% ( cancer driver mutations, CDMs ) . FaskeZ:®h%:
221285248 2 11 25T M4 Sprague Dawley KERO. 30
5100 mg - kg SR AR, IR S AORAR -
FEL Y 55 3 IR BRI 2 SR AR RIN- A R R
ERTESZ IR ) L R0 A i b ) 5
JRAE IR B I v A A Y N i B 5

zhgysh

M, CareSeqkril 45 5 & I R AT FEHOR RFL
MRDNAW Pik3ca HI047RZEAS (1578 n] ATEIE &
HLUPRGINE, BRI R IR 5 AR SR
Z—) Whn, HAMERA RSSO ACHE ., A RE
MA B AR SR Y, HAEH R AFLIR
HAP W AELEPik3ca HIO47REAS . I, iRk
AR AR O E AR B Pik3ca HIO47R A K5
5 v RSB R FUBIRE 1 R A o IZWEIE B UGIED],
CarcSeq ] RO PR3 AE 15 % 55 1 B0 0 1 20 1
AU, L ST 5 o T 66 3000 i 50 17 e 5 1 ]
Al Ol CarcSeqfE N ZgaaiE KU PEAR oh BT — &1
P, AN TR AR B A D R EOR S
FURE Gt shYls i &, S nlfei b sh Y
f1a ] st BT e XSy DA B
3 NGS

PEAESR, O KR 7 £ A N T 259
B ALV KU PPN T (4 TS5, 5 A PacBio 2y
F]ESMRTH Bl I 58 H & 1 HiFi-Seq (high-
fidelity sequencing ) MIFHA . SRR 22z
1 A5 e PR e AL 9 9 A8 43 5 Bk AR 58 5 AN
HiFi-SeqJLF- AT AR [ Al DN A XI5 i A ¢
oA, RAPEETIR107, iz AR i X AR5+
AYDNAFEHEATH M T, )77 A LR oy 3
PUREL, HEB0E 1599% . Miranda®F " il FIHiFi-
Seqﬂzfﬁ%ﬁﬁﬂf% ( molnupiravir, MOV ) YN LR
BRI ARMEAEF , AMOVARINA- ¥R SE R (N4-
hydroxyeytidine, NHC ) 7E/)NEUKE L5178 41 iy
AR B B TK 620 P i B AR R . 45
$2&7%, MOVHINHCEA AR A AP HIFLAH
HZHLURAEA F R FLsh Y e B b e e . ]
UL, HiFi-Seq i 4= 35E K 4B AR R AR AR 1+
AT IR FH T 24 0 2 XU Tl i) gt v

UeAh, EWNAEEHEREH H BT E T —FMar
F—FPENFHE A (pair-end and complementary
consensus sequencing, PECC-Seq) . MR ENGSTE
TR VR 2 A28 A DN e A M B P R A R 25, PECC-
Seq R 1 —Fh ] LB AN TG AT PCRAGIN 7 TA4E
LRE, FERIATSUEE DN A H 4 A 6T R s 1Y) i
FIEL AP A SO0 B8 vy 4 i PR 2 10 5 4 ) R
HENT ORI AR AR R A R g2
VLT SO A e R R S R A 1 SR EA TR
il 3Ry R Rl (S (U D SN

IS P &) b



836

2024 7 38 7

IR ELEE 2RI TK 620 230 22 DMSO (PRI )|

6 ng- ml " FH R iR HH T ( methyl methanesulfonate,

MMS ) 512 pwg+ mL™' N-Ff§H-N-2Z g
( N=Nitroso—N—-ethylurea, ENU) 4b¥4 hi5, #
A 3 R DN A AT PECC-Seq T 455 1
7, DMSO. MMSHIENUALF ) TK6 5 A5 45 43 5]
H0.76 x 107, 1.14 x 10°F12.85 x 107,  HLHRLHT
2755 (single nucleotide variants, SNV ) FA) 31 %%
2 8E g, $#E/RPECC=Seqn] LAA R 15 5
REHRH 107 FEIEE107~10°, PECC-Seq7E:
) 4 35 PR 200 8 AV AR 5% A8 T AT AR R iy vk 11, s
TR — 20 ] Y W PE 0 25 W B 5 A8 Pk 1Y) <6
Prifi——gpt delta®% B K/ R R 28 22 100 5 2
PEATHEL, KILPECC-SeqfE & il 5E 1 JEAR TR
(aristolochic acids I, AAL) 1755 0957 AR5 28
AR HAT B W RURE . LAk, PECC-Seq ] 457
Mo BEAAL, ZKIf[a]tE ( Benzo[a]pyrene ) . ENU

FIN- A 3L — 2B ( N=Nitroso—N—ethylurea and
N-nitrosodiethylamine ) Y/ [A] 4= 35E [ 20 58 AR RRAIE
IR T WETE /N AP Y 8RR IE . IR
LERUEW] T PECC—Seq a2 2 AL T 1 42 2
PRI AR 240 L 5 78 'y T EL AT AR e O R R Sk
JE7R T PECC—Seq P/ A4 241 Jf 175 4% 7 2 FIAA Y 2
A MR I ) AT R TR
4

NGSHT S B SE L+ 7 B LA T 4DNA
SAFRY, MM ET AR, EREZ R
ecNGSE SV 19 71, FFAEIm AR e 4 |
e Y IRE TS —E g, AR
W BB B ) B . ARSI TR 2E
ARI Py H AR B, A48 A 5 12 i AR
B P AR R TR IR R XU PP A A 24 ) B
APEREEPER TR BRI (1), SAASCHOR A

RS% .

1 NGS /
NGSZEA 1E Y e P el o7 FH 4, TRZER
Nanopore!™>™'! KAFEHE 2K E900kb; BB fRRE S JEIEILW; 24 E s 3%~5%
M RA K, AN RMALA ; WA
TN, 5 T
SMRT!"2! e S| TR IK10 ~ 15kb;  FEIRRE FREIZW; 25k 3%~15%
b SRy P )2 2
DupSeq?" INRUSERA EEORA PEOVECR A, R e RS PP e ~107
B¢ LS BN M)PIREE R, W R KU W R
FEH WAE ; AEHT R R
TUFER 2
BotSeqS*" KHFEHA  HHRFRK PR R, AR FEIE A s RN ~5.2x 107
FaRERE s R, R 2%
PN
NanoSeq™* " KIUIENAH  MFRCRE; AR NN S, BIEXES IR 298 ~5%x 107
/N 30% GEARVETEA 5 At Bl RUBS:
W) 5955 19 Bl
HiFi-Seq"" RN KA1k e FECNE A WP KSR EAR R RE ~107
Wk FEEMAESY—  AFMERES RN KIS 2zt
— PR PR kY
CarcSeq™ GEAFPROR KIS T F R RE X TR ; e dE 107107
T 107l #h Wi R i B
JERE IR B leSERanaili
GAR
zhgysh

V@O i ARV ACEUTCAL AT



2024 7 38 7 837
1
NGSZEH#! I H (=) BT IO FH 45 WA
PECC-Seq ™™  RAUILHN  H 3R Wp s TRREENNRE  FREMENBRER ~37%x10"

MAIERA &, AR FHIE By DR g TR
HOANE 5 i 5 IR, M
PRI ; 2B
AR PEAfY
ecNGST AR Huiht TIF R E:, M ARHELL, Next—generation Sequencing to Advance Nonclinical
HARAEIGIR . BpEE . XU TG S0l v o 4R Genotoxicity and Carcinogenicity Testing[J]. Nature
W, %5 AT BRI S A8 2H 2 iy 5 A% Reviews Drug Discovery, 2023, 22 (3) : 165-166.
MZ5iAE ALY R, AEBUCE AN S 0] i, &P, Bk, S5 DNABFH AR e &
B R AR vk, WARHIFE FEN, W HCHERRLD. A Arifkas, 2015, 35 (6) : 811-816.
5 R R B . BUSTER A I SARIE, I (1] ZEWF, 4. 85 AR R AR AE SIS 16 7 T Y
ICHS1/S1B (R1) (280t ss S5 ) WFFEHERRT]. BURIREE2:, 2018, 26 (24) : 4035-
R RAER 4042.
[12] BAESHT, skMed, DFEE, % F—RNPEARER
FELTT T H AT (D). 2R, 2023, 47
(1] SR, AR AWEAEMRIRYT SR h iy /). v (6) : 404-416.
WA, 2018, 30 (9) : 1249-1251, 1256. [13] skEMR, Foede, XIEME, S5 B — RN FHoR R
[2]  HIYAE. ICHiS (& PSS RPN F03E i 58 w48 T HLAE 24 5 0 s o v o R & R R #2553 W
JEW A 28——1CHS2 (R1) A2 ¥ i% vl 5 Jeik, 2021, 41 (1) @ 1-12.
MEERI R 2 EAA (=) [1]. 59T arsE, [14] Marchetti F, Cardoso R, Chen CL, et al. Error—corrected
2009, 32 (2) : 81-83. Next Generation Sequencing—Promises and Challenges
[3]  SCigy, 22k, MAE, S KRR B AR for Genotoxicity and Cancer Risk Assessment[J]. Mutation
DA T30 55 VP Ay AT D). 25T AR Research, 2023, 792: 108466.
2022, 45 (7) : 1221-1226. [15] FEF, drufi, xiieng, . 90k Ly AR &0
4] AL, EF, RS, . AR ERYORM R TEI I 22 W eh B N R D], VLR R4l (R
1w e B LB AL W IE (1], 259 53 B sk, Jiw) , 2023, 33 (6) : 502-508.
2018, 38 (1) : 50-55. [16] Jain M, Olsen HE, Paten B, et al. The Oxford Nanopore
[5] EWhE, X, £5H. BEaptE B R A TN ik MinION: Delivery of Nanopore Sequencing to the Genomics
HIBFFEHE (). R - BAE - R4, 2019, 31 (5) : Community[J]. Genome Biology, 2016, 17 (1) : 239.
406-411. [17] Ho SS, Urban AE, Mills RE. Structural Variation in the
6] SCigy, mHE, T, SR ZREBHEREETEM 55T Sequencing Era[J]. Nature Reviews Genetics, 2020, 21
JFIEL R EZGEAY, 2021, 38 (5) @ 365-370. (3) : 171-189.
(71 BmeE, ZRUEE, BRA, % WFHARLERE S [18] Wang Y, Zhao Y, Bollas A, et al. Nanopore Sequencing
AT AT I P R R[], AN 4 5 AT, 2021 Technology, Bioinformatics and Applications[J]. Nature
(1) : 56-60. Biotechnology, 2021, 39 (11) : 1348-1365.
8] #RT. DNAMFHAND] SR TH5, 2018 [19] X%, W, ROHE, & 0 TUFHAR (SMRT)
(11) : 71-73. FECAE I 5 S P N (). BHEE SR8, 2022

(9]

Marchetti I, Cardoso R, Chen CL, et al. Error—corrected

zhgysh

(14) . 166-170.

Erianvaceunicauaiiais IR



838

2024 7 38 7

[20]

(21]

[22]

(23]

[24]

[25]

[27]

(28]

Audano PA, Sulovari A, Graves—lindsay TA, et al.
Characterizing the Major Structural Variant Alleles of the
Human Genome[J]. Cell, 2019, 176 (3) : 663-675.
Choy LYL, Peng W, Jiang P, et al. Single-molecule
Sequencing Enables Long Cell-free DNA Detection and
Direct Methylation Analysis for Cancer Patients[J]. Clinical
Chemistry, 2022, 68 (9) : 1151-1163.

Schmitt MW, Kennedy SR, Salk JJ, et al. Detection of
Ultra-rare Mutations by Next—generation Sequencing[J].
Proceedings of the National Academy of Sciences, 2012,
109 (36) : 14508-14513.

Tate, R B 2R BRI R B S A
JrIRIIN. AR PR (R L SCHR, 2018, 18 (58) -
79-81.

Salk JJ, Schmitt MW, Loeb LA. Enhancing the Accuracy
of Next—generation Sequencing for Detecting Rare and
Subclonal Mutations|J]. Nature Reviews Genetics, 2018,
19 (5) : 269-285.

Menon V, Brash DE. Next—generation Sequencing
Methodologies to Detect Low—frequency Mutations: “Catch
me if you can” [J]. Mutation Research: Reviews in
Mutation Research, 2023, 792. 108471.

Hoang ML, Kinde I, Tomasetti C, et al. Genome—wide
Quantification of Rare Somatic Mutations in Normal
Human Tissues Using Massively Parallel Sequencing|J].
Proceedings of the National Academy of Sciences, 2016,
113 (35) : 9846-9851.

Mitiushkina NV, Yanus GA, Kuligina ESh, et al.
Preparation of Duplex Sequencing Libraries for Archival
Paraffin—embedded Tissue Samples Using Single—strand—
specific Nuclease P1[J]. International Journal of Molecular
Sciences, 2022, 23 (9) : 4586.

Abascal F, Harvey LMR, Mitchell E, et al. Somatic

V@O i iR CEUTICAL AT

[29]

[30]

[32]

[33]

[34]

[35]

Mutation Landscapes at Single-molecule Resolution[]].
Nature, 2021, 593 (7859 ) : 405-410.
American Association for Cancer Research. Sequencing
Tool Sheds New Light on Somatic Mutations[]].
Cancer Discovery, 2021, 11 (7) . https://doi.
org/10.1158/2159-8290.CD-NB2021-0349.
Harris KL, Walia V, Gong B, et al. Quantification of Cancer
Driver Mutations in Human Breast and Lung DNA Using
Targeted, Error—corrected CarcSeq[J]. Environmental and
Molecular Mutagenesis, 2020, 61 (9) : 872-889.
Miranda JA, Mckinzie PB, Dobrovolsky VN, et al.
Evaluation of the Mutagenic Effects of Molnupiravir and
N4 - hydroxyeytidine in Bacterial and Mammalian Cells
by HiFi Sequencing[J]. Environmental and Molecular
Mutagenesis, 2022, 63 (7) : 320-328.
You X, Thiruppathi S, Liu W, et al. Detection of Genome—
wide Low—frequency Mutations with Paired—end and
Complementary Consensus Sequencing (PECC-Seq)
Revealed End-repair Derived Artifacts as Residual
Errors[J]. Archives of toxicology, 2020, 94 (10) :
3475-3485.
You X, Cao Y, Suzuki T, et al. Genome-wide Direct
Quantification of in Vivo Mutagenesis Using High—accuracy
Paired—end and Complementary Consensus Sequencing|J].
Nucleic Acids Research, 2023, 51 (21) : el09.
. v T R B AT 4 1R A SRR AT . b R
HARIE, 2017, 19 (4) : 51-54.
A, EER, FFILK, . BT FBORTE M
LW BRI T ). A TR, 2020, 36
(2) : 180-188.
%t

(Y A5 HH 2024E3H5H H TR 4K )

zhgysh



