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Abstract

BACKGROUND: Intervertebral disc degeneration is clinically considered to be the main cause of low back pain, but due to the unclear pathogenesis of
intervertebral disc degeneration, there is still a lack of effective means to delay the progression of the disease. Single-cell RNA sequencing technology can
amplify and sequence mRNA at the single-cell level, reveal the gene expression intensity of a single cell, discover different cell subsets in tissues according to
the heterogeneity of cells, study the pathogenesis of intervertebral disc degeneration at the molecular level, and provide a new theoretical basis for its early
diagnosis and treatment.
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OBJECTIVE: To introduce the basic principles of single-cell RNA sequencing technology and review the research progress of single-cell RNA sequencing

technology in intervertebral disc degeneration in recent years.

METHODS: A computer was used to search PubMed, Web of Science, CNKI and WanFang databases for the literature published from 2012 to 2022. Key words
were “single-cell RNA sequencing, intervertebral disc degeneration, sequencing Technology” in Chinese and English. Duplicate, poor-quality and irrelevant

articles were excluded; a total of 70 articles were eventually included.

RESULTS AND CONCLUSION: (1) We identified new cell subsets such as homeostatic chondrocytes, hypertrophy chondrocyte-like nucleus pulposus cells and
fibrous nucleus pulposus cells, identified the marker genes and transcription factors of these cell subsets, and described the functions, differentiation paths
and cell fate of these cell subsets during the development and progression of intervertebral disc degeneration, and proposed the concept of progenitor
nucleus pulposus cells. A cell subpopulation with progenitor nucleus pulposus cells properties was identified and its effectiveness in treating intervertebral disc
degeneration was verified in mice. (2) Fibro chondrocyte-like annulus fibrosus cells and annulus fibrosus stem cells with both cartilage and fiber properties were
identified, and a new type of composite hydrogel was prepared by combining fibrous cartilage inducers silk fibroin and hyaluronic acid in vitro. Experiments

in mice demonstrated that this hydrogel could repair both annulus fibrosus tissue and cartilage matrix, and was remarkably effective in the treatment of
intervertebral disc degeneration. (3) Regulatory chondrocytes were found in endplate cartilage. Two distinct fates in the progression of intervertebral disc
degeneration were analyzed and the differential genes in the two fates were identified. Intercellular communication analysis indicated that regulatory
chondrocytes interact with endothelial cells to promote angiogenesis. (4) Immune cells such as macrophages, T cells, myeloid progenitor cells and neutrophils
were identified in the degenerated intervertebral disc tissues, demonstrating the existence of immune response during intervertebral disc degeneration. It
was found that apolipoprotein induced the polarization of macrophages M1 and M2 subtypes, and this polarization process affected the activity of progenitor
nucleus pulposus cells by amplifying the inflammatory response through the MIF signaling pathway.

Key words: single-cell RNA sequencing; intervertebral disc degeneration; pathogenesis; sequencing technology
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0 5| Introduction

TSR AN B8 R Gk —FFE LBAT R R, LT EANAL—
A ERA KM TR, MR 2017 FATRER R ISR R G0, T
J&h 42 354 F R F BT R G, THAKRLY 80% AR Y, £EH,
TFIEJE S B 27 A AL 100012 £ 4 P, Ml &R %2 3 2 TR
W EERBZ—, AN, HEERTMEFHERM O REAE,
B AME) SR T 4G B R B 5k 90%T, HURAIG. AE SRR EE
LR ETFR SR BRRGEAE Y, ol AER B E. HEH%
FRE, 5lRER. BRERE. MAEHFERD, PEHmELH
AERE, BREFALZFFRTEXRT, Ad, BT TR
HRBREYRABAH R LR, LARRELE S, MXe3y
F R G — S, M R B RS 5 R A WG .
WILG T R F RG T, AT F AR R E, EERA 0 RAELEE
AR K. A CBRAAB S, TR RS HEAEFE.
AR, BAESMER. REAFREY. —BRFTLFTEAMFEN
PR E SRR GG MER] LR (AP RARMEA SR . 1A BRMESRAT. BATHE A AR
M. BREGMMES), FERATFT RS, BOREBERFATHR
R, BERADF, ATHREARELL. FEEHHEL. 4T
EH AR TS AE Y, B RSB 2 TR A ] AR TR A R IELE AR A
REHROAAFES, B, HEMALREYSTFLABNE, T
LB F TR R R A AR R, — AR A A AR AT
R8RS A,

B 2009 4 ¥ 2\ % 4% 5 20 ) /5 42 K (single-cell RNA sequencing,
scRNA-seq) B R 3L, EFRRF| T REEANIF A KLE, HEH
MW RERB T R EH, CERRATHOMRAE., Hrhehstia
T AL $LZ RNA U 5 H K (bulk RNA-seq) #E4T 49, X2 — /-
FOBEAR 49 % RNA AT A 69 5 ik, 3T vA R & g0 JRBE AR o AR AN L R 49
TR, 2 AE SR T G @I R, T AR AL
8 AR S RN, T scCRNA-seq bt 20 42 % 64 4m oL 4T 0k 5 4
M, EEminKE LM EEAN ML Rk, BEEANmibg kR
FOEKRA, RN TR, RIAIOHA LR FR5 R
Bl ) en o LR, RANT ML F o eidA2 F e £ AR B AT
SCRNA-seq AR C R 2w F TIB. Sh¥m, fE. HEH32ER
W, e X ME AR EGIFALGLTFRYNB, FarEHEm
SCRNA-seq H AR fEAME 18] 2L R & 3t & P 125 T 1 F) 69 0 L B%, FH423h
Kk m e BT fE A R R R BT B P R R, AT A& EaTAfR
FHBRTHEFRE TG, LT KL E NI K, st
18] #4349 K SR ALAE] . scRNA-seq 4% K 7 ik B 3 fE A 18] 4 1B T & R AL
B P 6 B R R AT SRR, A S ME IR FL AR TR ) TS RS T SRAERT 4
AE.

94 | DEHRTIEAR | 5528% | 5515 | 2024F18

1 #RIFN755% Data and methods

11 FRRR

111 kA RETE H—AEH £ 2022 5 9 A#tATIE K.

1.1.2 #k LHkadrk 201241 A £ 202249 A.

113 ¥k FE FIBIEE YRR, 7R E; 3R E
PubMed. Web of Science #%4% /& .

114 #ki] b AR fawsrkam A, MR LR E, 0
B 4 R; 3FE X # & 4 single-cell RNA sequencing, intervertebral disc
degeneration, sequencing technology.

115 ¥k XskER HRBE. GEMIFESN.

116 #okRes AL

PubMed ¥ /& F ] o o) K4 122

#1 Single-cell RNA sequencing|[Title/Abstract] #1 BN L S
#2 Intervertebral disc degeneration|[Title/Abstract] #2 MR £ B AR

#3 Sequencing Technology|[Title/Abstract] #3 W FF AR

#4 #1 OR #2 OR #3 #4 #1 OR #2 OR #3

#5 #1 AND #2 #5 #1 AND #2

#6 #2 AND #3 #6 #2 AND #3

#7 #1 AND #2 AND #3 #7 #1 AND #2 AND #3

B 1 | PubMed H#E R FnHh E 20 M0 48 B 4G R SR G

117 & Lsk®E P XK 384 5, Lk 2350 4.

1.2 MANFRE DA M 55 M 8] 1R 2 49 L mAubl AR %, QAR M %
L5 scRNA-seq L AR IEAE X; @R M 25 scRNA-seq fEAHEN & i &
WA RE R LA IRFLRAE] . FRE LR TAZE T B E AR K.
13 HBRVRE OL UF ZAAM XM Lk, OFF R A4 £, B4
SRR Lk, OF LML,

1.4 FREWE HA %5 2734 BAXLAK, HMR 2664 5, EERMAAN
705, X 4K, EX66E. HrAEILE?2,

R ep [ B EE . 5
Hll R AT AR SR 384 7

# % PubMed %% % JFE. Web of Science
HHim e 3R AT HH TR 2 350 F
J

v > FHHER 52 30k 502 |
| emmpom2s g |

V w{ R A R R 1256 7 |
| xttuiorss |

V > 4B EHERR 906 |

BN 70 G SCHR, SRIET R E 2 5, SRIET TR M 2
s T PubMed %45 52 b5, KUET Web of Science %i#s E 14

2 | X RREE
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2 Z5ER Results

2.1 HEEERTREA

211 EEAMEE M M SRR AR ARG LT AR 2R, EiE
WHARAE S R R BN E D Aee e R AT, FE—TRE B4R
BARGG R MR M Foards S ohae M. MR ALy P e MAT LR
S ERGEF SIR B b T R AR AR, A RAAE A B R AA 2
Fofn %, BMAZAL AR EZOAEIAL, EEFHE IR G EAL T H A
shiE) AT AR XA A L BEAZ AR 4R o BAT tm i A fm RS AR 4R,
MAZ IR A T e e As s M, TS RIS EGRAE. TRKRSF
s R R, S P Aggrecan R AL L bR 00K G BAE,
THEWNRBRES. REH RS RIK, §4FH R wiTedssiidm
b, GBI SRR R REAER, RBMALR A FAKME, THAE
ARG W Hh @) TATAL AR . LFYEIRLA LR & 15-25 AR S B R B
AREEM), TARIS A I B R An N B4 IR, B EOATFA4THES] 4 1
BB 4 e A TRV R4 ™), oM B & 4 % £ IR A e 2 1) 4) 32
T AN BN %, BA RIS AT ISR, A4 54T 019 4%
AN L 9 ARE) F IR i R A e sk A B, BB b AR A AR 1] 4
Z, #406mmE, SMEMTERALTRE, BB ELM0E
IR R AR B A A, e T AR A 64 R
2.1.2 Ml AR T K RAE]  AMele) IR 7 dy AR A B AR M R AL T AL
8, FAFEe3 RFS R, HBARE, M AR TR A TS E 4
DR MR, . BB, B FEAM T AL
FEBEF ERINA T2 le i MRI L HAZLE L 4K B Y, e aiES
BHEAKSE T EY. REVERFERINGTE, LA FHIREMAZL
LME TR A, MAZLAR G P IR LR IR BAME] 1R 3 B A3 7
Pfirrmann 228 F= 7% B_#9 Pfirrmann 4428 "%, ) & 45 M 0] FE 4R T 49 K
LR,

BAT %454 Ah, HERERT LA MNREAEZFIH TS £ 4
Fom B E B N RS RS R X, LB 3, it
AU S 71 DNA 4145, ARt mie s, FHIEAKRRET B, mBEAF
A KR FFORMNMEF oy v, #4 T mist i me s R ™, M
. AR MR KA R (B mie, Tmie., =¥ Wimie
) FARERT, wBREETF o &@piE 1o/ @ miiE
6. GmIAAE 17. @it E 8. ami/E 2. ami/E 4. am
JoAF 10, FHRE v A bAt 2B F P, &k K B T 09808 5§ 4
BB, FHMN AP AT R P, R R e R 5
Bty b, R EEEOBAIRE G S, T mIsh AR e
1%, Bl AR Ry A P, sesl, B AGAUAR 7T A KR
MERFFRNEHE, TAEREERR, E—F @R EFH T
JeR s B, RAER A LA E T ALY HF. RANMIREE,
& 09 ba e A TR AT B BR AL EE, S R A AR RARAE 1A AR AL A
it — R, ERBMHALE) B REHG A, ik MR AR TR E,
R MAEIR P, LA AL LMK P E RN, AN R SRR
TEK, HEAKLLAY A FARE, FHRIARFHEALR, XF
KR FRE, RBBREAANZTRET. AZEKEFALE A KA
KEFAR™, FPHEEAR T EDEH R ZEK, XK H
)93 e 5 AN 22 A g A KT AR LT FR T AR SRR, 4
U L IRAL R 04 T AR AR, R R AR AR T4 S T A G A AR &
Rk HEREIE, Wit IAP 2 EAGER R . K. BHF.
2.2 scRNA-seq 32 RJ55% scRNA-seq % K 7 ik €L45 £ 44~ % . mRNA
Bt F A DNAY 3. ZHBFNAF. 3ESFAAFHR, LE4, &
B m e -8 . mRNA R4 A cDNA 3738 2 #ANF ARG E L, 2
Ttk R0 e A R AR R PO,

221 ¥mies®  scRNA-seq 49 % — R AEAEAR T 5 B WK EA .
w8 bm o B ik L AE I LA (serial dilution). SRR K R
#| (laser capture microdissec-tion, LCM). 3% 3.3 7& 4m b ik (fluorescence
activated cell sorting, FACS) #Fefik 745 4-i% (Microfluidics)®, L3 1,
2.22 mRNA R4t cDNA 738 HRIB @ L A 4 RF, A ey
RNA 4812 4 1-50 pg®”, 42 5id 3| 5 B & 349 DNA #4554 200 ng
VA b, Rk A6 2R, B E 4 mRNA R4k A cDNA G #A4TH 38,

A MR . BTE
v 1 DNARS
= -

o
[ £
wmn | — U0

| MEmE | | s |
: ! AT
BERMRNARE
SRR/ OB )

B3 | B AR TR & R

‘ / ‘ BESE PN
i~ — . " ®

MWFEHHT ]

B e e

cDNA mRNA

& 4 | BIMpnsEFENF (scRNA-seq) BOFIAR 5%

x1 | BRSBTS E

USRI

WOLRE DM T EE T

TOIE] (LOM) H AR GURE A T 7 25
AN B

RN

BRI, (ERSHIAC, WEE
ot 2 DX A B HEA T AR DR, AR e
él‘{kﬂfﬁﬁﬁé\, B2 5y BN AL 1) 57 8
[

SOLRAE KA R R B, (ERIAN HERE
Aoy W ERTOCRCITE I, R B i A A i 17
(FACs) AR SE AU ML REAT 43 ide B0

I R SR TIRI FTHRIGFEA R, JEEE. AT

AR A B

JE cDNA ¥ 383342, A8 % RF A I I8 RN T 4 Rnts, 45
M 5-F #74 (unique molecular identifiers, UMI) 7% % &7 X 3 %~ scRNA-seq
PARITEZA, FA UM A RE AR 3 FOR, AR miede KB
EHFAR TN, URERE, RS MES. BaTH AL
Wb ALY 3G T iR ARARAE I R 7 38 HUK (SMART-seq/SMART-seq2).
PRIN 3835 R (CEL-seq/CEL-seq2). KAAEF 474 3244 K (MARS-seq).
BRIRARIA (Drop-seq), JL3E 2.

2 | EHBRMERAEFEMFIIA (scRNA-seq) F53%

HAREH  kRE B—EH 5 R
o [X 35

SMART-seq 2012 RAMSKOLD™ 4K LIS B oONA &K, AN
MFESR, (ABEK, REER

SMART-seq2 2013 PICELLI"” AR FEARAIE RS AR A K JE 0 S Al LA
SMART-seq R B HE i5

CEL-seq 2012 HASHIMSHONY'" 3" SEFHZE My HHAR, it PCR FHiA
REE S

CEL-seq2 2016 HASHIMSHONY"? 3" i 7 CEL-seq [ 3Lal i —biRm T R
B, YONFE3 RS

MARS-seq 2014 JAITIN® 3' Uiy WK, AL A2 AN, TE
N 35 PR 235 5 T A 458 v A vt e 1

Drop-seq 2015 MACOSKO" 3 PUE. BRI, mEE, (RN

R 4 A RE A E] 10%-
50% e 4L

(1) SMART-seq: SMART-seq 2 —AEf ZAREELNETEZHAK, b
RAMSKOLD 4 B 2 & 5 2012 32 4, 42 cDNA 49 3' Kt RAn UL
B ) C ok, B ATHLM 454 A= PCR &7 38 45 5) cDNA & K. SMART-
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2

seq B ARG KB R T AR ST ARG S B E %, 2B FIK RAZ.
I RFE, AXHETE, EFFFEAKY . SMART-seq2 2 f
SMART-seq &9 sk LAt m sk, £ R i o LA PT4R &, TERT
IRt .

(2) CEL-seq: HASHIMSHONY % " i@ it 5% 3 % A poly-A £ & #§
mRNA K B, H R ARSNEE 3 (IVT) 5 mRNA BRAT &4 38, 3RIF %0
CDNA M3 S . X fif 7 vA4E mRNA 325 R 2 89 194, ARtk FH4%
8 PCR Y W H AR BA £ 569 REE. MG AR H 2T CEL-seq # AT
HAL B CEL-seq2, Bl it/ 3 ARt kR ER ST REE ™, X
# % CEL-seq ¢ 312,

(3) MARS-seq: MARS-seq & — 7t £ 3h 149 scRNA-seq 7 %, W JAI-
TIN 5 ¥ qe b, B3tk ) B ARG BA RT3 RHGE i
ik, T VA 3 BHLIR B R B 2L 4R Fe sk o 69 SR 4% 4m i K AL, MARS-seq R A 3
A%t mRNA A 77 ik, T AR5 cDNA SR (dE4K ), Edndh
FAEF B, cDNA FEARIMEF (IVT) IC R Aed 3 Z ATHR UMI ATE.
FF B w0 R KT, sy i3 B R e 4R 1R
fr, FILT DNAF 3t 2 THnl, BEMNT I, XBERHTHS
BE, A Lm b oy EHRCRAELA BEHS Y,

(4) Drop-seq: MACOSKO % " 2 2 JF & 7 wA i d R A 2 s 49
Drop-seq, Refl1A) 8 #ifds K E A5 A UMI 49 oligo-dT 5| 4% Fa fm o — A2
FABANGRIE, ARG T PATHATREE R, PCRYIG, 3T bk,
. BB F ) mIntE RN A 7 ik, BRI LR AT RORE el
ik b+ 42 —. {2 Drop-seq A R 482} 3 5% 45 5 49 mRNA #ATM 5,
THRAH VERLEX.

223 ZAFMNFETFE HBEEZNAFHAKRT AT % A DNA F of it
A, T 2AAKNFEATHRENG 2T %, BWRTANE
i 5 F 4 £ %% 10X Genomics 4 &) #) Chromium % %= BD 2 3] #9
Rhapsody %%, sb#PEA ICELLS #4mfin447-F 4 . lllumina® Bio-Rad® =
Fluidigm C1 ¥ 2m i 4 f 3h 41 & 4 % 7. 10xGenomics Chromium 3 4m ji&,
& 890 F R 325 Drop-seq 44 RA8ML, A FHMAIL AWML, 45
BIBRATE mIeATIT . NE A AT, EAE AN EAFRT AT LT
AbmffL G 3k FAZ 8, AR ARG B BT R348 5 T it e 5
AT FE

224 HABEAIBEGH scRNA-seq 4 4L I8 BT IRAR Q65038 T 2
(RF44. Ja—1b. SIBAREE ). mmAafe ik B K 645 4 oAt 19,
TG EMF G KT AMMIE, £ sSCRNA-seq 33 57 A 4 4R
AL IR MR T HRAT R T4 d], AR YR o FARERS) . &iE
BB, Sk F R, SHB SRR A AT 4 49 DNA 5k ds
BIBIERE, REGT HIESAT A EBIE . BIRATERTALL L6 X
TR, HBEX A THIMERNT RS, BT R F k2L CPM,
Scran. Seurat v Scater & "9, i id X s it F ik R A m LA
Z A £ R, BARE R FIRE . AAEX TR fF B, =255
8T AE B . mAe ek B KT 05 4 oA R R 013 B R P
F G HIB AT R AT 22, K TR e KRR Eemie iR &
Bk, st £ R R AK R b, RESH. @it
WA . F4k marker A E . LT EPTE.

2.3 scRNA-seq TEMEEIENR T AR HICPAVIAR

231 MAEAAMEMEEA MU L TAHERZ P ceRRag, B
H s AR PR KB E G FoAEm BA SARTF KR, AHHR
FRBT RN AN N FHEE, MA@ R T mR, ShE
J 29 4x10%em®, B ATAR S IZIA A R A4 A AR A o AR AT e
mIpsN R RAS A 22w B, A SN, M mIR AR f e
TAG, B 006G R B T A S AR LR KR Ae L it AfE ) 21 4R K 3t
Je oy mAcE EEAER . CHERIF 5 B2 3 3 | — ANk o 2E 1B A 1] 4 Fo
iR T FE AT T scRNA-seq 47, AT 2 F AR ARG RESHT S
T AN TR e mie R, 52T KRES5HMRZRTAX G EMATED,
LA R TAME AR, R AN A L BAC RO R AR X A AR
(MT-CYB. MT-ND2) #) & & Z 8 R T M, 7 AR T #é R AR AR
TR EEHE, b, Z A TALIR B T SPTSSB. S100A1. MGP F=
DCN %35 R 38 33 47 ) dm ISP AR o i B 6 B M KR R L. B T 355 A

96 | PEAHERTIEAR | 5528% | 5518 | 2024F18

TG LALRANMG 7 I K IE T RAR R, Xk R F) an A K A R 4m e AR Z 1) 64
HF A AR A AR A AR SR R a6 R T B BT
Yo AR IAR,

HAN % ®% 38 it scRNA-seq #£ R B #iA% 4 4R Ao 1B B M AZ AL 2
R 20 Ao dt F ALK E AT M, B2 T AESIE A @I (homeostatic
chondrocytes, HomCs) #4752 _E %45 H -F FOS #= JUN, HomCs ;2§
A LR T mie, Hies ETRATMFIEAEEM /RNA KRS, @
AR EFHGFAOR . BEFT. HAREKET B F @R Tk
#, HomCs LA 2 F 6940 it HFmate Seyshae, 9% A4 20k
A AR AR, 2T mi IR R, BRR R T B4R
W BB M AR Af 18] AR T R P 4 ed 2 AP A ARG R, AR 2
(F2-C) F & 4k B A% 4w it id R iK% b K AL (L B F 4o CXCL2 #= CXCL8, E
487 COL1A1. COL1A2. COL3A1 F= MMP13 % #5 tm oot 3L R 4 ff AR
R, XTRL FHREE TEMLHE. IFITL 4= IFIT2 5 3L B ¢4 LA
HK, BT E ARG I A PR AR R A ] AR R R, SRR T
WEFF KB 69 L3545 R JAKL/STATL T # s 4 T — F Mo FAusl b
6 7 A1) 2R T 6 F ¥e

A T ENRR AL mIC T B LRE G A1) 18 T4 A KR eyAnKiE,
TU % B9 il atxt 8 A I AL T B H MARLLLR 4G 39 372 ARG AT T &
M4k F 69 scRNA-seq 547, ARIE TR FhieSe 7 Az mineg 6 /> LB,
R IR K %k F #£ 85 4% 48 I2L (hypertrophy chondrocyte-like nucleus pulposus
cells, HT-CLNPs) JU-F 7 & FAfela] 1R % 442, f£ 3L A% HT-CLNPs- 11 F
K I —F AR 4 0 tm AR A4 CHRDL2, “TyAidit 4 Min4| 5 H AL 4
EORITHRE @IOH AT, RL A HT-CINPs- T P45 8 £F
Ikl e AT, RS E S, ST AL a0 RSN R 498 A
FEAEIR) AR T ey B R AR b AR H A IRPAE R, A R R 604
FREFO GG, AR B EIEHET VARV AR T HAZAR
o R A AR dm e, P 4 44k AR £ S B CRTACL. COL3A1 #=
MMP2 & AKF R 3% Eifl, T a8 8st mpe s T g, Anik it %
ZR P T RAFED G, TR WL T AL @ wAF 1B A5 T LA
R R A KR TR, AmATAER M P A e R, A
& B TR T A RO E . R it Aeib 2 A KR T, ik
7] 2R T R BI B G| RAR IR R . AR A MR R T ML
(progenitor nucleus pulposus cells, ProNPCs), % % # L #4T T a1k
BRI HT, R IAEREAZ AL Yo IR SR R 3R — & 3 &34 CD90 4 #EA% am
fit, #RZ % CD90" NPCs, i it 5238 384E CDI0" NPCs 3T VA 51k A s B
wmhie. gt oge Az e A, %2R AMKF, CDI0" NPCs
B BRE RAT 6L A1, B BT LA h CD90™ NPCs LAy AR 4m sk 1,
fastFHAR . SR ESEEER—FTHT.

GAO % i@ it scRNA-seq 3% K X I — £ Rk Bk & 11 %48
(urotensin I receptor, UTS2R) %447 fm e Bt tm it it 4%, A K B A A
e, 3% 73249 UTS2R ProNPCs VA 1 4 45 [ F tenascin-C(TNC)
BAETFHAEINE, FAS RN ML, 2oWAL MmN, &
F AR K ILEAZ Tl (i A KRBT B AR @A KR T
%), Mgl itk A 52 53% UTS2R ProNPCs B44- TNC #4453 /s R% 15 09
MR Y, SREIGFATHRIEEAMRZR TR, HETEA
AR4m 45 M) UTS2R ProNPCs, 24 AfE 1] 4 3B 4 4974 57 RAEFT 49 K& A R
g, X gk R fE S tn i PR e o AR B M) SR BEA 0 I T BEAR
AET # 6 ILAE, BatRA) K4 mI A, AAmit. 155 BRAERE T,
AL IO T AR IR 9 AE AR, RN T MR aiE ey, A ASb A AR
HMEA) 1R IR K A KA K 8 A S B Ae B PRS0 K &L
232 HYREHGEAMIOLAE HFHERARGREfkd [ 2 RRE
& Fatm eI R SEIL S, o Y IR B S HJR b A 4 B G e BB R AR
B % B AL G G HUAREL A B, AF 4R IR L RS ST o A PRAR S AE ) 2B TR
& B, R ) AR A S IR R A, B —5 7
FLAHEN) £ R By JE. FERNANDES 2 ®% WA E F M AR 2047 5 4F Y SRR 4R h #%
K] 2 A0 R F) fn IR BE 6 L B Rk ik, i@ i scRNA-seq &F £ F 2 B & ik
BT SN, RINEIRmIn e 475 gk X B F FOXML 7T vA 454
Aol & H ¥e 2 ) CENPF. CCNB1. CCNB2. KPNA2 #= PLK1 ki3 4 it JB)
ety 4o FLag B, BB FOXMI 45T wigtiE £ 4% & BIRCS, 954
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AP B AR T, LR LR M EAE N FT ORIE T LS.
KDMAE =T 4 A 5 #4% tm 4% e 20 m oSN A R AR % AR B 49 iR 4%, #E— R
B amAe s AR ARG, Soh EF 69 REAZ 400 T A8 T & A DKK3 474 Wit/
B-catenin 13 5 i 34k TR A 18] £ 1B 49 & 4 .

WANG % i it scRNA-seq 3% R 2] T /s R 49 4F 4 30 L B 3%,
ST T IR SR, AR T SRR AT 4D SPT e ik R AR
EH) Sox9 4 4 L BB AR Y 3R 4 i (fibro chondrocyte-like annulus fibro-
sus cells, FcAFs) VAR 4F 43R 2mfi2 (annulus fibrosus stem cells, AFSCs),
KAt T —F T A ARSI AFSCs = & FcAFs 89 4F 305371, AR4E
LIRS R R EAFAE, F T IR A S A LSBT Ay Lk
B F ik R BR P R & — AT R B ey F R A A KE R, 5 AN E
AMein) LR T RAER GG IR, TR 09 4F 430 2 K48 4R
B4, FIREHH O A AR AR, AMEE R TR T AehAR T
2697 B,

233 AHMIE ML RE AR TAHEIE & LT 7 6950 4E, AR
Foriia £ e EER S, Hohas R R AU A A T R .
AT RO TR LM, VAR AAMRN G R GENEEE, R
H A% A BB LAT AN IR F, BT JE a9, T AT AR AR 4
MR ARZ AR, ABARAEI £ 69 S ) B R, ALEE T MR AR A 4h
A AR R AHIT miniE g F b, LS F k83 scRNAseq
PRI AR R T A8 Z L8R G AT AT AT, B8 T R K
Bomft, FRAITINT B AR b, T AR e K
AR T LT 2 BARE 45, 455 [ eminshies & F e
NEASEG R TS SE%, RORLE. RithE A RFNE, F5
BB AR E; 4B 116G i i g S TR ARE @i 1b. Ras &
Az 55 RE@QRATEAR, ADTHELEK. HHFES, AR
2 A 4ri% % COL10A1. SPP1. IBSP. MT1G. MTIX. OGN % # A i 4z,
R FHNARFEIAEFRRAEA RN TFHEXE SR, —LFHKRE
AT, T 48K A TR 89 0 i0 o) feAn IO 435, 4m 6L 18] 38 3R A AT L K TN,
RegCs /= 4 & M B A KB 5 A(VEGFA), @it 5k oikt) 7 Kb
PR e oy g A R A& KB T 4k (VEGFA/KDR 2, VEGFA/FLT1 43 5 id
3K ) s, AW APT MR mIe A R e 8 648 ZAE R BT
A A R FE, AR T AER R, Bk, TR R
Mo TR BR G T Ry ¥e@i6 a7 69 AR RN R T B A B £ 5 A 1]
AR T k.

234 RZEmi MRZCZBRLRANRTLLAERE, AEHREH
SPURIR. BB SRR ik — AL B AL LI R R R AP
2Bk, P T sk A AR AR LR T 5] A K E R .
Yok - AR, BMALARARRR FER L, REEA BB
TAFF LA™, R R EE G #f KRR T4od mii£ 18, I
BIRREF o FEMALEMAFE YT AL, BIRE, ZLmpR-T
R me A, dwEEmIC. CO8T Mt s, tLubMeial e =4
KPR ik T MR SR T BER . LEE 5 AR AR I AR R
B LR T P R AR FEAR AR B R 49 E A M iR E, X5 SILVA
40 gy s R R — By, BPE R ML T RLE & m s E 18 A% T A
&G R AR AR KA R 64 AR T RmBsb R SR, F5H
18] £E494B % ; WANG % 8 3 i scRNA-seq 34 AR 3 | f2 Ak 18] £ 1B T 44 7% 32
FAR R F AT AR AR 0 SRR, R S AP AR W EvE me
F2B M T a8 (regulatory T cells, Tregs), Xk % J& 4m i i 46404 ¥
B F B A= MAPK %712 5@ 944 7 ID1. PTPRK #= RAP2C JL [ # 7# & ik,
A AR A 18] 2 64 R AR .

LING % " 2t 3 4] Pfirrmann II 4%, T4k, IV AREA% 20 48 #EAT
scCRNA-seq 2#7, %527 QIEESEmie. T, M AAnmias i
FOE R 8 i o, R BT IR K Al g e
F. PR mIOBR L. R TR T AR KIS, M AT K I
HZRLHHREIEFEBEEHTFT MLE Evimiee i, M2AE
v Gl ARG P ) T, X R B fm A M1 e M2 B A A 6 3 A ARALET
B K KR IR R AR BAE A, 18 1d i 18) 4948 ZAE A AT,
B M AN AZ B F kB /569 B o4 fm JRMAL T 4838 3d MIF 42 5 3@ 9434
FRIER LRz E M. BT, XL R A, AR

AR AR ) IR NG ) SRR R R AN e, SRS
b gm R A A R 0 TR B8 AR AR, T MRAEI & ¥ 69 B s A R
AL A F R R TR SAHE R R B RIEA R T /F, THRANT
MR AKG GRS, LIRS,

=3 | B REMFHA (scRNA-seq) FEHEE] IR T & AL EIF HY
D

H—E# RE ML MM BRGS0
Ty R
CHERIF®? 2022 N BEARZANN SSOE T KRS A R AR AR S AR I AR
PR, A RO AT e A E AR AR
P JR 1 AL
HAN®? 2022 AN BEEANR S TARRSEHCE R BT LR BN
W T ThAE, 4R T ECE A
[y 2 Fh oAb Az KR ) 1A 4 8
TUBY 2022 N BEARZANN VRN EOECE R BE A AN RN 2T 4k B A% AN
B AR TR AN AR B, RIS
TG R AN AR (B 4
GAO™! 2022 /MR BERZANM FEANEUAP ORI T —REERZ AL AN AR D
AN, RN B A S0 B E X A
[ AR B VR IT ROR
FERNANDES®™™ 2020 N £F4ERR4N 2] 1 4P 4EBRAUI AL IR 263k 48, R T
il SRUEIRRORR E LR R F AR, 42
AT PR 12 A ) R AR R A ) E L
WANG"™ 2022 /MR ZFHERRAN FE/NBUAR PSSR T AP ICE FELT 4R R AT
il AFYER T2, FFLAH A & 75
BRI L FH /IS BRUME R 4518 A2 (787
A5 T RAFHIIT L
LI 2022 N ZNECE SR T T VERCE AR R 2 R R
4l M dkdimia, AT 2 iz i s A
FRR ATV B A P R A A ELAE
FH T 2 338 L /85 £
WANG® 2021 N RGN WY 2 R IR R AR R e e R e ) S g
(RIET-HE AMHE, FRHE T Xl G s 4 i A FE VR 1)
IZLAZ) R DR AR R 3
LING®™ 2022 N GUEMNAE R T EAE ) AR AR R R e R

(RUR TR 142 VG 40 L 2 7Y PO A A TR S S »
AZL) B R AL AR A0 A P 35 R (R A )
HEIBAR R R

3 BZE5RE Summary and prospects

31 BAFEMAEZISARNATMAFEE G M & DIAZHERNANDEZ
% U F A A scRNA-seq HOR 2 A FAHER AR XA K, 51 9T RE
FH W FENRR, W RAFR R A8 T scRNA-seq FARIAF T 4o F AR
ORI ME R AR P o h] om0 B %, B T e kA, 75 7 3
YRR, SF T RE ML, AT A mie T A4 E
FIRIRF; @B T Mmoo K It AR b R R 64 a e iz,
Bl BF 5 B an e is b oG KA IS AR OMET @I W%, 9
#hbm e 4948 ZAE R AUE]. AN B H RO T TE, AROZT LR
A B LM LR T a9 M F A4 £, Je DNA Tk, 3 &7TA
WAREORFES, WP Emit S M3, TR FAERELR KRN
—KANTF R, A, dofTEEX 3 RE 69 #3E £ R RAFE @
HRER,,

32 {FBERXBIFHAMBRIRR £ Xk k2 F4eE L0, 1
AU R HEF K, scRNA-seq HARME W KB4 525 A Fht
W S R, RS APEAFE AR, 2R 2R AR Y AR AR
Y, mES AT, F4%e) LFH scRNA-seq HUR FEAMe 7] £ 1B T AR 49
B R AT R, ST FMA4E T scRNA-seq (9 K ik, Ehnd |,
RAHLIE K T scRNA-seq 4L AR AEAME 18] 2518 5 & @A) ARk ey 5L, I %
4T B AT IR R A1) AR K R KR ATAR R ILAY S dm i TR
BRI, RETTRAEGSTET R,

3.3 LABVSPRME scRNA-seq & R B 48 4 £ B Tktt, &F L7 A%
FOL84G TEAE LR R BRI B T A BB R K, AR R & B L R
BAG, SR EEH TS, PTEIEIBRALG. scRNA-seq # R4y
% —/NF AL A MRNA R4 FAr cDNA 4738 Bf 2 sk RAE R0 K,
K. 4% Drop-seq 3 R 690 B R E Bk, W F B @R 44480 3] 10%-
50% #94F K4, X FE L AR B ARAAE M B, e eg KB AA
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AR PRIRE, XEPAE KT ZIABARE LH AL RABIFL
G PA RN R, BaZ SRR 6 N SRR 5 AR AHE ] £ 18 B R
BIR &, B AT A R R R I ER FA R R T AGE T F.
34 ERNBEBEN MMAGHAZ. FER. RTLBRZFHAR,
BB R AR 0 R AT BRGSO, AR SR04 F RNA 5 R (bulk
RNA-seq) R st — AN am BRI AT A, FEMEI) 2040 F RAEATIR
FedFiR WA LR P 4 £ F AR, (2 RAF T afein Fatkegotr. £34R
G R R A AL, FTR anfO LAY IRA] . FERE TR, meseihit
IR R A TR, wmiB it scRNA-seq #t AEARKTF WL MR X s 5] 7, A HE 2
AR, EF AR mieAr S SR AR TE2E L.

% L FE N4 T scRNA-seq 3% K 49 & KR 3Z, 44 T scRNA-seq
PARAAMR R T L RAE 6 B MR . B IR R e
ISR A FERSH T T AL, AR IAH RAME R R TR R
bay £k E F, %153 #i8 1T scRNAseq AR K& T MiAzmibe) % A
Jo LR, AR FHmMIL, oK FHEE M. Shbmit, 8B
T T AR iRE, HRT @ EBEARET G REERE, £
RNT BANEMAZRERE T FFREGIRAFAR. FXEF, #07
34 THAL L FEFiE%, RENRELESIML. BAEN Y
AL, Seoh, IR MR R 69 kA G A IR A
1k, AAERE e 1R T T AT AL LI, I M I e
PR FHAME R SIS KE R T AR E, i@iE scRNA-seq LR
A YEIR b i AARARE 0 A S JE L0 SHAT AT, BT R T SR m
Je P 6 R an i BE, FHvA S A K ah AR IR] 25 1R T AGLLR TARIE T
%, RF T RAIRF e T SR m e AR R AR, A A
P PR BCE A Sy KA dn i I BE ST A6 K ARt e A 18] AL AR T 4 X
TR, BT M AR T KR IAR T AR SR m e T he, A
B 4 20 6 ) AMACLEAE R 25 1R KA R AR FHKT KER A,

6 AR A 18] AL AR K 69 R AL % AT B A B LR, T R

RAEF ARG T FH, AAEBNS ERRITHETFRFR, T F 5004
A AR E ATAR Z IR . Kb R F AR RV R AT, XFHR
T3 AEARR AR ey A4 mo AR, AR BRI T AR
AR T L AAH], Ak aepid it X4k AR A AR KR B Ye g
B HE.
3.5 BB ERBUFRFAVERIN A%F B 7T scRNA-seq & AR 7412 5 TR
PoERE, A2 M R TAURCERIIF T —Z O mE, T—H A
Yk 4 B E scRNA-seq W R 77 ik, @68 mit% M3, TREFRBFH
AR B T A1) £ 1R TATIRAF R, FARE X AR A A8 T
£, FFRANTFHH A A 69677 Rk, LZ 0T ARKSE 3D ATHP F &
TR LG AR F Y A R, RIHCRIEES ST,

&SI A2 R TR MGk, e R, RBUK. REWE R T
FEERA, BEE. FEA. Liidh. AEE. HERSASIHKKE. o

WSS, AGK AR H5 %
ISR XF 0 LIRS, ERAFRALERE LD TA A
UEETS

FFRGRERARR: X2 — & AR L F, RdE (it k4T “F
% - AEW kAR A - AR 7 XEF 4.07 3k, AESHIINGEILT, Ak
AAAE B Akt B 09 KT RN B it RS K, B TR PR,
T, FN. 4FE. AT, k. BAKEIZ K, FAZEI L5, Ak
AT NI R E AT R R 1R,

FRAREELE: L F b AT A B %430 A F T S E ARG AL L.

HRESE: ZXFHESEFEGEZPINREELEN S (AAGEFRZFES
ARSI (PRISMA 35 ); L RAT 43 5 b g 2| 55 Lakib & 44T
3RXFABAEE; LFLPRTHT HRREFR, FATIFBUAN X4
SHAEIEFE.
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