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A Review of the Application of Zebrafish in Ciliopathy Research
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Abstract Cilia, as microtubule-based subcellular structure, widely present on the surface of nearly all ver-
tebrate cells and play crucial roles in various biological processes such as cell motility and signal transduction. A
series of genetic diseases caused by abnormalities in the structure or function of cilia are collectively referred to as
ciliopathies. Due to the high evolutionary conservation of cilia and the similarity between zebrafish and humans in
multiple specialized ciliary types, zebrafish has emerged as an ideal model organism for studying ciliary functions
and ciliopathies. This paper summarizes the structural features of zebrafish cilia, sorts out the advances in common-
ly used related novel techniques, and describes the important findings and contributions of the zebrafish model in
the study of human ciliopathy. Studies have shown that zebrafish, with its unique biological development character-
istics and highly similar ciliary structure to that of humans, has greatly contributed to the research progress in cilia-
related fields and provided important clues for a deeper understanding of the pathogenesis of ciliopathies.
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AR B RS A, Tz A
TRZHEMD M EHAMb, 551
REFN &M AP R O AR B S 2 W R P 2
FAERUE , BV MRS, BA T RAE X
“O+27i Bl B AF BRI Z A (1 <9+07 R IE B
HMAE, BN EFEFESMEME . PR
R AT KRGS A, M N8 R IE R
JEIE B L B WA NIRRT B, W 5 A T 5 E
FEAE OBE. BEESEN B AR, E N
SO SIRA R MR REER . 45K
(ciliopathies) & fif FH £F & 45 1) Bk 2K BRIy i e 5 51 K
M 4F B R B D Re RS 11 5]k i — 205 I N 208
9, IR AR 2 R50% BAFE, AR
AR Z TR WIS MEE AR I
PR AT P AR . B 2 M H R e s e AR
WEREAE L E i R B RGP, Bt i (zebrafish)
TEAEHRIGE . RERE . BB S N KEER
SEAER S, RO SN, JEH R A B
P (1 B AR AR A

| AAAESHDEAE

RS IR T X AIH 22 (axoneme)
ANk, A A . b2 2
A BWIAZ OG5, 185 HH 9L XS R4 A0 A0 i XU E
HHi. FENEMIGRE 5 W A (Node)fA-7E—3K
FRER ) “O+0™ B B A6, TRFRN LR, ST
P £ 5 91 B3 (Kupffer vesicle, KV)Z5#), 154
B R AIE S 200, £R MK E Ah
ARFREN K BEAEEEHY. 4E20E MR
I A 5T #E B N #5142 (intraflagellar transport, IFT),
IFT2—MEZEAOREEY, 2 5IF 24 EBigfh.
FEARGAGHAEREE R, A dEEaRE
AHA 5T A R, FEIE AT YEIF T (anterograde IFT)42
£ F i I [X (transition zone, TZ)#5 iz £ 4FE, TZK 41
Wi 5 28 Bl 22 53 %, T4 A ) d e E g AT
T IF T (retrograde TFT)¥% 12 [ 41 i 7 B, sk i [X )
2 /b = AN D REAR R 2 B, I e E I TZ 1)
I3 F 2RI T3 RO AE ELAE FH R PR s ZE v R £ 1 1)
HEHT,

Bt fa AR I 7T N S A5 B0 1) 95 3 A T A AR
ZNH, BFPRERE . WmEE. WREY, 5A
IR AT 87% AR , ik 82% [ N S 350 2k

RITEBE S fo Hp AT IR S, 408 LFA7AE T3
Ll Fraani, HBEE Mmar £ R Mg 2
P2k, DA SE. HHE, NE. MERES
ZRhESE . A, EIE - R AR L a-
R A SRR DU 45 50K Bt 5 fa 47 BT AL
DU AL %% 190, B £ 455 20 T LIl Job oK RIASE 5 2% i i
#153, LA FHTALEN. CRISPR/Cas9%#, 5{Mor-
pholinof 4 & 7 AR RN FELF B 1012,

Hedgehog 5 5 il ¢ 42 £F & v 1 43 F Z AL )
(K1), LB S 1 Hh(Hedgehog) 5 Sl 1, 4]
R BNENE TRAKIEZOIEH . JHME SR
PG, 52K PTCHIE L IFT-A B A RN T i
ITIB M E AL T 4F B, I SMO S H A £ & 1) ¥%
. BER, 48R R SUFUR Hilid 5 Glifs 3¢ [K
T4, S FE I R i B A AR [
i, 25 130§ A(protein kinase A, PKA)f i i R4t
Glitk 1, #F— PR FHIE sl £ 5 () Gli Rep)
a0 B AR (EDGli degradation). 4HAC A 5 21 B
L HIPTCHE & )5, PTCHIEEIFT-AR AR Wi {112
HRs T B, RERATSMORANE] . IFT-BE & 14k
B/~ SMORE (I 4F B Al 22 0 (AT 38 5, (63
BETAEBFRIEEE FiES . HISMOmE &
FIHLE AR SUFUXT GUIFI R4, {2 4f Gl H oS
TEA (BN Gli act) A ZF 538 R SO NG M T, e 24
BB ML R N . EAE R, PKA
X Gl B AE T el OB L 5 IFTizfiE &
IR EAE R, A% GUELT B 5 M5 18] ) 52 AL
Mgtk

N5 B0 fa () 4F B/ Hhz 5 8 1% o B 3
F A AAERE R, AL, |k, &S
WAL BAE N HWE 5 5 3 00 F &, Bl lgua-
na/DZIP 1 [ 17E B 5 F A 2 25i@ i fE it 47 B
A BN 1, B G 5 K11 67 5 Dhae 75 1K
FAFBAE R, IR, 3 %02 53 (W Smooth-
ened/SMO. Glifs 3K ¥ PTCHZZ AR ){EH Fh 4 Ff
HE RS . FEANIA] ST T, PR 1) HhE 5 i v
TELF BRI 0] LA 3 447 (W1 IFT8SRALAA Tk = £F
F, {H HhER LK preh2 1 23R e 5% BE 4], H Glil
RIEATE R HLME 5) " HRENES, 4F
K2 e BHIT HhE S T 1Ak, B m] A7
EAKIA BRI HME 5 55 8% . #lhn, 55 iguana
KA B = 4, (HHE IR K B 5hFAS HhE 56
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FELTBARMEAS S AL, HHhE SR SRR FIPTCH& & B, PTCHIE 5“% WS LA 4R 2T B L, RN A HISMO SR (A 7 276
eIz, BRI 9 I SUFUSR FOE T 45 A Gl A TE R &9, I m k. PRAHE T BERR AL 1B 1 (AL 043 GlisR (A R A6 D93l A R(Gli
Rep) 2l Jii 50 8 (1A 3 11 I %38 72(Gli degradation). HhMC & 5 £FBEPTCHE 157 5| K PTCHE JT 41 B, fif B Ho SMOER 11 (¥ 5% 32 #1 i
SMOE I N ) £ 3 12 i 30N 238 45 #9 I W I, 10 BT B SUFU-GLE & M A sE M. BB GLER A OB T 2U(Gl act), o #% 5 fr
5 5 e AN A R P DR e s, ARG R T, PKAXSGLER A I BERR (LB 1A T RIS, 3B ARIEG actMIFEME S TR R . 7%
/\Hh G, IFT-AMIFT-BE & (R AF AIFTE A A AR 7, AT BN RS RMA ARG 507, HHIFTAEREANTERA
WAT I AR OB AR H©, MIIFT-BA & 1A I i 2 SR I R A 1 0)
In c111um-dependent signalling, when Hh signals do not bind to the cilia membrane surface protein PTCH, PTCH maintains cilia localisation via an
internal transport mechanism, thereby inhibiting the transport of SMO protein to the cilia. The intracellular SUFU protein then forms a complex with
the Gli proteins, thereby inhibiting their transcriptional activity. PKA promotes the phosphorylation of some Gli proteins, converting them into an in-
hibitory conformation (Gli Rep) or initiating proteasome-mediated degradation pathways (Gli degradation). When the Hh ligand binds to PTCH on the
ciliary membrane, PTCH leaves the cilia and releases the inhibition on SMO protein transport. SMO then enters the ciliary structure via anterograde
ciliary transport, where it is activated. This process disrupts the stability of the SUFU-Gli complex. The released Gli proteins then form an active form
(Gli act), which is translocated to the cell nucleus via a nuclear localisation signal, where it regulates target gene transcription. During this activation
process, the level of phosphorylation of the Gli proteins by PKA decreases, thereby ensuring the stability and functional activity of the activated form
of Gli. Throughout the Hh signalling pathway, the IFT-A and IFT-B complexes are responsible for the bidirectional transport of structural and signalling
molecules within cilia, as core components of IFT proteins. IFT-A plays a key role in the import of membrane proteins into the cilia and their retrograde
transport ), while the IFT-B complex forms the polymeric skeletal structure!”,
[El1 Hedgehogl=SiBEKk
Fig.1 Hedgehog signaling pathway

FERIRBIFA 2 EE, IR AR RIFAED, TS AP Hhs S AR B, W RE S 80
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K GlIE WM HE 5 e BRI, iT BWRAE. HETEEN, MRS aE s
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WIHEAT ST T, BHEAA S BUR I UERE 5 00 W
PRHIeHE, skt TONEARET BRI S 4,
RN A.

2 ETHISaEENAERMBEEAM
RiftR
21 EFEREFAEUNSDS & ARBTERD
=M

PE I £ PR LB A R B AR ST R DR A R .
faiE . (TR0 E, 2 R R R g a1
B A, Hod i m bR e 9| N B DR, v
TN N 25 RO T A% 0 R 1 R LA o gl
B 1) R PR 2T B D e AR G JE K (W ALMS 1. IFT88) 7]
A AT B R ALY | AR B DRl
MERMBHZHM LR CAMAWETHY
i nphp 1-4-SEEHLIER (1) AR, $E7R T 4F Bk
H5HENERE FH 2 M ETIRR Y. TER, FIH
CRISPR/Cas9F AR I #4 E2 5 B £ pgrip 11K (1) 5%
AR, BT T AT B A OGS TR S 5 A I 2 4 Rk
B 2 W OCECHR A TR TR PO, 255 Bk
B SR AR A, AT SIS 4T B sh A (n
AEKAE. BRI n AL . B0, BT
R ILBE L f1 Nphp3 (1) N Iy 7 K A A 7 2L 2
BRE AR T, 1208 KT 75 (0 5 B B 1 B AT
SEPUREHEE AL, AR08 T AR Gibrad 7 A R R IA
4K H (0 ARL13bAI SHT) 51 K 4 B RET-HE.
FEOEIERE b R RIBLF B AR IC I FE L N BT £
R (W Tz, E— B HED) TR N £ B3 ) 50
TR . TEAZRIF T4, 55 D8 G 45 (D AGE A 2 1210
% d LR 20 4 R S s P2 DA B 5 DR 4 T 4 RV LA
JEFAR P BPNITE R BIBE SRS . SR, K 4w
B ARAIRAEAE— IR B, 763 R R b b
ARI7TH, "SIACSERZ FER (Morpholino, MO) B AR 7E
L2 T T 3 D R SR AE 7T, (E LB 7 ) i #E 2%
I DA R 5 3 TR 9 A0 4R T 52 B 38 7 22 1) PR A — 350
S5l KRR 12 RFE . Lhnphp1-4-8EEE 5], 50
R MO B 5 5 R 98 A A 2 [A] () 4 B 22 57 Pl R g
e 5 SR R AT SR . XS Bk ] @, CRISPRTHE 4
A (CRISPR interference, CRISPRi){F A —FHT M4 1
Bk DA B 7 2, A G T o R e M A R R IR
D BN N IR HE I A AT R B R Th e AT
T AP,

2.2 BYRNFRAREURD & RN AER
11z A

TEBE S [ AN B K b, RPSERI A
KA AT IR 73 A B EOR , AT DL AT 47 B AH 5S4 i
FeVE . WNAEAL R AR BIE AT, A0 R RN AP
(scCRNA-seq) ¥ I T3 v B B £ 4 ) JEE o 52 8 e Joia
HM. FHAMN AR A T TAlAS, B T 4F
B TR R AL BT AE AL P AR AL, £E N B
B A TCH, i scRNA-seqtzr |55
B0 H P A T A R SRR IR I O, AT B R
R AR A AE AR AL 1o TR BT LT B
HE 2 JF I 2T 4 AL R 5 I BT 98, B0 5 0 B 0 i 2 s
TN BRI OCE B A 44t 1 40 f 2R B
SEVERR B S G5 m M P, s B I R
ARAiz H 2 1 25880 05T 07 ), 5, B 508 0 B
o i B AT T S0 RNAD Y, DLAE 7~ 3
AN e 5 o P A0 B P S L P R N o I X A
2, BefE R AN () 240 1 288 20 XU AL ) 2 5 (1)
R 8 e Ak, IR T ff X LAk, 24 ot G e e
Ik S gy 4 A A IR AR R 5 AR RN B, SR
M, BAH M 7 AR AR LEA 2, TP A B i = 7 1]
SERLAE B, oV EEORIRR € 4 RS 5 HAEH R
) = 4EAL B B B AR BAE T, T 4E B DD Re )
W5 R X I 4 A AT B DDA O, X R
) AT e 0 R SR 2R R 7 s SEAL AR () A T AT o AE
I A I FE R, B I 5 B R 5 2 T e S 2
(spatially resolved transcriptomics)4t &, LLIA I /EBE
I £ O mRNA [ 75 (8] 78 Az
23 ARERBFANEHDSEERBEFERDN
IV

KT (WIENE. PRI, IR ERRRE)
AN R AL =G5 AT e, NEBIR
IR BRI SR AL 1 v FE AL SR AR SME AL . 7 DA
Ot B AH S 5 b, AT LA RIE H L 42
A B T T T SEME . AN, KRASTRAZ 5 & 1)k
B2 7K e 6 T 5 £ M iz T S 2% B HP 245 MEK A1) 571
2 E G, UESEEE MR TTIE P A, AR
AR, KA EERN CXCRAE Tl 75
T B R g — PR IE R I A AR A 2 T A
JRLy D A B2 ERFE B 2R LR ) — Bk B 4R
M, KA EHARMAEAE, HAE B LA N R EE
SARBIAHEAE LS, =N A #HE S
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R P AN MR85 R G RTE, SRR T L
EE DA NI WU 7T (A fmiE i 5l ) 5l 25
B, LAk, NLERERAR 5RBE W IRIIRE
Rl N SR SR BT Bl BE . B I A R e AL T
TG, BIAE RGN BRI A RS, 456
TR FEE 27 S B0 e 73 R 22 Y R AR B HEAT SN i
Br, FIR S BRI 2 e 2l 2 AR AL 5%

Y B R R R AT B Y

3 MEaENRMARLXEAER
Bty — s A, IR G E ] &
AR BRI IR M S 5, C BT 4T B
ST EZE TR, KBEUMAFEE RAZ R
A, RGE IRt AR AE 27 B i e vh (1 5
RN R I BT LA A& B # AR LT
B, HEm T i FH ATt RBORER R, N
PARERGRAE RN SRR, BEHETC
KW T2 N BRLGEE, B RIS
B [%EHS (primary ciliary dyskinesia, PCD). % %& 55
(polycystic kidney disease, PKD). 5 4 #EJ (nephro-
nophthisis, NPHP). [ fIfE£5 A1 (oral-facial-digital
syndrome, OFD). Ellis-Van CreveldZ & 1iE (Ellis-Van
Creveld syndrome, EVC). SensenbrennerZs 4 {iE
Bardet-BiedlZ% & {ik (Bardet-Biedl syndrome, BBS).

GruberZi & 1iF (Meckel-Gruber syndrome, MKS).
Senior-Loken%i: & 1iE (Senior-Loken syndrome, SLS)+
AlagilleZZ 5SS . HA 2 RERFMRL FHH LS
I Z AR, AR BB AR
ik R A O 0] 1A ke B 5, FRAT T g e B R D
11 NS0 T HUAS R ok R I

3.1 WO &S5FEAMAECHERS

i R A 4 18 B G (PCD) 2 — Flvis YL (AR
PEBHET , HAHIEAE T 5884 B Dhae 7 A oK
(PIRPIR TS Je SR . BLSER . W BRI FIANE B,
KLH 42%H PCD R I H A I A2 51, Bl
CORIL KL 500 RALKE FHPCD, HoRZHAK
PCDZE A B 5 0 SRAF R R I 7 Wik fh 2 dh .
WS A7 B B A A R R AR (GR DA B
FKAYBH,

B L 12 5 UFE PCD 2y - A (1) B A | FE B
LK EURED, IERRZAEE 11~13 hpf(RIHE 5
K5 U0 32K J5 /N B, hour post-fertilization) B ] 78
KVH W RIZH A4 E, LZEMMEL T NG EL
i #4135 [X 3k (local recipient organizations, LRO)H
(1) <7 5507, FUNBT G, n] E HAR AL W ER B4 &
A0 FE B RN 2 o 5 e A 4 2 B R 1) 2k R R
AR 2 FEURE T B RG IR AE Y ) A
i, AR K SRR AR,

JoubertZE &

fiE (Joubert syndrome, JBTS). Meckel-

®1 ROERBPHALAERFTEHER

Table 1 Pathogenic genes of human ciliosis in zebrafish models

W I 747 27 A AIE (heterotaxy syndrome, HTX) &

IrEH FH I BEH Tt £ R Bty R ZH R
Group Ciliopathy Gene Zebrafish models Zebrafish phenotype References
Motile ciliary PCD DNAHP9, NME5 DNAH6, CRISPR/Cas9, MO  Abnormal cardiac circulation, [71-74]
Dysfunction HTX CCDC151 body axis curvature, left-right
mode defect, abnormal ciliary
beating, pericardial edema,
renal cysts
Renal ciliopa- PKD PKDI, PKD2, NPHPI-9 CRISPR/Cas9, MO  Renal cysts, body axis curva- [24,39-40,42,44-
thies NPHP ture, hydrocephalus 45]
Skeletal cil- SRPS IFT52, IFTS80, IFT140 CRISPR/Cas9, MO  Body axis curvature, otolith [57,61,75-78]
iopathies TIS (thoracic IFTI172 defect, gastrulation defect,
insufficiency situs inversus/heterotaxy, situs
syndrome) inversus, heterotaxy, pronephric
CED cysts
MZSD
Retinal ciliopa- BBS BBS1, BBS10, CEP290, CRISPR/Cas9, MO Photoreceptor degeneration, [7,69]
thies MKS BBS14, MKS1 (BBS13) retinal degeneration, body axis  [79-81]
JBTS curvature, renal cysts, pericar-

dial edema
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— RS 2 E RGN IR R, RN
B AR e A i S B SR 0 e R A U R
W Bliek i . A RiashDhRERanT & . HRm
MU ELEE IR IG B0 R & 7o 5 A X R =05 5 &L,
W GEEMARZ LT . BT BIa 3 DI REREAT A /5L
Yt 2T B 415l 7155 18 (outer dynein arm, ODA )&% #4)
BRI RARIS, Je A AR R R B HATHEL, W2 330
P IE S o 2R B A

EEX cede 14 ITE LR O AR IR 3 AL ARFAE, BFF03E
R DE S AR R GRS TR FERIE A AR B
LT BN P B4 FHBLA] . A ] CRISPR/Cas9
TR ) cede 14155 R 425 (cede 1417 Bt By A
R, A cede 14 TR RE /e A A PRR B RETBIE L
AP S B E P I RN, cedel 417 3B S WTHL
PRy SRR R . JRT, S I SEAZ R (MO)
A5 0 ke [R] i o s 6 A0 00 8 38 S AU (O 21 B R Y
s B KBS AT SR RO R PR S S
T ol 3 DA i o 15 e e A R ] P R B S o 1k 30, A
cedel 4158 2R 26 AT T T BEAFAE AL MR (ge-
netic compensation response, GCR). GCRAE NiL4F
SRAE P R v 8 7 ) B SRR AR L, R
22 g o > R R N D S R A {EL O R )
388 A R AR A o el 1 A AR DG R R AR MR R B
T, T GRAN H AR EE SRS B DI BE R I . LRI
I il A 3 DAL 5 il B A 2 1) ) R 20 2 e i 3
TR TRERAEZE . EARERMZ, PCDBFFLH
7RI GCRAMON R B 7 R 4R 1 7B BOMRe, 1o
NIGB:Z RGBT TTBE | Al XA
B AT e AE HAM LT B 2 ARAE , ORI %
PERIEAE T R 2
32 MOa58RAAZTREATHAER

4k PCDWI FedE R 1 £F Bz 8 Dh e i % O E H
Ja, B AEE i 2 BB A B 22—, W
FHLHI T o — 0 B T VIR A BAERE S S T
W2 EIRE . JUTF A 20500 A B IR XA
HFE R, BIERG R Z N TR TS HUE R
TR T BB B AN S 2 B A N RRE BB, GLRR
NB LB HABE R SR B 5 JFUR PR ET
BRGNS HE MBI %, RIS IEER
B B ZSHEAT 702K, U462 220 (PKD)ATE
THFE (NPHP)*. B It FI0H 7L 304 B Ik 2 [A]
FAEF VI DIRER L, Bt 5 £ 2 5 2T 60 A B AR R

AU SBE ) £ (1 4T B A O IR A, JRAE
A 1E DU A AE T R, R PR I e e R 4 5 U 0 3
PR AR,

PK D& N i WL ) SR L PR s 2 — , HURRAIE
J2 B PN S AR VR B I R T . PRKD%A% 77 5K
A 43 N G e B 2 B2 W5 (ADPKD) A e
1ARE M % %595 (ARPKD), H - ADPKD 2 5 # W)
LT 2B, K2 HERI N PKDIA PKD2 KL
ThEe s 51 S AT VE B B R34 AR A . B
i B N PKDITIWA VR SER, B pkd1af pk-
dIb. FHHMORFEIX AR 2 R EUARE . fix
UK 8 Js i 0 A5 SRR B phd 1a Al
phd b1 FE [F] i B 5 250 7 21 (19 7 O ¢ 25 it 5
W FE | 18 B pkd1a M pkd 1bF R B AT S AR L)
REMT, 1 NZEPKD2J&—FiNIEFS IR 1, 5 PKDI
TEREEY, e TYIRLTE . B phkd21E
J5 B 4R, R FHMOB AR R BE 5 fa i il phd 25
FE AR A, BRI T welb:EGFP#; £ H
1 208 o BT R LA A i ™ SR S oK
N RIAEAE SRAH M U8, A5 BT 5T R F CRISPR/Cas9
i phd2, [FIRE A5 311 2 o R 2 i fry 2 28 1)
MO FT BEELA LN, FHELI &, CRISPR/Cas9
EEMOBE BRR 4k o

NPHP A& — i Yo €0 B 35 A% 14 2 14 '
RNV NE M VS %, B RRAR
HA'B 7 (end stage renal disease, ESRD), 24N
1k, /A 202N 5 NPHPHISCHIZE K, B 70 R I
NPHP & (AR E A7 T 4F B X, FIFH MORKBE
Iy £ty [F) A nphp3 2 ILBE 5 0 IR S H AR 7K RN
HIE FEMH Y. TOBIASS: Pk B NPHPS HINPHP6 2K
SYERER (NI F=Rad?/Pi ek VAS e sRINY ¢ N1 73 7 L
i nphp5/653 TR i K0 58 VS B A5
BT ERFERAL,

B 2 B0 I R A AR s T BV AR (1 4y
TIHE, IENIRR A R G (540 B AR A )
LFE(5 SIS MAH EAE IR T EEL R,

33 MOB&a5BRAGTEANENTER

B HET 75 1) B S A TR BN 45H 5 ThRg, Tiixt
B RAWRR WG R T 4B R E N7 F
I OCERAE FH 03X — S IR 21 6 A 5 5 0 IR AL il BFF
TN A IR 25 4 57 6 AR N B AT 5 W 4 A
. FEEAREEIENNT 2 BERE NN
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RE PR, AEBIREX TRE M. &
AN PR AN A AN R L B R E L, fE 4
B M5y 0 BR 1 A% AR R R R R R B M
Fads. WIRTATIR, AT Y IFTE &4 Bl 2 /0 145
T A (AFT172. IFT88. IFT81. IFT80. IFT74.
IFT70. IFT57. 1IFT54. IFTS52, IFT46. IFT27.
IFT25. IFT22FIFT20)41 ik, 5 9R8h A A ik (KI-
F3A. KIF3BRIKAP3)%:& . Ti£f & i 8 5
W ATV IFTH I M A5, IFTIE A2 E &Y A
Hi 6 IFT4E 9 (IFT144. IFT140. IFT139. IFT122.
IFT121FIFT43)AH 1%, H3) /18 H %k (DYNC2HI
FMDYNC2L) T o B 4T B (K38 A% FE ki S 27
BRI RATER, frelz4d M2 BURik R 2
EHREIFTEA.

14 N1k, 2 B0 B BRI CAE V2 0 )
WARTE , 20194E H BB B K B A R AR & 5
4> (Nosology Committee of the International Skeletal
Dysplasia Society)X} 46 15 #% 5 #4770 20, H
o S5 LA Dy 52 R W 2 i Th e RN B R AT R, B
FE R 2 5 2% 5 1iE (short-rib polydactyly syndrome,
SRPS). ®E EMMH K E A RLEME (Jeune syn-
drome, JS). Fi4MIEZ K E A R (cranioectodermal
dysplasia, CED). FIMIMER &K & A R HEsA 2 45
ZEE1E 978 (Mainzer-Saldino syndrome, MZSD). [
[ 48 25 A 1iE 478 (orofaciodigital syndrome type 1V,
OFD4)%5 B4, & B 2T 5 F A ZRABL AR i R AN LS 25
FRAE, FURPIE PR 3 2 A0 45 ) 2 K B AN 4 PR I D BE
A BEMNE . WE DBk T REFEE 2 fh
WA R BB A ARE RO R A, BiE
B WIERAL. PBRERAR . ISR .
MXFRLE R G0 57 1 A5

HATCKMI0Z N ERRE S E LT TN
FROC, HBT st ik R AT AR 4k B il B B . A8 H Al
WA E A BRI S EBA | IFT46. IFTS52,
IFT80. IFT81. IFTI172%3ERilid RNAES . MO
R EA . ENUIBAE. CRISPR/Cas9FE AR 3R 13 AR
(BT T Y JLHH IFTS0TE A /& 5 — M R B 5
NKIATDH B4 ET T D e SR b A 5% B R B, VRS ife 8O-
MO AR RN R . AR B /N . oo B 7K e i
e Ji A0 O B 52 AR R AL AF R AL BT It S 2R A B AE
CEDASRPS%E 2 M i # 21 B vh Bl o 5, %2
TFT5 2578 AH S5 M B ARSI 1 s ke L DU i

Fa/AN FHNERAR . B As st 6 R B B RN T S B T
[ B U 68 21 T AE - B AH 5% 11 £ B 8 35 24 dn Sk 5 4
K (2RI ) B BFEFgeth . PR 5 P4 A i
KB IRGSAEIR B, CRISPR/Cas9/ S (Bt &
ifiS2RA 2 S — RINMLF BRREREL, JCH 2R
Ll ERCRERN . ML AR AR I R E A
Fa (01, DYNC2H1K: R 578 72 8 % 41 B0 e LI
JE R 22—, AR H R ARAG FH DG BE B 0 R g S .
IFT17232 MZSDSIFEUR LR, MOBE )t mi b ift 172
R AT 5 35 A A MR A 2 2 A A RO

B AT BN 2 I AL R PR REAE , X
RIVEZ AR, BILFEIIRe M4 RN, 5
TE G A B D) RE IS (primary ciliary dyskinesia,
PCD)H A BHL 1) 525 R TR 42 AL ) A P R o G R PR 2R —
R R A Z YT =M Bk, R —8UhR A
s e BRI EAFASERANKREER, W
2F B M L SR T 11 7 B RO, 2 7 T R T B0 K
KRB EREEE 0 R Hk, AN [F) 5 B 1 R AR
W WA EE SRS ILEE R, v R 4 A
LAPIIGIREE G AR . X Fh 3R A 8 5 I R 7E SRPSHIJS
Ly IR —— IFTSO(WIY 4 BN iz 2 & K B
477 )5 DYNC2H I (9wt 240 i B3 ) 77 5 1 B 45 2) 1)
RAZ )R] FBUL PP R A [EFERRZ,
IFT80:8 it 1% Hedgehog (5 5 i T 52 M 4K & 434K, 1M
DYNC2H1/E Ry idi ) ia i By ik 2 11 U 2 5 4F B 451
Yekr, —H BAEH THERGNAFIRT, HELY
TR B B I R P R T R B R . R
JRAESLIRIRAY . IXFh 3L 2 T ) B [R))3 " IR
R, R T B BREMESWARET4EY
RE DX 26 TR R A PE AR
34 HEES5UNEZREAETNTER

BB R B R 2 PR RN B RS
I, ML BRI s — Y R TR
REMI Tt . B A BRIRHMLIRR T [F— 4 2%
FEANFZHZR A ) Th e mT DARE I HE o B ) S oo AR
I L £F B 975 A2 HH Ol RS2 25 41 B A ST S M Th e B
15 51 L 1 — ZH 3B A% PR A I AR PR 5, T )y B
BUFNEEANERY 3, ) AR 14 2 PR A8 B 4F B R —
MBI, RORGIESZ 2 B 7B (outer segment,
OS) /& i FE B MR I R AT 6, AR i 40 X £
B R 9 T BT I R 25 A AE VA X I £ 31 A
PE, SIEAL B RV . Je R SR O, T



1702

Gk -

DR I 2, 35 730 A A A £ E 41 B 0 TR LRRAE , 2%
BAEA BRI B2 G R R, W R AR |
BAE. OAE. BE. R, RIS RS fRA
SURIE RS20 B, AR X LU 88 B A IR PRARAE, 1228457
AEEH5BBS. MKS. JBTS. Senior-LokenZi & fiE
(Senior-Loken syndrome, SLS)%5J% 77 o

B £ 2 FE 2 B IR R A R PR AR AR A . B
Tt ML IR R R, 520 f5 11,5 hpfh AR IS AR,
48 hpfh BURFAEPE MV A0 B 458, 50 hpfrl W22 3 Py
EFRAT BAHEAR P Y5 (inner segment, 1S), 54 hpfli
A WL S HEAR P B (OS), 72 hp Ol R85 HICH [ v
LS A0 X PSR SR AR R TR S A0 2 A i A T e 5 N
FARHE AL,

BBSZEAIE A& — Fh LA X AR 1 R AIE 1) 5
AR IELE B, (S T DhnekEmg . Bk, 2450
T AN Th A B RS A A 8 2% Th RE IR 25 3R A o109,
A5 NIE, B e 202 AN K (BBSI~BBS24) 5
BBSH 5%, HH 8/ BBSH H (BBS1. BBS2. BBS4.
BBS5. BBS7. BBS8. BBS9. BBSI8)JEH—4
BBSomel#] & &4 71 2 5 [m 4F £ [ FE I8 i
BBS2/2 4t BBSome M A% 08 [, i ik Yo jgksz 2%
AECRMEORTHNREEOEAY. £HY
firh | bbs29AFR A AE S dpfR B HALTE Th it 32
A4 2 H A EL RGP B, AT 20 i R A J
IR, A I L R 2 R AR 4 A S
W8, bbs I FRAZREN AR Z G5 dpfaR Il HL Y 1
EINREL, R i F M DL A AL, B
TEFAGR R R RS B A . ST
JIE 2 R AL S IE 5, 75 dpfist S BIRE /7 52458, 40 i
L[] (electro-retinogram, ERG)JRIE T B4, 7£ 10 dpfi
RAFROS ™ B 45 45 H e L1

4 BREERE

BE T g1 [RHC AR ] . R G . 3 DR 4
{757, DL AP B2 R hAe 5 AR m AR, &
FREF BB I I oA R FE LT B IR
{5 SRS . SRR L B AL LB R R
DT, BE T I R . 8 BB R
B LU P R 2 8 5 P R RA , BRE T e R 7 JE
BT EIZHENG ., BB BT BRI
T B3 25 22 o £ B S (T 9 PR A T S
PEREFE, SXERUIE R T BRI TRENUE), i

AR )R T NG T Rt 7 AR . filhn, DR
I o1 5207 58 UF B0 JE R R AR 551 R R A 2 1] ) 2%
G AT T LE BB AL A M2 KOS L AR R S P Fh ()6
J7 5577 35 B A E EANME AT N A5

SR, B — P HESNZ IR R e, 55 R
WA H A, R CRISPR/CasoHi A L% 2T
DR G B RO SRS, A IR A 1 T A
AL KM RSN ATS AT e TP Y B R A AT 5 FR
JHL > B AR i A i v 4 L) S B, (R R Tk =
B E RS S, BRI 1 X £F B 55 5 o H O
RANIRR; KA BB eI 2 =454, 2
ME DL T IR A B A A N 2% . PR, KRR
H AR R R IRE R R e TR BEEE AH
REGFERBABFEAR, PLITF RGeS AU R 77 1
MR /WA R 72 RS0, M4 S
WIRABRNA S HEERE. i, ZHPEE
b BORIR NS 2 B DI RE P 25 B FT 1) B Bk A o I
RGP R . S E A A
HAEE., 7T RGN B G TR =33
PR, RN A B A% 0 5 TR AL S AR £
%, KSR TT SR IR AR .

5 ) o 06 AE AR 5% 11 2 37 T 4 B S A AT A )
ISR RA R . RER S M5 Thae b
5 NEEEFPRL, (2 3 7F Hedgehog s 5 1 i 14 «
BT R TR R BN R B AR 2 e R
KRGEE/NR . BBRELNLEERE, WE2E
R HAMER SRR &, DLSE AER H oP il 7 £ VR T
B S I R A, FROLACAE DSIR T SR .
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