B . ph ki
i *E‘E‘**g?‘m Acta Universitatis Medicinalis Anhui
ISSN 1000-1492,CN 34-1065/R

(RMERRFEER) MBEH KRR

H: Cornelia de Lange Zx &1k B8 A% 2 15 4 WL 55 2k e

= LERE, W, fLUE, fkEE

WA 300 2025-02-26

Mz E R EM:  2026-03-16

g1 g LB, W, LN, KE%. Corneliade Lange 2 & LRI %22 5 70 T4

WU FE[IIOL]. R R R4
https://link.cnki.net/urlid/34.1065.R.20260314.1421.012

@NKit s

www.cnki.net

PEER: (EgER TAERRE T, FtENF B R ER T S E R Hoefa. B0 e
B EAERBNAECSHE, HIBSRTITL EmAd TR R HERe e e i i
TRl CRIEM LS LI HEUGE R, AT AR . WIS . B e R R
FRAFE 45 W1 DUIL8) O e (0 ED R Sl Hh AR A B T S 1 o S e R X 468 1 R R N 2 L 2B & (il
SR FLAG) A T H B EE ) e FARI AR BA QIR RHEERGEE, FF 6
BRSO R, AAETE S AR AT g S HARZ AT s R ) 28 BB A & [ 5 R T
HAR R AR R, ERE MG —HEIE S 7 f9 87 AU BE 1R E T AL Mo B AR S
DR T E R 2% R i, SRR — kAT, MBSO SO H & . WU AR AR N 2%,
AL BT R R AT A B S B L

HERBA: 400 g 5 (P ESART OefBo) BraELGRARZY, £ (hHE
FARIAT (WD) R & LA S 40T T P9 25— B 4 i, DLE RS B A O 20, 7 B
W /TR SO s i HERCE R B e Ae . R R E AR (2RO ) 2 [ 58T H
PG FEL R TR 1) R 2% S S R H YD (ISSN 2096-4188, CN 11-6037/Z), Ft LAZS LI 3T (1 44 i J4 4 1
KRS IE AR



2026-03-16 11:03:57 https://link.cnki.net/urlid/34.1065.R.20260314.1421.012

Cornelia de Lange 25 & MER)BE 2 55 FHLHIRE 7T R
ZEEY, H o AU iR RERS HRK
CHA T RFBESBE, AT 832003; 2 A 11if AREERELEE, AT 8320005 2473
TRFEE M mEER LR AT 832008)

FE Cornelia de Lange Zi & 1E (CALS) & —FhLAZ RS K & BiG ARHIE 195 WL, #%
OHEURHLE S REEAR SRR EUIMER. BE2H R R, 22 SRR
TR Qe o it = e 45 M 5 R ML R, SR BEKARE R KM, AT Wnt/p-catenin.
TGF-B/BMP. Sonic Hedgehog (SHH) Z5{5 Sl B M2 M 4%, FLRIIKEMZ . DI &
B2 RGRA, RIRNILME CALS JREALE] ALk 7312 W7 28w BRR JE Al . 1% 302518 CdLS
IR AR (B R R LD - SRR BB Sl RIS, IFER T2t
M -

KEEiE  Corneliade Lange Zi&1iE: FEEAE G, UL [F 5K, 70T
THEGRS RT722

XA ERS A

Cornelia de Lange Syndrome: Advances in Genetic and Molecular Mechanisms
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Abstract Cornelia de Lange syndrome (CdLS) is a rare genetic disorder characterized by

multisystem developmental abnormalities, with its core pathogenic mechanism closely linked to

dysfunction of the cohesin complex. Integrated multi-omics evidence revealed that cohesin
dysfunction disrupted three-dimensional chromatin architecture and epigenetic homeostasis,
triggered genome-wide transcriptional dysregulation, and perturbed the regulatory networks of

signaling pathways such as Wnt/B-catenin, TGF-p/BMP, and Sonic Hedgehog (SHH). These

disturbances collectively drove multisystem phenotypes involving the neurological, cardiovascular
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and skeletal systems, and laid a theoretical foundation for further understanding of the
pathological mechanisms of CdLS and optimizing molecular diagnosis. This review summarized
the genetic basis (including epigenetic dysregulation mechanisms) and disruption of key
developmental signaling pathways in CdLS, and discussed strategies for optimizing molecular
diagnosis.
Key words Cornelia de Lange syndrome; cohesin complex; epigenetics; signaling pathways;
molecular diagnosis
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Cornelia de Lange % &1iE (Cornelia de Lange syndrome, CdLS) & —Fugtf& 1 & & 5,
DIRRIRIEZS . AEKZIR A2 RGUKE o NFHEN, [ 1933 F i i Bk, 2o
RMWER AR 77 7t 2B a i, Wik R, R5iEH 5SS A
WALHHIR SR EE. FEEASSERIIRER R CALS ZOBURNLE, ZE A AR e
JREER . FERE R DNA 1B, HI)ReRAELATSUR & HEF R KR MR L RET
B SR ERE R, B2 R A 515 S U EE B R G R At 52U
SRS, AT RE R A B SRR R R TR R O AR K ME S L, BESIAE KGR
BORBERRICHLE], 2R 7> T2 WAL sk, Dy 4t 3B CdLS 21 L 5 kG 2 W AL 3
WHEZE .
1 BAeFER
11 MR EZE2 228

CdLS 4Bk R F £ 1/10 000 % 1/30 000, [KI2 W7 ki % 45 4is v] Re Ak il . 7EJR I
FEIT BIRA BRI, BV B Ak, CdLS AR RS I,
EJE . FARCORHE BRI, (UG SRR AR R 2 R SRR TR L R
PR AE G, G T AR I R A W HE R . ik, R CdLS HPVNHBIE T 25 E
PEEWI AR EALINPRAFE GEARRHE 2 20/00, $&oRYERHE 1 730/80 , WiF5)r 4~8 /- H &
DR L BUEEARRHER BRG], TG D FRINME, IR ESIRE. 25
T ZWaER e, (N TR s W s B, YRR CALS I AL S i A MR A
HBE 73



12 BURERZRRERBKE

CdLS & —Fh R % & B B SR D BESRRE SR R G CUTUW , 22 & 1 i S5 MR 0 1 (e
ek sEF4EREEE 1 1A Cstructural maintenance of chromosomes 1A, SMC1A) ; Jeftfish fy 4k
& H 3 Cstructural maintenance of chromosomes 3, SMC3) . Mri& LA [RAD21 FiEE AR
&Kk 4r (RAD21 Cohesin complex component, RAD21) 11475 A1 [Nipped-B £ H
(nipped-B-like protein, NIPBL) ; #HZ[12% ZEE{LAEF 8 Chistone deacetylase 8, HDACS) |
PR, B TE IR R B EE DNA, g R =i R SR EHZE (F D o ZosH
RAF IS R B A A DIRE, 380 CdLS RAY 7z R R NIPBL 1E & G 3 2
K7, HAiiD i) NIPBL 2% CEURFEN, RARL) S BIH) 60%~70%, & CdLS 4R
FEBEIKZ)F KD, NIPBL RAKM 5RA ™ H AR A KR, Jo L, BrdsaiHn m K
A R AT, TR R AR ThRE MR AR E N, SRR AL, B W RN KIBSE .
SR ) PR R AR T A5 R, NIPBL 223 8 R 40 B 1) 7 o 400 B B i 44
FEAC R 97 runt #5855 A7 2 Crunt-related transcription factor 2, RUNX2) JeE 46 %
(osteocalcin, OCND ZFRH IR EMIKF, VEIEH BT R B X RBNBFE 2 DI,
HAREMSESHRREIIRE, BFRUAMMEER . AFRAXT NIPBL DIRERI# 0 2
S, EFEEPE VBRI R R .

1 FEEARSHEHN LIS DNA KAEIEH
Fig.1 Cohesin complex structure and its interactions with DNA
SMC1A 5 SMC3 /2 i & F3MZ 03, dld 45 M I M (R I A2 5K 5 DNA 9455 5
A, BURMERAIR N HIA 5% 19%~2%E1, 35 R A NIPBL RAEA, LIRS
WEEIE . Bt o o E, o EmR Y, BIRARNGENT DNA 45630 1755 JR i D Re
REEWIRE S MM, WRE THEEEY, SMC1A T X Jetafk, 848 LIRSS & TE X
RANT, OILEFERKAERL 20%, 2455 E G 5 ARG S5 6 e, O g



WA 5 AR L S HAFAE R0, SMC3 2848 54 KO ER  (congenital heart disease, CHD) 3%
BRZE58T SMC1A, KA F EiE 52.4% H 2 WALk kEE, 2 7 T —F Mi% 2 TR : SMC3
BB QN EEN, SMCLA X CHD [FI5ZmAR X ] #2004

RAD21 RAFFN 1%~2%, FEFLHA CdLS S CWRHEMEEA S A KB ,
HAE ROk HIR R LR . RAD21 #4E SMC1A 5 SMC3 Sk LA4ERF R4 1 o
JE , FRARIH E G AR T BN, AP FM A DG 25 438 (topologically associating domains, TADs)
TR BIR G = i G 3L 5 4 5 R 4 e s k214,

HDACS sEfii T X Yetifk, RAFANLE 5%, il | BAE A 5 OB, S5z
BEEASHRERAR, HBURZ O TIE S Esi SRR A2023)], SMC3 A4
HDACS 2 LI A6 A BEAE R 8 B e (BT B I A, FLDDREa R B 1AL SMC3 R R,
BEAFIE R I FRARE A k5P R ), SBUT T2 IR G &R, 655 3878 CdLS HFAE K
AR PET B8 S5 AR e R I8, 57 PR R A RAR P DL, R T E, kG
PR X G AL E A S, AT TIOR3 = kB A 0,

NERGAES CALS BRI, £ 1 NIIReM . FEBURHIH] . FERARE R
PRI 4 ANYEFEREAT R EE 34T

F1 CdLS #ZOLEF TR 5REKCE

Tab.1  Core gene functions and phenotypic correlations in CdLS

Primary pathogenic Mutation
Gene Functional role mechanism Main phenotypic association frequency
(%)
Disruption of 3D chromatin Classic severe phenotype:
NIPBL Cohesin loader  structure, impaired dynamic  severe growth and intellectual 60-70
loading disability, limb abnormalities

Atypical/mild phenotype:
Cohesin core Reduced stability of the ring
SMC1A craniofacial features, mild 5
subunit structure
developmental delay

Abnormal SMC3 High CHD incidence
Cohesin core
SMC3 acetylation/deacetylation (predominantly complex 1-2
subunit
cycle defects), overall mild




phenotype

Atypical/mild phenotype:
Cohesin subunit
characteristic facial features,
RAD21 involved in Impaired TAD formation 1-2
relatively mild intellectual

dissociation
disability
Broad phenotypic spectrum:
SMC3 Dysfunction of histone from classic features to
HDAC8 -5
deacetylase deacetylation nonspecific manifestations,

significant sex differences

1.3 RUWBRfLREHLH

CdLS e st Qe ta i, A5 et JFUIR A R A 2 B S RV G BE,  FEE0R 2 5 2
BRWER, miEASSRETRGH, EWaEMAERM. I a3 26 FiEE
FSE A AR (NIPBL. SMC1A. SMC3. RAD21) . % FIMEMiH R (HDACS)
e HoAth a8 A R 4 IR, G095 5 UK FH L #5 B2 il 2A (lysine methyltransferase 2A, KMT2A) .
SET 45#18 5 11 5 (SET domain containing 5, SETD5) 2&) 41, ix L6 K] () Ty g Gk S [F) 5
L CdLS R4t R ML I ZREL, ZOPHEII .
131 Z#REREH

FERASAHEE N T TADs MGEEFTIER, RIS T-Ha) T HAE, deRrjet
= RB. A RIE R R TADs Faseth R e, JeidfZ&al. S RNA 505 1
WG R AR E L RIAE, PLE] -, NIPBL fiSiHiSE SRy 0)i, LR HEmIN =
desitfaE 1B RAD21 RN HAEE ORI R S MEM. L2, ZEAEI6E
FOE PR R O i = R, FEOR B A R, & CdLS £ RGRMKIZ O T
Heafta,
132 DNA FZfk

CdLS A AMAFEEAI 2 DNA FEEAL I, & e (a5 b B i Rr e PE R bR 54,
T hrE (epigenetic signature, EpiSign) $ AR FAL 88 2% > Sk Lot i3 40 i %
A= R PR AL AR S B0UR M (methylation variant pathogenicity, MVP) $E43 46l CdLS 2 (0.5
B, AR SHEEENT 80 ZEARAMIAEX 5 CdLS WA 5 HAB e T . TP
AR S A IR T S 3 R B0 UE S DR B M FE S 02 T, R ) T A S AL 5 R ) I3 12 )



Tt R EAL EIETF A CALS 1-4 BURHE, RIENHRIS I B AR 4R 141,
133 HAEABM

HEABMERIEE CALS MRERMBALILE], 5 1 2 Mg e BN 3 H D RE 7
HDACS fi{k SMC3 % Z AL LU 2 &% & H 2 S 830, R E LMtk SMC3 =R,
) e o J5R 5 ) S i (13280, SR 45 Fg 4 2R 19 2 (bromodomain containing 2, BRD2) 12
Mt B ds, HIhReEFLATREIAIL S NIPBL I PME, SUmERIAREE, FEEEMLL NIPBL R
AZ[¥) DNA B E GG, FiTEES 5 CdLS [ B R, pedth, R IR § KMT2A 5 SETD5
FIRAE, 7L R H3KA HIEAL K H3 HIEALARZS, SEMAK E W R E CdLS E
BFepne-19,
134 JEZwTS RNA HIIRE

NIPBL+/— & 1532 RE T4 H AFAE ARG %5 RNA (ncRNA) [3RIE SRR, FRER LIS
PP R PR AR 1 R DL K Wint 45538 R R 1 T 2%, 427K neRNA T Besd i 5% 2 i
BEM S SR Bl S5 CALS K. H RTINS F AR T B B, 22ROy B A7
], ARG a e s e Bt — DT
2 KREESERSKERE

FERAE AR R WA QO =445 K, TG SIEBRAES, a2 REKF ok
Ff1. Wnt/B-catenin. TGF-B/BMP [ & filJ5{5 51 (sonic hedgehog, SHH) fE Nif#=4H
W M SHLTEERAEMZOME, HRH S CALS #hig. O M g ik er2l,
BT EBRIEAAAEER IR, RGN HZ O SRR EE,
2.1 Wnt/-catenin {5 5@ H

Wnt/B-catenin i@ #iHIL 1% B-catenin & A EMEN FHIE R %, SEERMESLE
RS MZOMZ, it SREREREVIEKEY. cdLs f, FERARTMEFELS
CCCTC #5417 (CCCTC-binding factor, CTCF) WhEMEH, SEENC XY A INEh
HERNFERT, WELIR ORI, RIN Frizzled SZARZFIEHNH], 1281 52 m 40 i 5 1 5
SR, R RIS ERN A ORE FE: ARG, WILRRUME (magnetic resonance
imaging, MRD) 7<% 24.5%H] CdLS EFEAF/E/ MBI A B AR, H5™HEINMESG %)
FHORIEL, SRR INIE 52, R 2 B 1 0 0 1) 2 0 B 5 A ) 20 S T A 00 79 1
FEI), 5BE RGN R Wnt Gl S 51 K RUNX2 RIAHEL, SRS . R RE S
LR



2.2 TGF-p/BMP {558

TGF-B 5 BMP [FlJ& TGF-B # 5k, £ AR T S AR Smad g A
55K, FiEHE AT T FEd 2 EHRELERFRA: NIPBL SRR SR £
FH AR AMER (extracellular matrix, ECM) " TGF-B FgE & H, BN TGF-p A4
I B, 51 R IR B HOE, 7 S AN £ 95 ECM 5 BAE, T i B0 1F 123 TGF-B
B9 ERMESCL ERE . OV SRR, S A 77 BOE B FE R ] e ik R
(28291, YE-E A% K B, TGF-B 4 Smad2/3 1% s HE K LAgE RAGAS, W% IR SR B %
Fz0-SU NIPBL i 7R B4 TGF-B1 K Smad2/4 232 , 4l 15 76 J53 400 it 17 i 3 A B2
BMP/Smad i i#% 28 Smad1/5/8 TR H 5 HCE 7k, FRASHKH Smad6 1 e 15, i Ok -T2
S, 51 R IB AN B i e w2 0,
23 SHH{EE5#E®

SHH 8% f Ak 2F Ja Bl AL iE X (zone of polarizing activity, ZPA) 43 Shh & A
JRBE S, I U R R A S SR R [ YEY 1 (Glioma-associated oncogene homolog 1,
Glil) . Patched 1 #£[1 (Patched 1, Ptchl) ZEKHE7 THIENE, diEds (B . B
PSR K, S 5MIEHK. M fma R KGN, LMPHZ Shh 5524k Ptechl 454
JE AR EOS B S 32 & (smoothened, Smo) M, {24 Gli #3EHF A% 3 shiE ¢,
S 5 AR RAIE T A . PR TTARIE R BT ARG L S B BR R, IR T R
BB PO T RN RERY), N RS SR, Nipbl SRR AN i BN R 1 D R
Ph Shh 5t o 7R AR, 40 Shh #3% . HISY SHH (55, ZbLH] 5 BiA R & o
DA -381, R 5| R B R NE: SHH 55 BRI SUR A 4558 . TREEE SR H &
WTE, WU SJBCF ZPA (553 AL U SR L2 W (RIS 8BS 40 ) 40 5 el A Rl
PRANARIETE, ANRIA G RRAGES3), G EERE i Glil SRR R Rk, IR Z4 (A
RERSSL, fRHR A, BRI A AR, Brh IR EA L. B AR
SEm AL, Ak, BEEhFT SAG (smoothened agonist, SAG) RIS /N BRI 28 1] 78 Ji
YA SHH R, FEAAMMI FWR, o000l B A ) S A B R B RRRG g 2 R A e A T
W TR T B A Ty 1yl
24 EBRIRIZZ

CdLS KA Z 7 BRI T RE R A B SRR s 5 KRt i R ERIE R, %
RWIFAERBR T @, iR REMEREAL AN KEE TP, K@ ps a e = 2R E
54K R: SHH 5 wnt RIpRerEtb, RESUTLE R ASREE, MES#HEE T,



TGF-B/BMP 5 Wnt Bt A2 O H TS R IR &, B E A E B Bl B R, eE -
WA F R T, Ik Ah, HDACS 58 SMC3 RAF S R AL 1 2 aL TR Yt A R K
DNA FIJEAY, JEORBERRIE, IR 2 RG R R PR, 3 b B 7 88 (Bl R 1 2
RS 5 a0, WRAS_ERE 7 CdLS RS At

NEWED CLS BURgiikidie, K 2 BEHks THlH], B T NFERAE ST
RESE W 22 RGUR NN EL R4 .

B2 CdLS Bumblfil~mE: NEEREOIRAREIEL RGERE
Fig.2 Schematic diagram of the pathogenic mechanism of CdLS: from cohesin dysfunction
to multisystem phenotypes
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T CALS W e R AR AR S i, LUV T — AR Aoy — il T B
ARGVEA NIPBL, SMC1A SFEURAE [, AR A 2 BRD4. ANKRDI1 <5 fiik 5t
A, kG RBREH CALS ZIREMEZER, £ 15%~20%/14 R4 B3 4775 NIPBL
LRI 9AR, HoAh B0 255 DR 5 AR 124344, 3k 248 548 [ I v 440 g S 73 240 i B 51 A1
Sy IR DNA R 5, % iR 4 £ K205 (whole-exome sequencing, WES) B {HIIf
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