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Single-cell transcriptome sequencing and precision medicine in cancer
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[Abstract] Single-cell sequencing is a new technology for comprehensive analysis of genetic information at single cell level through high-
throughput sequencing technology. Single-cell sequencing has become a powerful tool for in-depth research in modern biology. Single-cell
sequencing technologies have enabled the research in biomedical field and clinical translation to achieve a high level of accuracy and
sensitivity that traditional sequencing technology couldn’t achieve. At present, single-cell transcriptome sequencing (often referred to as
“single-cell RNA sequencing”, scRNA-seq) has become the most widely used single-cell sequencing technology. In this paper, the development
history, technical principles and methods of scRNA-seq are briefly introduced. In addition, the research achievements of scRNA-seq in the
basic research fields of tumor heterogeneity, tumor metastasis, tumor immunity and tumor drug resistance, as well as its research progress
on translational medicine and application in tumor precision medicine are systematically described, in hope to promote tumor precision
medicine to a higher level through the development and application of single-cell sequencing technology.
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JF  (single—cell whole—genome methylation
sequencing, scWGMs) ™', 2 20 i 2 & it o K M F
(single—cell assay for transposase accessible
chromatin using sequencing,scATAC-seq) "' & # %
M % 4 % M JF (single—cell multi-omics
sequencing technology,scCOOL-seq) ®' 4, & Fix 4
Tk AT W 1E B F AT, BT LA B A 4E B e T
% R B R WA R H M B B B AT 2 | T
16 #H AT , E AT RE 45 A2 52 40 fE AT B A6 U 3 1A
kR EBREARLEEREY,

4 Sk, 2 m M F R & R RIE, 2017
Nature 22 FiF B H“ R EF B HE"", scRNA-seq #
AT 2018 F 4 Science F#F T H T AR K BB Z
B B, BAH L E AR T R R 2w e
A AT 2019 441 2020 4 58 54 Nat Methods
FEFAEGRFARFEEQF T E. FTH,
BHBEMNFEACRAAREDFHARO AN
T B, &4 2548 R AR % A0 e R R R 3 4R
HT RN F 7L Z IR, B, %
20 N K R R B S 2 B9 & scRNA-seq, A XCE &
V8] A A2 BB BT T ROV BT o R R AR R R

1 scRNA-seq BRI A RIATE

scRNA-seq & £ % /™ 40 1 K F % 20 i 5 ] ok ik
ERERHMTRN, EABARERXA —EHW L&
AN E R 0y B8 400 8 A4, S T
A28 JE F B9 BT R mRNA #EAT R %% R Y8 fo g 1 2
L AT A B s R AR R R AR R R
M. BARIERZES H =AW E.
1.1 #minsKEEFan 5

scRNA-seq 3 A #5 T 2009 £, TANG £ 41 37 14 M1
JA T — AP T PCREY £ 20 i nRNA R 3 3 ¥ 77 %, &
ANGS H A E R EZIT scRNA-seq, £ ANTREHS 7 £ 4
AR RAEY R TR I EE T K1k, B/, RAMSKOLD %™
T 2012 4 A F AR AR 4% 45 R I & T 5 28 f 4K RNA
J¥ (switching mechanism at 5’ end of the RNA
transcript sequencing, SMART-seq) 7 ik, B IF 52
PT B KEFHNF. B*x,HE A% SHERMAN
SEI0F W PAN S Fu S SR H 4% L B0 = AU HAN %10 b
[l JF & 7 % T Phi29 DNA % & B 8 mRNA #% KA ¥ 4
(Phi29-mRNA amplification, PMA)4E % 40 ff 4 K #
A FE A
1.2 A F & #Fo iR & 69 scRNA-seq

R R KEKANTF T EBRRIAT £
HE R R RAN T, ELE ERK. AR, AR
AT EREIBEER T AL, A, BFRAN

& 4 28 B 45 (cell barcode,CB)Fn/ = " — 4 F 4%
& (unique molecular identifiers,UMI)E| A\ Z| ¥ 20
MM FHAF . CBZ—/NEZR T, 1240 Ll 7
B, B — 40 L f 35 15 " — CB; 728 A 7 i, A A CB 21
B X B O E B A, UMT 2 o LA
R —BAZRFE, £ E RN T, E R RIS
] — 40 g o B — £ 3 ROR L A2 fm— N UMT, {2 75 1)
JF K AT LUx R B AN AR, AT R TR B v B A
RIFH, MBI TR AR IR EHEE, ET
CB Fu UML 89 scRNA-seq, ¥ /B ZE 3L T 3 40 fAT 10 1Y 1 4%
F M F  (single—cell  tagged reverse
transcription sequencing,STRT-seq)"™" . 3 i £ &
Y3 Ao | FE 2E AT 28 B & 3K F (cell expression by

linear amplification and sequencing,CEL-seq)"”

Fo ke & 4 F AR IR & JF A W F (unique molecular
identifiers sequensing,UMI-seq) "%,
1.3 &il £ 89 scRNA-seq

CB An UMI #E & B9 3l A, A AT & & & &
scRNA-seq ® & T X & . 2015 & ,% # E ¥ It
MACOSKO F FA "™ o KLEIN F FA "™ B At FF % T % F #
E R B R R 4w 3 F R W JF (droplet-
sequencing, Drop-seq) # inDrop (indexing
droplet) & i & scRNA-seq H £, ¥ —F 5 T &2 4
B PR, KAR® T 340 M4 A o R
T E. ELRTET, MR H R AEER
FURC R #AT CB B WML A71E, ATTEI T — R Eh
[ G B 2 #F # F E 5 A M # AT scRNA-seq, B E
EASERA Bk, AMIXA AR ECEZRT
& i & scRNA-seq. HAN &0 F| A #0 3L AR & ¥F 4T
scRNA-seq, 2 T Fr e £ & AR & B W40 Mo 28 ik 2k
AL, EMET AKE R FE W (hunan cells
landscape,HCL) , Y AKX AFHRIEH-ET FEW
FUR . FAN %7 & 0 4 3L 4 3R U F 3 A CytoSeq &
—F# % & T NGS Fu CB 0y T AUHL % A = B 5 b 5k 6E 4%
ElE 2T LT ML T 2 A AT A . #
BT AEMBE AR EELER EFLT —3R.
4 L . & # & scRNA-seq # K F & Singleron
GEXSCOPE"™'. % 1 B 4 T & # scRNA-seq 77 i B9 1
A A

2 SiBE scRNA-seq AR RIER 5%

scRNA-seq DL /M40 i 0 BF 8 X %, 38 3T 40
A8, ot B 40 B P Y mRNA EAT H 3%, B AT R R
AR CDNA, 2 H AT ARIDEE, BHATNF, &
J& %t scRNA-seq £ 38 B IT &= 41 15 & ¥ 447, NI 3k %
rERSAMER, Bl % NS # &Z scRNA-seq
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AREERA T (DB, 25 BRI
hEEHERERRES, EEERERRMKE &, A
PR AR e A FLE Y R E AR,
Ft LU Mk R 4R CB B UM, ¥ LUK 3% /2 4
BH#HATRRAL: DM ilE, LERAEF A E L

HEER, FARER SRR AN TR TR P,
20 f 38 3T B A UM 3 O\ FLOR, AR T A Bk B £
BEEFHTFI M, EHREFRETEEHRET
ENMREHER AR RS EE L.

FT1 £FhscRNA-seq 77 EMRERIELER

ok o | 38 & G S HRE  HEE " # T~ K SCHR
SMART-seq (i3 ETAMK b + AKIERA AT [12]
CEL-seq & E T IR +HHH + — 5 W b e [16]
L RNA 75
Drop-seq =] HET Mk ++ e+ AR AR X 4 [18]
RAEH
CytoSeq 5] HET Mk o+ Ay 4B I e — [21]
inDrop—seq = B &N + et AR — [19]

%1 & scRNA-seq WE A REEE2 HE 1 AT
TN ABES B, AF WS &9 5 RNA 3%

Lkl b

ENEESe]:]

U o\~ =

RNA (0.1~10 pg) cDNA

Ay 5 >R 2 e B I F DL B AT

DNACE PC1
7R 5 AT

1 scRNA-seq F AR RIZE

3 scRNA-seq FIAPEE EE TRV EALA R

3.1 scRNA-seq i 3 I I8 7+ Ji P 69 57 50

& G 5% O 5 8RR R I 00 A 40 A Ry T 3
EHERIAGERE, HW &% =8 42 5 0 5
EH LA A REEZR. scRNA-seq B AN 7]
MRF B AW GG, a9 2 40 R X 4B
EHE KB HFATE LS BHEWNSAN, ¥ XIA[F IJE 4
TRz B MiEFTEAZR, BT EREFHERK
RKFPHESHFERNERGEZ, WA E R R T
By R3S 77 AR T AR AL oA B T R B
BHREEER, TUEELINETH.

scRNA-seq B AT Fl T 2 #T fr g X R B HE X
T AR WAL B R, B BY X RF B 3 & (tumor
microenvironment, TME) # ¥y & 3£ 5 iU 1 # AT HE N\
A FAEERH —LEWBLARELR T REXE
TERI BN e LR R 5 % R IA W B F . GOJO %™ 15 il
scRNA-seq B AT T = & 8 09 & F 78 Fn ff B {2
B RAAMEA R IR T RE, KT ER
FHNEEEBZECA A2 NBRITNAM, MEE MK
EERBENE SRS NN AERE BT EEHEE
EMFFHRKRTHMEROLETER. WE XA

1 #8 70 GEXSCOPE" ¥ 48 AL il 7 # A & W AR AT T 42 1
B HANSCLC & & W F R A, K I B = R IRy i
JEAEM R R BRI R R RS
MG %7 aAMFELENRRE, ZARLERL
BT g 5 e e e e AR O P M R 4 B B B K B
P, 4 J& % ENSCLC ¥ 09 3h B o X B H A SR 16 9T 9T
AW B ETNERITIT T AN A. TME o5
AR E S KBE E# 4% B WE (colorectal
cancer, CRC) 48 fff #% ft — B & - . ZHOU %/ 2 21
FlA& B CRC B A 6 7l T % F A #AT T 2 48
% 4% I 7, A B GAAR CRC = TME [8] 5T 48 J o
FHE R T AN AR

FURRJE B9 TME B2 4 & A%, £ 0 A~ B 40 JE B9 A8 B
B RABETRET R EETEER. Hik,
BHBMBAAREEM BRI ERET RFF .
WU % A Fl % 20 f b == (8] o 9 5% L AT R AT
ARBEHTHR, FRT —HEATA S RELHR
77 vk (single—cell method of intrinsic subtype
classification, SCSubtype) 5k ¥ '~ & & 14 f¥ /& 4
R 5 BUME , FE AR — F i F ok AT S A A0
& AL 4 & 5l # K (cellular indexing of

transcriptomes and epitopes by sequencing,

are
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CITE-seq) #H AT R Z R, L E 2R ATRMET
H e LR

B vf J& (nasopharyngeal carcinoma, NPC) HY

TME ‘&, & — /N 57 J5 1 9 5 A5 25 T 4 B 2%, A T A LA
RNA I 7 475 A~ % LA A 22 NPC 32 3] M 25 48 i W &
Ao [ I GONG % /7 14 4 B # 1166 627 - 24 i
77 scRNA-seq, & & TH BBy B AL A =, F 1R
EHEAEEEESRETSNEZENEFTEF 364
T 9 T A S i b A R R R IR 4
HE A H L, 48 7R T NPC B TME # B R & 1 8 33 M 45
E,BFEREFE REXR SR AF . TEY
B ORBFRIEURERZ R B E TG iy & R
AT EEAALAER, B8 T NPC R Pk &7 4E fu & &
PFSZ Bt A M. IRAFAREE — LT EER
BRI, RN EEREBET AR EERA,
i 3% % . & W 3% & DL TME #6087 86 827 2 7 Fi % .
NEFTEL % 5 A scRNA-seq % A Bulk # F 4 #4244
T i, X BB BE 20 R B o ML L g R &S e R A £
FHNGE - ERAHRT TS, KA THEE AR
BEUAMRASHFAE, BN TMERN 2, ZERA
T3 B B 4 B g 4R ok T R T R

F A J& (osteosarcoma, 0S) &2 — M & E & £ 4
R RE, 2 LT ILEME D F, ZHOU &7 A
A GEXSCOPE"F & H AME T kB TNMREA K 2NME
KMV R 2 0S A4, 7113 3| B 98 28 e
#AT scRNA-seq, £ T £ B & ik 18 An # R AT T 09 T A
RAFFELERBT UANETEHEE, HAT 0SEH
40 B B TME B AR AE s SUE ST AT H M 9 3% DL 2
CE R R NN YA R o D AL
AL, IR R IUIL BT T 40 B % 0% 3K B2 & A TTIM 4 A 35
& B (T cell immunorecepor with Ig and ITIM
domain, TIGIT) ®] # & B & t 7] TIGIT & & X D3’
R AT OS 2 B Z 1 AE AL, X BB 45 R 5 0S VB T SR
TRENEL.
3.2 scRNA-seq it 3 it J& 4% 45 69 47 5T

scRNA-seq A 7] £ & fF B B ALE R
REETEEM  BHARE T REBLRF AT
BTA EMBFENSEMN. TUEMBHEL IR
15 R 46 b8 B AL & A % 7 iR SO B R PR
¥R 4 I B9 AR 2R LLRORK I JE S 3T v B S
Mo i 1E 3 BE G 48 B (circulating tumor cell,
CTC) A& & B 8 4 28 i % 2t N\ i o 48 31 19 fiF Jg 40
S AT ¥ # & R 28 B % C(hepatocellular
carcinoma,HCC) # # By £ B & &, M CTC A mATH #&
B AP T, R #HCC #45 £ AT F I R, SN
&% HCC & # 4/ i & #F AL B9 41 B ity o B CTC 34T

N B FE £ /5, 3 scRNA-seq 87~ T CTC Hy #
FEN A% 5 ik A b 1 AR R R RN L 4 AR B A
A femk kAE 5 H X, I R I E F CCL5 4 CTIC
G R E E AR, H R Treg 4 AR 1R i
Rk, LR AR EHCCH B R M T FNA .
BORAL % "V ¢ CTC #4 %% S H #H AT AT, I — F Jb 45
HECTCEREGS”, #t—FHAREHAT SHERSE
L8 AH 5% B CTC & A7 R M o fe 5 18 B, ¥ L 1F i
HERNWHE TR, A THBHEREEEW
AEBTREMETEN, WERAMBEREE
PN PR TR M R BR R /N SR A P 3k 48 3K CTC, 3 % CTC
# 1T scRNA-seq, & I Wnt2 & CTC '8 & i 1% & &
B, EERBEAR TG RETH T RERAT
(anoikis), ¥ m T RN B M, H B XA ERE
G R R P B S 2 M Wnt XEW LEA
PR E R ET CTCH M A TR BB ok 3
B R 96T B B

IRBEHREERBEN S FAH B TELE, XU
SR Bl scRNA-seq # A BT % T & B 15 X R L M fiF
AR T AME &R AR 96 796 48 4 R H B KA
W, 5 ET 94N E @ T A, & 4% CD44'/ALDH2/
ALDH6AL1 5L HE %% T 4 it (breast cancer stem cell,
BCSC), ¥ —# X I BCSC R FEET R LM E+,
HUHREMRCENEEE, WA, HRAKER
7R, B NECTIN2-TIGIT /% #h A8 B 1k il R 2 . 7 2k i%
Pk B, TR E RN ILIRE AL R 4t
T H WA . ANDERSSON £ 4 f ok Fi 63 % 4 P 1|
FREFEGERERNFEA, EAZE#EIEFH
A *t HER2 FE M SL AR 08 o o = 6] & B R sk AT R
R E MR T — AT A R i = ROtk B A A A
WEE, RERATAMALLBERBERTE, 44
Tl B B4 A R E OUR B 40 B AR B AR R e o
BREE GHREBASEMNER TE,
3.3 scRNA-seq &30 i 78 %.7% 6947 50

scRNA-seq & A B | T 447 Bt 8 &5 % 0% 40 B ¢4
KRR B IFRMIEETHEENTREA, 2EEE
X TELWT & B ORI RE B 0% AR R B 8, T T LT
JE A A R ST RIAE LT AR B L g 0 RORL,
MEBERFENEN. TEREENREGREE
g 4 F 3(T cell immunoglobulin and mucin-
containing protein-3, TIM-3) # X = % £ 4
IFNYWITH MR ERZWM ST, EA—MEEN R
BEESTFHAN. 4, TIM-3EH LA KA W
0% 4R b b A R ok, b o DA ) A 1
T TIM-3 B 37 FE 404 BT 96 7 7= A2 97 3R B B AR AL
DIXON % "' Ji 4 I B % TIM-3 77 % 45 & scRNA-
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seq # A ,IEFH T TIM-3 %t DC ¥ & E M, £ DC L8 [%
TIM-3 T 4F 78 CD8' 2, CD4" 48 Jff, £ &% & TIM-3 ¥ LA{E 3
5 K B A0 A B % RO

P A — b R BN L B 4B RS TME
40 fi HE 5] ok E R R R 5 B TG, scRNA-seq K
U Bk % TME By % & 40 fe 25 B S AT B A 4 AT . GUO
Stk B 14 47677 BINSCLC £ 8912 346 4T 40
AT T W E scRNA-seq 24T, A KRR EMETT
WHEFLEZ Rt RERE, RAAREFERAL
Bl ARG BTSN T 2R, B4 B4 F B
Fib 98 7% i A CD8'T 48 Jf,, 7 4110 W 22 B & W ) iy “ o
R AE BN THREGMRRENESTEE X, &
MRABEDERET —MFWTE, ARFTHT
#— T #ENSCLC # T 4 e Th R R A A sh 41 %o

LIZ" @R N2 4265 BEREMET £ EH
HE 24T scRNA-seq F2 B 28 F TCR M| /% (single—cell
TCR sequencing,scTCR-seq) 4 #1, 24| 7 a2
BERBEREAREE, RATE 2 EERTEET
FEETHFERERAMEREFELR, EMAE
B CDSTHAMMN AR ETERT, BHRNEE
FREMERREN R RETBRRAP HMER-T
¥ Z IR T F . 2018 £, SAVAS & Mt A FLAR
B R 6 311 AT 4 A # 1T scRNA-seq, & I
CD8' TR G EF MR B AFEME X, BH A LM
J& , M CD8" TRM £ &5 ¢ 5L A 7 o4 % 7% S U, ¥ &k &
T BT R R

T 20 fE A 5 B9 35 7 M 20 BE 0% T PP B 0% R AL
R KB MBARERELER LT TN
ERAEBRAAHRE. T ENT BILRERZE
MR R, L ERBAM RN ML ESA
%, HU %™ 48 & scRNA-seq A1 9L R % (R 2 AT K
w = P M FL B & (triple negative breast
cancer, TNBC) 3 V& % JZ 4 ff B B A , 73 2] 7 TNBC 3%
JE B 4 B0 4F A i . scRNA-seq 4 AT 4 & & A, B
HRBTESIREEFEFENRETLEHX;
Y3 2 11E| B 4 B A 00 3 B8 AT R, AL LB 4 A
THMERTEMERS S FZ N, ZH R
JEZ B AR LA E B R BT RET H
MEH LK,

HTHERER ARRERSHWEEZ —, T
HIGT Rk IR AT —E R Y E % . CHEN %3 if 7
8 N Jir At 4 4R Fn 3 AN B 4 SURE AR 3 AT scRNA-
seq, TE ¥ Bt 09 TME iR A H T 19 A A | 09 28 i 2k
ALEHAMBAEER R FEETERELSR
TME B9 % @l , &K LT — F J2 JE A X i 4F 48 9 e
(cancer—associated fibroblast, CAF) I & , Bl %

JE M OB JE B 4F % %9 B (inflammatory cancer—
associated fibroblasts, ICAF) & X 7£ B it 7% o B
R, FARTET MR IEIT I BE B R, A
BB B MR IE T R BT E A

3.4 scRNA-seq e 5 I 7 &f 25 1 69 57 7.

% & & & W # A GGmmune checkpoint
inhibitor, I[(DE — LB XBEERLZ AN~ EHFA
BB B ¥ 4 B RREF- £ TR, BRI
P By - F E A AT R 2 DUAR . JERBY &1V iE 33 3 ICT
WEITH E I B & 8 B & A AR PEAT scRNA-seq, 7
BN EEFE N N A ARS T m e AR, BTt
AT KA, T LG B P T 4 IR E > . CDK4/6 15
SHEBREER; AL AR ERE A DNRER FFEA
CDK4/6 47 % 7| Bk & % /& 6 97 ¥ £ fF B /5 2| B & 40
#] , Bl 57 CDK4/6 7 % 7| 2, 44 I /K #t o6 A T HR FE 2 5L
FEE VBT o

B 4 BRI B 4 ) R (TKDD 7 8 4 & (KBS AL %
AR THNELEELANEE A ERY
B, B AE K — L6 IT 25 47 42 EGFR & & B9 NSCLC & #
AT R A o SR T 2Y B e PR RO # 42 BT I B BR
AHNBHERALFAMEE. H T HATKIHNE
KRR, FEMNEAERRGEERAIHHTEE,
ATSSA 2™ f# | NGS. #& # %t F PCR (droplet
digital PCR,ddPCR)F1 CB #71C # A & % NSCLC 44 Aff
ZPCOR A, & R KA CAIE T 7 BN T 25 7 1%
H * ; XA F scRNA-seq & A 44T % TKI 7 7 R AL #Y
NSCLC s JR wT A AL , 48 7= T 76 )7 i 42 % NSCLC 47 f %
HEAL P A ST R AL . x4 18] AR Ok B
B% (anaplastic lymphoma kinase, ALK) Z [F & # &y
B, H#7 NSCLC & & & Jfl ALK-TKI 4 7= £ B F W67 &
R,EEFMATET HBHRZ, H R FF AR
UM HNH ST RUTFHETERE T2 RLE,
OULHEN 4" 36 # 7 6 17 %t ALK-TKI i 25 é7 ALK = # &
# , R HE E FFa/ 3 ALK & 3£ HFAE 3 45 89 CTC % L%k
o % (copy number alteration,CAN) B # Yy 47 A%
o, @ T E e R R E E (chromosomal
instability,CIN) fn % % & & M 447 R AE CTC # CNA
SR, RAHET AKLIERBEEE + 0%/
CNAIRZh A & , Z A X # % T AKL-TKI 5 5t 1 it 2 28
5 00 36 0 4 ot M st A R UE T SRR R T KA

TNBC X —Fh (2 Z MWL IRE LA, B5 % A1
T2, ATHRINBCHMAHRZHEFENENL
wREEIRLZRLKEHNEERLIIL,KIM
S Ry ] B 26 FE DNA Fu &8 AN 7 BOAh B TFIF R
A *F 20 ] TNBC & # & %1 % B b /7 (neoad juvant
chemotherapy,NAC) # 8] ¢ B8 A 24T T 4 18 4, %%
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BERAMAEHEA B L FE, M4 FTE2E L
TNBC B & 7 R N B B S R IR AT 0, LB % A H
P TNBC B9 T 25 M 42 66 T 1K 48 o

+£ # 97 3 (androgen—deprivation therapy,
ADT) & BT 7 & & W67 77 ik BB IEE R 1E
¥ % % Kk (androgen receptor, AR) # % 7| #y 7 2% A
AT, REBRHEFRNFRE B LREFZH
1% CTC J5 # 4T scRNA-seq 4+ #7 , B 7~ T B0 5| i 08 09
WMANFHFLAELEEFEEWInt BEAER, ZHAR
AT BRI A B9 AR scRNA-seq A

4 scRNA-seq FNphE G EET R AVIGRER 1L

B A 2015 42, & B “W g ET R B 3, AL
T 2B E TR, B8 % R R R I IT B it
NHRETHAR”. HEET,BIULEHWNIERRE
SRR RE PG EHAGRENEM, HEE
EHEFNMRMEIET T E. BEETFERER
YE L E B 94T, T scRNA-seq F LR B E B9 £
MEEEAGRE, FINEGAHE . HEELHNER
RAE, N3 BRI MG it T A E. REETE
ERE—(LEH, SRR = A5 AL, BU AR U A A o8
A M B B B A A B AT B B A, AT R DAAE
% B E A E T EE MR ED T, &
WHET EH A AR RN, & A H
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