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[ Abstract ] Melanoma is the most lethal type of malignant tumor among skin cancers. The mechanism of its
development and progression is complex, and it is highly invasive, metastatic and lethal, with a poor prognosis. Therefore,
it is particularly important to strengthen the basic research on this disease. Single-cell transcriptome sequencing, a rapidly
developing new technology in recent years, has greatly promoted the basic and clinical research of melanoma with its unique
advantages, such as exploring the heterogeneity of cellular subpopulations, identifying rare cells, and using bioinformatics
algorithms to reveal the differentiation trajectories of different tissue and cells. This article reviews the progress in single-cell
transcriptome sequencing studies of melanoma in terms of tumor heterogeneity and tumor immunity.

[ Key words | melanoma; single-cell sequencing; immunotherapy; heterogeneity of tumor

[ Citation ] CHEN K, XIONG J, XUE C. Single-cell transcriptome sequencing in melanoma: research progress[J].
Acad J Naval Med Univ, 2024, 45(2): 155-160. DOI: 10.16781/j.CN31-2187/R.20230431.

MaZERTFRORME, 2—FMEER fidf& 1 ( programmed death-ligand 1, PD-L1) AJ$T
iﬂ:ﬁﬂkﬂﬁu PR, S R R A T A 2 &, @t T REZEMIRIT . RIRE X
FRIEEEAR, BHEASEREE. SRk 2 FEVE R AT RIERIT IR % L O A KR
. BOCR SRR, R RIESE T RN 75% L T, AR AR K — 5B 53 W 0 S8 3 TC 1 I A e iy 7 v

B MRl SR R A R, SR Wik, BCETEIRYT R A A T Mg i A etk — 2
@iﬂzfﬁﬁﬁﬂiﬁaa}feﬁ& RRERS, HAT, ST UER, (ISR L AR SRR 4 R SR
JZE RS AT AP GRS TR T AN ) G I YT A7 AR 4 i %ﬂﬁﬁjﬁﬁﬁ]TWf@%@ﬁﬁ?ﬁfﬁﬁ%ﬁi%”
P T I 40 B AH 5 & 1 4 (eytotoxic T lymphocyte RN ZR, EXEE TG 5 P TR
associated protein 4, CTLA-4) FIFEFIEIE T 244 ﬁﬁﬁ%%?%@iﬂﬁﬁ%fﬁEP?WJ*M&%ZH}E@IE
1 ( programmed death-1, PD-1) mfERTEAET 3214k FERE R, XSS AT RE R M 24 . KR

[(FmBEH#A]  2023-07-30 [#EZHEA] 2023-11-09
[(E€TH] EZRARFAES I W H (81871578 ). Supported by General Program of National Natural Science Foundation of China (81871578).
[1’E%‘i%ﬁ’ Y1 BEETRR, 1t/ . E-mail: drchenkx@163.com

"l 54 ( Corresponding authors ). Tel: 021-81870960, E-mail: xiongjun2001@163.com; Tel: 021-31161811, E-mail: xcyfun@sina.com



e 156 -

MR R 2024 4R 2 H, 45 %

JRE M AN B AR T LSBT A4
ML S 2l B, e EIR AMY T f M kA . R
AL ——BR BN T2 ¥ 7 N2 RN 245 1 PN RN A1
WEAELE T
MY F 37X G 0 22 52, S il e =24

FE AL DAL . S B A SR AL Y . S g
=My . P DV e | Bt A g AR A G €2, Jo )
LA P2 L 4 T A0 25 AL R RNA S0
(single-cell RNA sequencing, scRNA-seq) +& H R
FH )z 0 A 7 7k, B ARSI A 5
RERS LSRR B 8 E A ez LA
ST T TG ARSI, I 7853 FRAEAS [F] 240 il 2 7Y
FIZRMEIA B AR 2R o RS & i X ey
F IR TR BE A 0 3 ) 2 S AR B AR B RIFSE,
REIRA TR EZR AL . KIBHLHEI R IR
SNt B . AR SCERIR T seRNA-seq 7E & 0
FI MR S o TR MR S T T YR

1 scRNA-seq T ECRBRREFENHE

VEh—Fi s BB 0 IR, R 3R NP
i [ S S, s R A LA e S e, i EL
XFT HRTRIRIT WAFAE R T, XS4, scRNA-seq
R —HIESE
L1 b 5 18) e Bk 8 A0 5T ke IR R R PR 45
) S o T B3 i 9gg ] S Jo 1 AR e PN S Jo
L SR 1] 1 B Y e 798 e LI D OR 97  ole
SR 22 1) [ i e R L AR A g S
JEMEPERE | IRITTRZG A K BB IR N R,

Tirosh %5 " £ 2016 4F 2 ¥k )i F scRNA-seq i
fili 19 NERVERR BRI, KT —Fh 5 0Ly 24
FRAOZIR A MR, 2O REAE & A /MR B IE A G
5% A ¥ ( microphthalmia-associated transcription
factor, MITF ) [ 5 Jo P g b e 8 s KO 1 32 4
P& 2 PRI AXL, X2l ) Raf 22212 / 75 AR
fitf ( Raf proto-oncogene, RAF ) /22 %4 Jii i b i 4
MM S 8T B ( mitogen-activated extracellular
signal-regulated kinase, MEK ) il 5 4 [ 3697 J5
1Y T 2 108 2 S B AK) . MITTF 5 o X6 B £, 25 441 i 40
b B I 25 m, R ORI
Y 5 T e A PR E B . R R R P IR
MITF # ik B n] 5 R B4, R AR ) —
PR ZZHLH T AR 3 N T s 8 1k T S5k

POrER R A

scRNA-seq fiE i il b8 7 s 2, 5 o 5124
MR SRS R R 22 S VT L ORI SR AR
FAH B iz A [R] B A Bl T b o S v 1)
Az, BITE B I B g rh A B R s AR R
PR A [ e 4 RS, s S 4 ST A AT DA B
JeR AN T) X3k, RAS SE BT e A Bsf 1] 4 A% i
HEAE 2 Durante 25 21 3 3k 40T 2 5B (5 2507
(uveal melanoma, UM ) H# i &k #1545 VE e
PR SRR L R TR A i ) S5 PR 2 B SRR S
Ak, RIEA R R SIS R A (A%
BRI F 1AXGESTM Y H2 4 ¥ 3B WAL 1) /Y
UM W5l 1 Bl A B T g ki iy iy / | st Ay
WATAS 1) 2 R T AR S AL, s 1T EA FLAE B JE L R A
KB 1 RTERAER UM W vl 2 Al T s il
TR, i Sy bR A R IR e . X RIS TE Y
T TS S o M Ry B8 B BRI B R
7 e B2 W R AR T TR AR

Gerber 25 ' 3 1 XF 3 /4~ AN [i) 56 [ 5 725 40 B A1
FIRE RS [ 307 AN B (Y scRNA-seq 43T, K
W5, AR ERTITE AR
M SEP FRIRBES, IR T R A8 2 I 45 5 () 9 ()
IR N S o, $EnalRE S A I AR TG DUAH OC
AR IR, BRI FIARI S HA OGR4 A A
I R R FRIA Y — 3%, i —2PE I T X L B
A M R X L A% T 1 AR B
yolE, R R RIS ATP 45 A & il . R
R CD271 A1 CD133 LA K £ Fh i J3 S0 >
PRI ot 5 44 i s PR 3% R A G AT fig $2 L U T B-Raf
Jir 95 B TR 22 24 1R | 93 24 2 B (1P ( B-Raf proto-
oncogene, serine/threonine kinase; BRAF ) /MAPK
T RG ST B EE T RS . Wouters 25 38 4 X
10 2240 ZIR B S W1 scRNA-seq 7 BT R 1 T 22
0 208 40 L 75 S FEA [R) A9 43 AR 28 22 TR) e 4t
AL — e R AR A, ) — v A B ARIRAS,
485 S R 30 T 1 R R R 4 ) 4 2 R 8 2R L A 1)
FIFEARAS RN, X 2 FRRSEBAAAE T 1 bk
A 7EX 2 FetRESH, Y R E X - &
5% N ¥ ( sex-determing region of Y chromosome-
box transcription factor, SOX ) 9 7E 2% 34k By Bz Fl
SOX10 74k Bk 5 EEAEH . RS
PR I DR A S — S SR Y - 4 SOX10,



WFELER AR 202442 H, 4545 %

° 157 -

SRR F RO BOG SR 2 FIMITF, fH b 5 a] A
MRS H AL S8 55 7 W FOS A4t 1 (FOS
like antigen 1, FOSL1) . + 4 K # 15 H F 3
(interferon regulatory factor 3, IRF3) {5 5T
%% S 0E I F- 1 (signal transducer and activator
of transcription 1, STAT1) . 7£ SOXI10 @l )5, 8
Jo B[R] P 270 A 00 R X A B R A T DL e oA, B T
2 MRS (SOX10 F SOX9 ik ) Z IRl
JPahifiE o DRI, A s b (DR ASB SE AR AR T LAAURR )
FEDK VRS 8 R RRAE, TN DAAE M ) S B TR
NRHE, E— 20 SR A ) BB 60, 38 AT IR A 2 T e
SE AL SR AR A
1.2 %97 BOR SRk IR X iR 16 7 B R
FPE B E A, FEEXT TIRYT R B k8 E K IT
BRI S — A R AR 1 2
VIRl BET5 SR i ) BT Y 2278, SR L Ak
J S s 2 T LS| g 20 i 3 T 2 A AR
1k, FEHAGITHRPIN TR A K P

H i 56 T R 6 Z IR 7 ROV 5 B 1 i B 98 K
Z % 1 T 2543677 . Tirosh 45 07 T % ik
ANFIZK A AXL A 40 M i) 5 B PR VR A A LR, 45
R AXL &R IX A MAEHE 2 4625 dEJE ( BRAF
IR ) sSEkmAEEE ( BRAF #0il5] ) Fh &2
( MEK #1550 ) 3657 00 i i BoA T 2450 . AL
HED, L GERT a1 IR YT 2 W A8 8 LA FH RS T A
I REYT oo LN, (R MITF/AXL H (B #5002
LI 25 R T A T, PR miRNA J 35 MITF
FIBTE R — DB RIRITRE A, L RO R
V22 ol miRNA 3 5% 2 8 A i 25 26 20
MITF /) kil BVl S [ G w2
R FEEL 2 M AR F A R (dopachrome
tautomerase, DCT ) | (147 BRA% sk 19 A R 1Y
AT Ho 2P B, AE fil FH BRAF 4114 5934
J7 Z i, DCT 75 NS M0 2295 41 i 1 28 UL it 245 30
e RIs i, MORIRII /31 i 40 .28 DCT
BT AR T 20 L LG A 15 5 Y 4 i T RE P BRAF 1)
il BFFEIR BT —A~ L WNT K% 0L 5A
AXL, REAERKFETFZE ., /MR E 24
B il JUN Rk WAFHE R R A, 2R A 24
B, AL T 2RAR Y o 30 A 00 o0 20 M 1 4
DI S R X —ad P (T 25 ) BEfACk A LA
FHOCHY SE TS R, AR AT RERCME T — N B L,

AR E R iR o I, DCT #HfiE HARIA
T REIAR TR RN 24 e R R AR AR, 5 R 3 R R s
ZHRIHLIIE G T BRI ZE TR T AN

Rambow 45 ** L K¢ F 7 45 5 % 5 19 BRAF
V600E 57 71 A5 3R 2 i 1)/ BRUJEAT BRAF 4111
FAMASEIEIRYT, TR AE IR YT IR S X )N
W ER i ( minimal residual disease, MRD ) #4771
scRNA-seq, A& ¥ MRD 19 vg BE &5 F Hh & £ T
2508 T 41 MY ( neural crest stem cell, NCSC) .
fRZEVEANNL . YU 2B A R R A1 ( starved-like
melanoma cell, SMC ) FI{a K AHIE 4 FlA[HE 140
RS o AAIBLESS 15 0 A ) R A it 20000 b s, 7L S 3
SRR S 2 2 Fh AN [) 14 % B 500 e Sl NCSC Al
SMC. IZMFEfE T AR 251 32 P SRS,
AN AR 20 B 3R] B AR SRR A A R R 7 b AR
H KL MRD Hs Hoh— AR B NCSC Ry#E 5%
By, FEMEZARAER R X 240Ky K5, 4EH R
X ZARFEDFIE /D T MRD H NCSC ) FH I 48R
THMERN AR, B2, BIT 2T 40 s
A SEA E IR R & B I A i, 3 — & B AT REHE
FENRITOTERIN . ZE LR, ANFER PR
SR BB A AT IR 1 B8 2 X 245 e A R PR AR
XA BRI A 7 A5

2 scRNA-seq FEfHT R B REIME R E T ERIZ R

VER—Fhm e v g, 2R iz S
Fa R T R AEZ TR (%) IR TP, 30k S B 92 240 LX) foe
R BRI TR R T, Jf A T XL
B PEIRIT RN A o I R AT R AR
TC AR 53 B 8 A B 2 b g FH T A e T A S5 R
T B AR BEAE R A TR A
2.1 FPIBIHERE P A Sk e R saRea) ZAF  scRNA-seq
TEEF T i T2 sk PR 45 v 19 5 A B A UL ) i FH 22
— g & AE i = Ik I 40 . (tumour-infiltrating
lymphocyte, TIL ) 4R FI% e . 38 oL % R 1 R
6,298 1) scRNA-seq 43 BT, Deng %5 & 3K [ 1Y
T £ ML TIL /9 BG5S ety v B, K s B 245
JRAEDG s (BRI A, QIR e U R
T 20 Lo 4 e 58 TS AH G, T 4HE /121220
iR 200 e 7 M T A0 M B9 o S R TS A
Sade-Feldman % %' X4 3% 5 38 94 97 1) 2 (5 208 48
A8 ANFEAS 12y 16 000 A 328 20 i Fr) A S) 4 2%



e 158 -

MR R 2024 4R 2 H, 45 %

FRESEAT 00T, BT 2 FOR[RI A CDS' T 4tk
A, CD8" T 4 5% Stk 5% A1 7 ( transcription
factor 7, TCF7 ) B IR 40 Ry Fya i 225 114 Tl
RS, MAh, LigEPY R T Ba R P OhEk
JHEG T A0MI X % B A, RIER0%500% CD8 ' T 41
T iR TR B8 N e A2 S FE S IR A, D RE 2K T AR AE
4 5iR BE S Y i TR T 2 SO Y SR . 5 I AR
2, B AT G0k T 25 A8 AR R Tk B AT LA
WG T A0MIFESR, T4 s I X SR e A A R A )
( immune checkpoint inhibitor, ICI) 4k,
I8 RS B 53 v 18 A D 92 200 LR S 0 Al
CEAT TIRA . ZEHT PD-1 1097 A R0 R A
FIR B D, B AN AR R R A B SOIR 0 M I e
B e/ R, 3N BT CDA0 HT 14 L ]
R SR 2 X — e A 38 4 A RS B T 48
PR ANBR SR R L WHERZ ICTIATT Y
MR (0 R B B JEAT 1Y scRNA-seq /T & B, TG
IO 25 5 R v T A A A 0 i 2 8 ) ik S22
( triggering receptor expressed on myeloid cell 2,
TREM2 ) [ WG4 b3 00 380 3o ot s 6 i 5 438
AMIFFIE I BIFTE, WESEE X RN 5 SR sh A 1 IR
AT i, AT EE G- b 45 S0 MRE T 41 25
scRNA-seq 1% 7] FH T 5% 4 B 1] 0 AH B4R H
33 /N ER A0 ZIR Y scRNA-seq 45 S48 718 T2 T 4i i
HEF OGRS, IR0 T 50 EI8I7 A A
RLAH S A& S A S A DR LA AE Y o X 19 491
RAOFIEFN 4600 Z D400 (LIRS, %
JEANML, FETTAH MR R A ) AT scRNA-seq
W, i IRE O B A I M 52 ) R 8, 2R 98 A 1)
LR FEBRFE . B, XS T
scRNA-seq Bl & B B e 8 iR T S B 6 o
22 MBI T A R R G G T A X
FEIR ST RPN A 1 73 Hr— B BN T 5 1)
AT 0 Kakavand 2 (T [ 820 i 64
Ti AR, XF PD-1JRY7 P AR ARG 24 Y e A
PR R R R A A 28% T 22% 1) B IR ek
PR AR T e B T it 5 ) A 1 [ PR kR
MAREA AR A P53, X R FE# 1)
iR R R 7 SR 25 . Jerby-Arnon 254V %
33 N N0 F IR IEAT scRNA-seq 7T, #iE T —
Pl AR 0 5 T AR AN S e ik A 5%
MM FF s X — R AE— 1 112 1 5R (0 30R 8
AR A ST BB TP AR B SGIE, R IR

Z A I ] T HHE PD-1 3697 I PRIV 24
ELIAT L 300 2 P S P Dty 4/6 (T 25 R 7 i —3 43 )
SR T BRA F, AT A A 40 X —
FRIF, 0 5 €0 223 20 B A AR SR B (0 2R /N LS
A A K, 25 FRTid, scRNA-seq i€ T —f 5
T 4HAHE A OGR4 ARR S, T T ICT it 25
PE, IR T SRR IR TN 24 TR YT R
Sade-Feldman 2 ™ )\ 32 il 3¢ PD-1 411 il 351 20
Ul FH 1A B CTLA-4 167 B RS 1k B8 (0, K
B 48 AR A TR AL A i SR, R
16 CDA5™ 40 SCAHY 11 AN RERE st e X rh, i
R B AR T T A0 MR B A G B (kL 4n
WIS 3. PD-1, R RIN R Z 4 2.,
T 40 M 50 9% BR 45 (4 A ITIM 25 #4938, . CD38) Fi4H
L JE) B B DR ] B0 A R M D 1L e )
FH Bl BEFREY Ki-67 FJE W AR
fitf 4) o IBIT AR EARED kL EFE R
TCF7 F#ATLIR 7324k 7, 167 oA bR B9
Sy#atk R TR 3. CD38 I YT 48 o 7 41 it 57
R 2, RS RFSE B T CDST T 40, %40
M 2 BRRES (icH2 / AEAPIRASFIREEIRES ) 4K,
43 Sl 44}y CD8_G FI CD8_B 41l fiftl, i 2 1 32 52
FEIAJE TCF77/CD8™ T 4 i ( TCF7 /& Wnt {5 5 1Y
—#Ror, XA E R R E R R CEHE ) o THHZ
ot ioR, T AESZ RTEARR A P s L, 5
2, ZEIA B AR e T 4 RS de Bt i
PD-138JT RI& I . FE—TMFFEH, Thibaut %
1 8 WA ZRIAYT 114 B (0 R0 £ 1) SR M I 5o
PEATEHT AT, {5 B B A bk 08 SR R A A
e T y T4 (interferon y, IFN-y) 7EMIEHEA
B R e e E 2N BRI 255 3, B G
FEST CDS™' NI AR SE T 40A S T R 4
R FEHALHIRMEEZ SR 1 20T iy RIJEZR IR A
PD-L1 f4 8, (F3X5 T 40 A0 2 (0, 25088 4 i 30
PR HEANTCOC, SR T S A nT LA B B TG S i
WS, 45 BIATESE CD8™ T 4 A S & IFN-y (1) 3
FORYR, I ELAE W40 R b 40 i 45 A ] A 240
R & T IFN-y bRic, 12 £ 2080 20 it 7r i 4t
FEACHRAR A IR R BRR, NSRRI b
6 A M T BB R RPN e A S A R A R A

3 N &

iR 1) S SR RO 5 A B2 A M S BRI



WFELER AR 202442 H, 4545 %

° 159 -

SN RN REE SR ASIR] () B R 2R, B Al e A5 B
T 5% I8 I B BT 5 | R 1% g S I v A 2 1
scRNA-seq +&: H AT )72 BSR40 il 3 vk 2
—, PEBEE 2 Fh AN AL 2 . FE LR 20
I A A TR, A5 A it ) 2 3 R 47
HI| . e ] Kok DNA HIRAL . 40K mE 1
/NRNA ., 41 (Mg kg g wr Rl
Ina IR AR & . &R AALH AR

scCRNA-seq 171 4 57 14 5 i DX 28 Fn 3R Rk A,
AMUEHE T B it R, i H S 80A T, A
ISR T 67 DA AN 25 PR T 22 52 14 LA,
TR TR A B 40 M AR T At A B T
TG X EAE B 2, IR 25T E R, AE
AL ZIR RN AR AL IR b, scRNA-seq & L
SR T RN T 245 K0 G 1) 22 4k A b R Wl T
TIER, JERA BT IF & T RE s e R AR A
AR — AT

H B 5% 5 19 scRNA-seq Ja FR T 597 ff fifr g 28
21, (HIZ R BRE B,  IEFETF R 2 M A £
X8 V7 ek 2L 2 1) BRL AT At SR AL ) A B X
et G 35 el 2L 2 P B S 3 R e H P i
YN Py 2 R RHEIN TREAR SR BGERAR, $m TI
PREEAR B I

T4k, 2 (B S dl U A 4R Ao [ s 4R A
FER F IR B A s (Rl oy A g, A A (] o e
IRV I fr A IR s ) A0 AN 31 Stk (AR 20
JE AN gt AT 448 e [ A B A FH BRI ok Pl R, ANY
REFR AL T iR S R A5 B, 48 s A R 4
BER 2 A2 A, X AT RS ICHIRY TR A G . Bl
TE I HE ARG B, PN T4 I BT 4R
HEHE— 204 B TR AT TR ELA R A AR I 24 5 o
BN, FE AR IR R G g v B T 4025
HERE. AL, AN Zs (8] 45 2 25 B S &
Ji& LA K sk e R B R S A3 5 4 b, i 9K 5
JirIea S SR R R N TE . AMERISE Bk R ok T H
KA, A TRBEFAYT IR A TR %

(£ % C k]

[1]  TIMAR J, LADANYI A. Molecular pathology of skin
melanoma: epidemiology, differential diagnostics,
prognosis and therapy prediction[J]. Int J Mol Sci,
2022, 23(10): 5384. DOI: 10.3390/ijms23105384.

[2] SIEGEL R L, MILLER K D, FUCHS H E, et al. Cancer
statistics, 2021[J]. CA Cancer J Clin, 2021, 71(1): 7-33.

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

DOI: 10.3322/caac.21654.

LARKIN J, CHIARION-SILENI V, GONZALEZ R,
et al. Five-year survival with combined nivolumab and
ipilimumab in advanced melanomal J]. N Engl J Med, 2019,
381(16): 1535-1546. DOI: 10.1056/NEJMoal910836.
HUGO W, ZARETSKY J M, SUN L, et al. Genomic
and transcriptomic features of response to anti-PD-1
therapy in metastatic melanomalJ]. Cell, 2016, 165(1):
35-44. DOLI: 10.1016/j.cell.2016.02.065.

DENG W, MA Y, SU Z, et al. Single-cell RNA-
sequencing analyses identify heterogeneity of cD8”
T cell subpopulations and novel therapy targets in
melanomalJ]. Mol Ther Oncolytics, 2021, 20: 105-118.
DOI: 10.1016/j.omt0.2020.12.003.

IORGULESCU J B, BRAUN D, OLIVEIRA G, et al.
Acquired mechanisms of immune escape in cancer
following immunotherapy[J]. Genome Med, 2018,
10(1): 87. DOI: 10.1186/s13073-018-0598-2.
SHARMA P, HU-LIESKOVAN S, WARGO 7T A, et al.
Primary, adaptive, and acquired resistance to cancer
immunotherapy[J]. Cell, 2017, 168(4): 707-723. DOI:
10.1016/j.cell.2017.01.017.[ PubMed]

STUART T, SATIJA R. Integrative single-cell analysis[J ].
Nat Rev Genet, 2019, 20(5): 257-272. DOI: 10.1038/
s41576-019-0093-7.

LUECKEN M D, THEIS F J. Current best practices
in single-cell RNA-seq analysis: a tutorial[J]. Mol
Syst Biol, 2019, 15(6): ¢8746. DOI: 10.15252/
msb.20188746.

MCGRANAHAN N, SWANTON C. Clonal
heterogeneity and tumor evolution: past, present, and the
future[J]. Cell, 2017, 168(4): 613-628. DOI: 10.1016/
j.cell.2017.01.018.

GRZYWA T M, PASKAL W, WLODARSKI P K.
Intratumor and intertumor heterogeneity in melanomalJ].
Transl Oncol, 2017, 10(6): 956-975. DOI: 10.1016/
j.tranon.2017.09.007.

JIA Q, WANG A, YUAN Y, et al. Heterogeneity of
the tumor immune microenvironment and its clinical
relevance[J]. Exp Hematol Oncol, 2022, 11(1): 24. DOI:
10.1186/s40164-022-00277-y.

JUNTTILA M R, DE SAUVAGE F J. Influence of
tumour micro-environment heterogeneity on therapeutic
response[J]. Nature, 2013, 501(7467): 346-354. DOI:
10.1038/nature12626.

TIROSH I, IZAR B, PRAKADAN S M, et al. Dissecting
the multicellular ecosystem of metastatic melanoma by
single-cell RNA-seq[J]. Science, 2016, 352(6282): 189-
196. DOI: 10.1126/science.aad0501.

NOGUCHI K, DALTON A C, HOWLEY BV, et al.
Interleukin-like EMT inducer regulates partial phenotype
switching in MITF-low melanoma cell lines[J].
PLoS One, 2017, 12(5): e0177830. DOI: 10.1371/journal.
pone.0177830.

SIMMONS J L, PIERCE C J, AL-EJEH F, et al.
MITF and BRN2 contribute to metastatic growth after
dissemination of melanomalJ]. Sci Rep, 2017, 7(1):
10909. DOT: 10.1038/s41598-017-11366-y.

SATAS G, ZACCARIA S, MON G, et al. SCARLET:
single-cell tumor phylogeny inference with copy-



160 -

MR R 2024 4R 2 H, 45 %

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[26]

[27]

(28]

[29]

(30]

number constrained mutation losses[J]. Cell Syst, 2020,
10(4): 323-332. DOI: 10.1016/j.cels.2020.04.001.
MALIKIC S, JAHN K, KUIPERS J, et al. Integrative
inference of subclonal tumour evolution from single-cell
and bulk sequencing data[J]. Nat Commun, 2019, 10:
2750. DOI: 10.1038/s41467-019-10737-5.

WU F, FAN J, HE Y, et al. Single-cell profiling of tumor
heterogeneity and the microenvironment in advanced
non-small cell lung cancer[J]. Nat Commun, 2021,
12(1): 2540. DOI: 10.1038/s41467-021-22801-0.
VERGARA T A, MINTOFF C P, SANDHU S, et al.
Evolution of late-stage metastatic melanoma is dominated
by aneuploidy and whole genome doubling[J]. Nat
Commun, 2021, 12(1): 1434. DOI: 10.1038/s41467-
021-21576-8.

DURANTE M A, RODRIGUEZ D A, KURTENBACH S,
et al. Single-cell analysis reveals new evolutionary
complexity in uveal melanomalJ]. Nat Commun, 2020,
11(1): 496. DOT: 10.1038/541467-019-14256-1.
GERBER T, WILLSCHER E, LOEFFLER-WIRTH H,
et al. Mapping heterogeneity in patient-derived melanoma
cultures by single-cell RNA-seq[J]. Oncotarget, 2017,
8(1): 846-862. DOI: 10.18632/oncotarget.13666.
WOUTERS J, KALENDER-ATAK Z, MINNOYE L, et al.
Robust gene expression programs underlie recurrent cell
states and phenotype switching in melanomal[J]. Nat
Cell Biol, 2020, 22(8): 986-998. DOI: 10.1038/s41556-
020-0547-3.

BRADISH J R, RICHEY J D, POST K M, et al.
Discordancy in BRAF mutations among primary and
metastatic melanoma lesions: clinical implications for
targeted therapy[J]. Mod Pathol, 2015, 28(4): 480-486.
DOI: 10.1038/modpathol.2014.136.

GIDE T N, QUEK C, MENZIES A M, et al. Distinct
immune cell populations define response to anti-PD-1
monotherapy and anti-PD-1/anti-CTLA-4 combined
therapy[J]. Cancer Cell, 2019, 35(2): 238-255.¢6. DOI:
10.1016/j.ccell.2019.01.003.

GREMEL G, LEE R J, GIROTTI M R, et al. Distinct
subclonal tumour responses to therapy revealed by
circulating cell-free DNA[J]. Ann Oncol, 2016, 27(10):
1959-1965. DOI: 10.1093/annonc/mdw278.

MULLER J, KRIJGSMAN O, TSOI J, et al. Low MITF/
AXL ratio predicts early resistance to multiple targeted
drugs in melanomalJ]. Nat Commun, 2014, 5: 5712.
DOI: 10.1038/ncomms6712.

GOSWAMI S, TARAPORE R S, POENITZSCH
STRONG A M, et al. MicroRNA-340-mediated
degradation of microphthalmia-associated transcription
factor (MITF) mRNA is inhibited by coding region
determinant-binding protein (CRD-BP)[J]. J Biol Chem,
2015, 290(1): 384-395. DOI: 10.1074/jbc.M114.590158.
QIAN H, YANG C, YANG Y. MicroRNA-26a inhibits
the growth and invasiveness of malignant melanoma and
directly targets on MITF gene[J]. Cell Death Discov,
2017, 3: 17028. DOI: 10.1038/cddiscovery.2017.28.
GHAFOURI-FARD S, GHOLIPOUR M, TAHERI M.
MicroRNA signature in melanoma: biomarkers and
therapeutic targets[J]. Front Oncol, 2021, 11: 608987.
DOI: 10.3389/fonc.2021.608987.

[32]

[33]

[34]

[35]

[36]

[37]

[41]

[42]

[43]

KAWAKAMI A, FISHER D E. The master role of
microphthalmia-associated transcription factor in
melanocyte and melanoma biology[J]. Lab Invest, 2017,
97(6): 649-656. DOI: 10.1038/labinvest.2017.9.
HO Y J, ANAPARTHY N, MOLIK D, et al. Single-
cell RNA-seq analysis identifies markers of resistance to
targeted BRAF inhibitors in melanoma cell populations[J].
Genome Res, 2018, 28(9): 1353-1363. DOI: 10.1101/gr.
234062.117.
SHAFFER S M, EMERT B L, REYES HUEROS R A,
et al. Memory sequencing reveals heritable single-
cell gene expression programs associated with distinct
cellular behaviors[J]. Cell, 2020, 182(4): 947-959.e17.
DOI: 10.1016/j.¢el1.2020.07.003.
RAMBOW F, ROGIERS A, MARIN-BEJAR O, et al.
Toward minimal residual disease-directed therapy
in melanomalJ]. Cell, 2018, 174(4): 843-855. DOI:
10.1016/j.cell.2018.06.025.
SADE-FELDMAN M, YIZHAK K, BIORGAARD S L,
et al. Defining T cell states associated with response to
checkpoint immunotherapy in melanomalJ]. Cell, 2019,
176(1/2): 404. DOI: 10.1016/j.cell.2018.12.034.
LI H, VAN DER LEUN A M, YOFE I, et al.
Dysfunctional CD8 T cells form a proliferative,
dynamically regulated compartment within human
melanomalJ]. Cell, 2019, 176(4): 775-789.e18. DOI:
10.1016/j.cell.2018.11.043.
CABRITA R, LAUSS M, SANNA A, et al. Tertiary
lymphoid structures improve immunotherapy and
survival in melanomal[J]. Nature, 2020, 577(7791): 561-
565. DOI: 10.1038/s41586-019-1914-8.
HELMINK B A, REDDY S M, GAO J, et al. B cells and
tertiary lymphoid structures promote immunotherapy
response[J]. Nature, 2020, 577(7791): 549-555. DOI:
10.1038/s41586-019-1922-8.
SCHETTERS S T T, RODRIGUEZ E, KRUIJSSEN
L J W, et al. Monocyte-derived APCs are central to
the response of PD1 checkpoint blockade and provide
a therapeutic target for combination therapy[J].
J Immunother Cancer, 2020, 8(2): e000588. DOI:
10.1136/jitc-2020-000588.
XIONG D, WANG Y, YOU M. A gene expression
signature of TREM2" macrophages and y8 T cells
predicts immunotherapy response[J]. Nat Commun,
2020, 11(1): 5084. DOI: 10.1038/341467-020-18546-x.
JERBY-ARNON L, SHAH P, CUOCO M S, et al. A
cancer cell program promotes T cell exclusion and
resistance to checkpoint blockade[J]. Cell, 2018, 175(4):
984-997. DOI: 10.1016/j.cell.2018.09.006.
KAKAVAND H, WILMOTT J S, MENZIES A M, et al.
PD-L1 expression and tumor-infiltrating lymphocytes
define different subsets of MAPK inhibitor-treated
melanoma patients[J]. Clin Cancer Res, 2015, 21(14):
3140-3148. DOI: 10.1158/1078-0432.ccr-14-2023.
THIBAUT R, BOST P, MILO I, et al. Bystander IFN-y
activity promotes widespread and sustained cytokine
signaling altering the tumor microenvironment[J]. Nat
Cancer, 2020, 1(3): 302-314. DOI: 10.1038/s43018-020-
0038-2.

[Ax#mig] Jv %



