2025 4% 8 H o [ S2 6 S 2 4 August 2025
H334% Heil ACTA LABORATORIUM ANIMALIS SCIENTIA SINICA Vol. 33 No. 8

ZEPERE PNEE . B AARTE B R A T RORT SRR ()], T ESEE S, 2025, 33(8) : 1198-1210.

LI G Z, SUN X D. Research progress in zebrafish models of skeletal genetic diseases [ J]. Acta Lab Anim Sci Sin, 2025,
33(8): 1198-1210.

Doi; 10. 3969/]. issn. 1005-4847. 2025. 08. 009

I £ A B A B A A P B F 5 0T
(TR IKPERI A MR 45 R B R AR, TR 400010)

[BE] B EBRIENR (skeletal genetic diseases ) f&—ZFE M 8% R Gt W s L PR , FLRRAE o 4 B i %
AREERERG, GR350 5 2RI Sk o DU BT R 00 25 55 S i g BRI, )™ B 5 )R8 1) A= T T
i, MRS 2023 ARETT YR PR BRI 4328 AT A0 41 K38 W I 552 AN EE, R 2 ks AL e 1Y
WFFE OIS EJ  H 24 —2F 5800 1 BOwR HLEI 6 R 58 2 BT, 5 5 40 ( zebrafish ) 1F y — B B RL 2 iy, Ho g
Bk B BRG] SIS S B RSE . BRI/ R SRR R B AR i B A R AT
S FHIZ AT 58 N 2B B s A5 1 R R AL B T AR R 3 . ARZRR R A T S M B R /e N i kst %
R BIFFE P ) R R Az SCHK B, SR I T AU FE FGFR3 AHRECE KB A4 2 BB TR A 11 AU U
TENY 9 KB BEIRAEPINHATIEA 1S . A8 OB ME L | B £o A5 A0 ) it e FLAIF 9 2 SCA6 T T AT 5
45, BT TRABIGE N B st i i SO bl $e i 2%

[k#gim]  BEE B ; B s e
[FEH2ES] Q95-33 [ XEkFREB] A [XEHS] 1005-4847 (2025) 08-1198-13

Research progress in zebrafish models of skeletal genetic diseases

LI Gengze, SUN Xianding "

(Center for Joint Surgery, Department of Orthopedic Surgery, the Second Affiliated Hospital of Chongqing
Medical University, Chongging 400010, China)
Corresponding author; SUN Xianding. E-mail: xianding1004@163. com

[ Abstract ) Skeletal genetic diseases are characterized by disorders in bone development and growth
throughout the body. Such diseases often present clinically with pathological manifestations such as head and limb
deformities and scoliosis, which can seriously affect patient quality of life. The Nosology of genetic skeletal disorders
2023 revision, recognizes 41 major categories, involving 552 genes; however, the pathogenic mechanisms of around
half of all bone genetic diseases remain unclear. As a new type of model animal, zebrafish have a highly conserved
skeletal development process and regulatory mechanism compared with mammals. They also have the advantages of
small size, strong reproductive ability, short reproductive cycle, and transparent embryos, potentially making them
suitable for studying the pathogenesis of human skeletal genetic diseases. This review focuses on progress in the
application of zebrafish models in research related to human skeletal genetic diseases. We carried out an extensive

literature review and selected nine major categories of skeletal genetic disorders for detailed discussion, including
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fibroblast growth factor receptor 3 chondrodysplasias, type 2 collagen disorders, and type 11 collagen disorders. This

article summarizes the disease overview, zebrafish model construction, and their research significance, with the aim of

providing a reference for in-depth research on the pathogenesis of human skeletal genetic diseases.
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B AL BN (skeletal genetic diseases ) f& LA
LR EHAAERKEE W AR — L v
HHER G, Hlm KRR AL B A K K B B
T CER L E R S Sk i R | B b R N
SR PEE R R AR TG R, ARYE QR e
BRI . 2023 IETTIR) , N 2R #% st AL 50
B ok 41 AR R 771 AN BRSNS , B I 552
AL SR, 292 B0 B s AL e 1 K
AL 1 AR 72 53 LA | 33X 25 950 1 002 T
ARGRITHR TP

FH TSI B A TR T8 AR I 1 T 2, B s G
B SR REVE S B B XS 4, IR I
MG SRR e B — MRS T A
BRI AU M B, AR R AR R A
RS I B S £ 7 NS R st AL e A 5 b i
sz o, KN H &7 2, Bk, g
BHARAN 55 A B AR )i 3G &
R oy THRAE R W) A Vo | a) 98 14 o 25 40
P BAE GRS S, T A 54 S 50 ] 5
HRRAR ST B A B f0 HLAA IR AR 5 W i
HNZAE R T R T I SR AT, AT O
B HA MBS G R F IR, SEgGM K
LN SR XS SRR S W, w] DL M A
WL B 5 M0 i I 3 B B kB R A S L
Hille BAh BRI B R 5 SN B
(A [R5 | R R0 AT 3k 87% , HLBE I fa IR i &
BT R E B R B A OGS 5 38 B S LR A AL
il CBIIE 52 5 N e B R s 00t gk Rk
BRI E VLB B8 55 B 10 & A K R L
TENZE B Hy fn (R EAA BRI A O, a3
Lh A SR ME— 38 F T e 3 25 ) Ok 0 B HE S )
B A B T B T 25 W B S 9 O e it
RS DRI, ) B o R A A i A
RUAESE IGO0 T e 4 =1 90\ 28 B st A% i 1
Z AR B A AR R (%) S 50 A i oK 7 — o 7R
BEFGE 0 T AN, A, mRNA i B R A

CRISPR ,TALEN J5 2458 | B e 9t 1% AR iR
SERARAE BE L A AR F R H R
ZE TR BT — RO NS BR 5 AL
ONER/ SR iR LY/

ARGEAR R A T B I fa A R A 28 R AL
SRIETE ) R S5 TR IR B, A< S AR
ZE BRGNP R T 9 RISHEFTIRLNHE
LR TR AR Z M EE MR A4 T X st
PP AL RSB T vk IR T E AT B
FME, B A AR S 3858 5 1]

1 HOaRAFZHEREERFSP
B BF 32 R

1.1 FGFR3 XK EBEXE AR £ (FGFR3
chondrodysplasias)

MR 38 1% P B % B 7 2K 57 2023 BT
) FGFR3 AR GH B K B AR RBRARLET & 5
Fhc s, 56 KW Je FGFR3, 1 I BUPE 1 OF: A
(thanatophoric dysplasia, TD ) X — %90 HEAT 4534
Jo K Mk 4R/ JE ih-B b o ORI ) g R
( camptodactyly, tall stature and hearing loss
syndrome , CATSHL) ZE G 1E AR T A K25 E
fE5 95 Bt o BE A2 K (overgrowth tall stature
syndromes and segmental overgrowth)” iX — ¥k K
KR T H S FCFR3 B4 X, %85 E
A BE S RS 1B AT 5T, A SO A
AT HEATERA , IR i A% J7 2 N B 1 £V ]
ZHICRILFE 1,

1.1.1 TD

TD & A= LI PR A5 A 1) 15 7 B It
IV 4 SR GRRLE B FGFR3 DIREHE iR
ARG (WLER 1) R4 R PN AL B
PRAfAE 1T 2 (TD1) | 256 ¥ Ok 5 48 1T 22
( thanatophoric dysplasia type 2, TD2) "5 4
i, AL B A R I /)N S 2 M 0 i~ A A4
PN | A
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Table 1 Summary of zebrafish models with FGFR3 chondrodysplasias
IS AR S -
Al BT Bt wH o EE
7 Disease names Inheritance patterns Gene References
MIM No.
7600 SRk 1 19 e A »
Thanatophoric dysplasia (type 1) Autosomal dominant inheritance
- s . FGFR3
Se RN/ AL - B e k- WO WA AR B G (A
1o Bk I Wt .

Camptodactyly, tall stature and hearing
loss syndrome ( CATSHL)

Autosomal dominant inheritance or

autosomal recessive inheritance

BEX) HOAE P AR i SE T 24 ( thanatophoric

dysplasia type 1, TD1) , LINDY %" i i {4 41
SRR T A A A SRAS (c. 742 _743insTGT) 1)
fafr3 mRNA, 4 H 0 o 569 21 B 25 f IR i v, 4
TR fgfr3 3 ARAE (c. 742_743insTGT) FIBE
AR A S A A F T N B IR IE T
T fafr3 WdH A BB 2848 T8 1 ATl 2 RUEE
PEORARAE 1 & A=, 58 A8 (R IR G 3= BR300 N
FEAMLH LU I, 500, Sk AN 241 270 0% K | 1R b B 4
N = e N NGNS R s
R, WFFEUEW c. 742_743insTGT Xt fgfi3 i 5 &
—ANPE AR T BON O L AR A5 5 0 T
T,k Ao AR b T O AF 4k AN i A K IR P
(fibroblast growth factor, FGF ) i % , S 20 i [
M5 S G380, RE c. 742_743insTGT 275 ffi
Feft3 8 FUIE K T — 2R, (A f5 A vl BE Y &
ArgSer-Pro 3£ 7 IR, 7 &5 B2 AR SF 1) 1g2-1g3
TR AR P MR, T T A
ife, HIL T2 TD1 W& . %5 s AL (1
LR 2SI B DR AT E B9 T A, SR i
25T 1 JR B 7E T 058 28 1 5T mRNA 523
fefr3 Wit Rk, H i THEOBLR I H ™ WP, oK
RELER BRI ECE & B S i AL,
1.1.2 CATSHL Z:41iF

CATSHL Zi & 1E & T FGFR3 D)fgFE AL 51
LI, 1801 7 Ry 5 e 0 R Il 1 3 A Bl % £ R
Watbis il mE F BRI N/ LWL & &
KT 45005 AR A R A

AHFFE A1 BA G 1 ] CRISPR/Cas9 4 R #4
TR CATSHL ZEBAF 1Y fafr3 Fe R bR 5
f AL BRI R R, ERIG R R, fofr3

SEAF B T BT [ TOURR i L /D Sk W TR | 4
AR T T e M= = I 2 N1 = g g A
PEMR, F A BT CATSHL 254 1F 8 35 14 I IR 32
BT BUANR IR fafr3 RS R BE £ IR i HE
ERI I BN e I A 8 N L RS | i
BERGERT T B A0 5 AR R SRR
MIHESIZEFL, W UE I fef3 SRR B 25
SFECED B JAAE A F- (indian hedgehog , IHH ) {5 51
5% A Wnt/B-catenin {5 5 38 # L 98, 7 4l
Wnt/B-catenin 155 18 #% A LLHAR 73 92 i fgfi3 578
R R X R Wt/ B-catenin {5518 % 5 &
OIS RE S S 3 CATSHL ZE S ME B 8 K & 59
) — AN . 25T 0 ] CATSHL ZR-5-1E
(VTR 2 9 BIL T B -3 8006 7 SIS AR S T
B,

1.2 2 BUEXJE 4K ( type 2 collagen disorders) 5
11 BYEZ R 4% ( type 11 collagen disorders)

R 38t 1% P - % 5 0 43 26 77 2023 BT
JRy 2 R TR S 11 R RO e K2 R 4t
17 Mg e, W K& COL2A1, COL11AL
COL11A2 , 8L COL2A1 A5 Stickler 7 & 1iF Al
COL11A1 #H 5% Y Stickler Z¢ & fF . Marshall %7 &
fIE . COL11A2 R 51 Stickler Z541E 4 R E1T
gid  Hast gy X % BE T £ 0 5% SCHR LR 2
F# 3,

1.2.1 COIL2A1 #HRHY Stickler ZEA1E

Stickler £ fiF A& — B Yo €6 (4% . 4 35t 1% 25
RPN (DLER 2) I RFE G N B
TR ) I 8 25 A S AR o 2 Pk O g 4 2k
HHHABEAL MBS BESHEEH AT AR
F/ B R ST R Y K Z 8K Stickler 5 A 1iE
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R2 2 BUBIRU RO BE AR AT
Table 2 Summary of zebrafish models with type 2 collagen disorders

N EAEIR A%

B P PRI 24 R BHE R I 22 SCHR
MIM N 7 Disease name Inheritance pattern Gene Reference
0.
108300 COL2A1 AR Stickler Z54 fiF WK AL COLAL [24]
Stickler syndrome , COL2A1-related Autosomal dominant inheritance
R 311 BB B BE T AR R
Table 3 Summary of zebrafish models with type 11 collagen disorders
PN Y id . . .
o R 4k TSI wH H
MIM N Disease names Inheritance pattern Genes References
o.
COL11A1 #AEHY Stickler ZRA1IE (25267
604841 Stickler syndrome , COL11A1-related COLTIAL
< Q’{A’ e Yy X ‘,5%
154780 Marshall 5 £ RO DILR COL11A1 [25-26)
Marshall syndrome Autosomal dominant inheritance
S YN
184840 COL11A2 AHFEHY Stickler £ 1k COLLLA -

Stickler syndrome, COL11A2-related

Je I H G OR COL2AT JER 1 M 5 AR [T hE F 2y
REFRAG, 30 2 AU 588 1 S i A2k

WILLIAMS 2 38 iF morpholino $ A il 1%
col2ala FEPH W T Stickler ZE A HEBE b fa 55
IR I A & SEIR NIR SHR A
55N Stickler Z54fiE (1) i [ S JE AR 38 & B
BRFEAR AL, T8 3 B A4 58 | S SOt T 1K
WAREFA  IEH T col2ala &4 S 4E R (all-
trans retinoic acid, ATRA ) 7E /i # 22 U i%) T Y7 #2
=W TR S = A D b e A i
Stickler Z5-AfiF 8 5 2 B M 1) B % 508 B R il 4
FA I A A P S5 HIR P 78 1) R i ML B T
Fedith
1.2.2 COL11A1 #H 5% Y Stickler Z5 & ik Fi
Marshall ZEG1iE

YL AR AR B SR A R E (autosomal
dominant chondrodystrophies) ,fl4§H COL11A1 3
REFRMRAT S A9 Stickler £ 4 1iF A1 Marshall £ &
TE (UL 3) , LI RERAE Sy 1o &R M 0 ) B |
Wy 2 2 FIOC T AR 45

REECK 25238 1 morpholino $¢ A G K HE &
111 colllala J: A, 1 EE B B A RLOT 5% T A
KEARE, HFRE, colllala FH MK B

BRI BL T SRS R AR e 2 R
REANR S S NR A 5w R, X s
LI 5 A Stickler £ 4 1iF Fl Marshall 255 1F A
MIZ AL, 25K | Colllala 25 FHTERCE KR
B KE B s T b kT H
FAEH , coll1ala FE N w2 T B0E 5 T i &
Y 22 A A HE S B AR E T S O
I S TR /N SR I — B LD fa B (1 4 4
itk — R COL11A1 FZE ) Stickler £ A 1F Al
Marshall i35 1iF 2S5 T JL 4

HARDY %[ iz H CRISPR/Cas9 # A& &
morpholino A, MK T B L £ colllala FRiK, 14
AN BEE fa AT A SY R I I S M B A R
P 5 NS Stickler ZE&1iF Al Marshall Z5&1F &
HHRIR R R, A & B R4 T B WE
FARAN TR A FFEIE B S A1 colllala
FERMAG B IE W KB U, BB A
IR S ALY H COL11A1 F: R BA MY
hee, NP LS FHBHRET W Ma
RS 41 AT o34k S 400 R 9 35 I T e A LA
Je S R Rk 4 S, X e AL e [m] S 2T 2R
A& Stickler Z¢& fiF #1 Marshall 2% -5 1iF 19 %& 4=
T colllala w I H BE Ly AR AT DL Ik
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AT A UL B VR i 7 10 1 B R A R A B T e
— BB HESIY) COL11A1 A G Stickler 254
TELL J% Marshall £5 & fiF B #% & B %0 0 &K
B

1.2.3  COL11A2 fHEM Stickler ZE &1

Stickler £ & fIEBE T 0l i COL2A1 ., COL11A1
RAFG AN, TR 7] B COL11A2 2878 33
R ReREAR e (W3R 3) .

LAWRENCE %" 38 i i bk 3 5 £f1 coll1a2
FER AT coll1a2 H2% 1A 58 A8 (R BE S B
W SEXT 11 B R A T AR Gt R 2R 21/ Bl R BT
WY WS N B A PSS AR PR B I f S B T
JEAMA 76 3 d IRAG I (3 d post fertilization, 3
dpf) B, A T2 A R DL A 8 587 (HAE 5 R 7 dpf
B, S AR (AR ) Al B I AR 0 AR 98, BRI T Stickler
CERMEREFEA IR, 8 i R A 4258 L5, F AT
ABVR IR coll1a2 Fl col2al 7B Ty £ fii 17 35 4 15

rrdb Rl gk, IR 11 B R R T S gt At
TR 5 A8 IR BE L 0 AR N R coll 1a2 23 5% Wl
11 BRI B A AR EPE . EAb, coll 1a2 5878
FOHCE A1 AT A el AR R 2 A R G AR T
P, XA AR SRR R BT 11 BRI
IR S Stickler ZEAE R A FR |, by ) BH iE
— 25 ] B 2 AR AL AL T 38 B T )

1.3 BHHFEH-TH®HALE AR ( spondyloepi
( meta) physeal dysplasias,SE(M)D)

MR a5t A% 1 B 8 8 0 o 28 5% 2023 15T
Ry - A BN RO KRR 3
5 22 B, 3 W ¥ & DYM, DDRGKI |
TONSL ,RPL13 55 | A SCEHU DDRGK1 AH G E
B HR- T8 & B A B (Shohat ) Fl RPL13 05
A AL - T B A B R B RN
3 Pl kAT 2R, Host A% Oy X B £ FH 2
SRR 4

®4OHHEEE- TR E A R ABE D AR R
Table 4 Summary of zebrafish models with SE(M) D

N HAEIR A%

B e R R wHE R HH 27 3CHk
MIM+N 7 Disease names Inheritance patterns Genes References
o.
DDRGK1 FISC B AL 8 - WY (R B
602557 T & B A K (Shohat %) Autosomal recessive DDRGK1 [29]
SE(M)D, DDRGK1-related ( Shohat type) inheritance
RPL13 HISCHY B HB - THRm A & s
T i e P
R B PP 2N . -
618728 . . Autosomal dominant RPL13
SE(M)D with severe short stature, herit
RPL13-related rheritanee
TONSL 1% 0¥ HERD B 407 PR e
 JONSLA il A R
271510 i 4 7 A R (SPONASTRIME R F AR Autosomal recessive TONSL (3]

TONSL-related spondylar and nasal alterations with

striated metaphyses( SPONASTRIME dysplasia)

inheritance

1.3. 1 TONSL HH G HE R Bl i AR PR a0 T
Bt & B A B (SPONASTRIME £ B AR)

TONSL FHG 1) 5 1 5 i 2l 728 £ 48 50T ik
MR BA R E LR SRR EE A
R (L& 4)  HAREE B MR/ SRR IE LU A
A B TR S

BURRAGE 255" fifi H] CRISPR/Cas9 ¥ R #4y
HETHEAT tonsl FE PRI RS 5 58 A8 () B T f ALY
F5E & BR, 2 A5 70 e B Hh A AR 28 HE R Bk
R A R e A SR RN 2R

WS EI Y B A /0N A S R e Pt 4 e ik 2
JEA AR R, ZERGEA T ronsl 19 EUR 28748
$1E T DNA & il A ) R Ao i e 2 i, &
RV EHEBARFTA  XEEA Y jons] HH
SRR HE A B R PR ST i R B AN R Y
RIRAIL ] 2 VIR 5, SO ) g 7 Ry itk — 2
BEZPR AR LI AL T AT RE
1.3.2  DDRGK1 M)A B - T 8 i & & A
K ( Shohat %)

DDRGK1 MR HE M HHi-THim&Z E AR
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( Shohat AU ) J&—Fp LIHER & #i s Fl5 T2 B 5+
HORFRIE (4 5 Y R B B AL (IL3 4) IR IR
FEIALHE AL ™Y AR R 8 T MR T
SRR DU g /NGRS H 5 DDRGK1 $: A
Bk R AR T RERRAR AT O,

EGUNSOLA %1% 3 5 morpholino 7 K & %
ddrgh1 JER R EE T HH A FE B - T 0 & B A
L IKE 2o AR R gk B G BXE RGP 50%
~ 61% H B QS RN A 5 0 46 J A REIE £
S8R 0 2 S L TR S, X 2 e A 5 A2 Shohat
RUAHE 8- fh o & B N K0 SR AL
L X ddrghl AR A BKE T 40 455 R R £ 8 ) A
ddrgkl mRNA F 3 S RO 5 3 23k sox9a 1Y
PR 5e  WF 98 A BUIER T Ddrgk 1 it 2 255 i B
s &, R ECRCE A R C R E
KT sox9 NI T UFHAR col2al 7K T [, T sox9
AL FR IR T ddrghl REAR T P A= R BE 15 £0. 3K
Y B H R R R, L T —
Tl 5 SOX9 17 28 AL I8 45 3 T B 104 B AL il [
IHAUEW] T Shohat AU A1 B #i- T #i i K & A R
1 &ML AT 68 5 DDRGK1 IHREMEAR S 80z £
M B I BEHAC R A SOXO 3 hnA ¢
1.3.3 RPLI3 XM EHSH-THmAT AR
P E B A RN

RPL13 AH2C B A HE 5 f5- T # o 2 B A AL

FEE B MBI L LS RPLIZ BB ERAESR
K (WFE ),

COSTANTINI %% CRISPR/Cas9 & A& 4= i
PEHF Al A p. L191ASs32 451 rpl13 AR BE Ly 1y
R 2 A TR IR IR R4 4 K B By Be R B i
B WY | & B HER FIYR AR L A1) 2 8 45 R AIE
SPHRIL T RPL13 A5 BE R, IRA MR K
PR, rpl13 F& K 5875 18 13 5 W MR 2R 1 eL13 1)
S ATIRe, SRR A R R E B A K
YRR, HE T R B AR M ARE M IERE KT, &
LR R B R-T #n & B A R AR E 5 M %
INg BEAN  Z AR BRI R 58 a4 i AR A &
FEME  $ER AL T S0 R BE R 28 1T BE A 50 R 0
i AR, B ST IR ARG RPL13
FHOCHE AT B - T o &k B A R 55 B M %
IINBY 53T R BT R 2 I R A T A
1.4 WZT|EHEXKHIMEKXER (filamins and
related disorders)

HRAE 35t A% 1 B 8 8 0 o 25 571 2023 5T
Y, A 22 B (2B KT I 1S Rk
i, JE R ¥ & FLNA .MYH3 . MAP3K7  SH3PXD2B
8 AR SCHEH MYH3 AH G B PEAG 28 40 R ELDIR 3
(A AT I A T 2 2 AE I 22 R R IR 25
fESE TR st % 77 =X S B 1 1 FH 2 2% SCiik
ks,

RS ANLZE A AP MBS AR

Table 5 Summary of zebrafish models with filamins and related disorders

NS Rt ot A -
o el 7 st T
Bl 2 i . )
MIM No Disease names Inheritance patterns Genes References
MYH3 AHIC I A 2R 405 R ELIR B P . . o
HIRHIFEAT A SR B 9 A S o
ﬁ*ﬂz%ﬂﬁ H ﬁ*ﬁrﬂ\‘ ufﬂf m‘ﬁﬁil}%‘@%f?
178110,618469 Spondylocarpotarsal synostosis syndrome N eI MYH3 (33]
: . Autosomal dominant inheritance or
with contractures and pterygia, autosomal recessive inheritanc
MYH3-related autosomal recessive inheritance
A L 2 AL
2 RS A R Gk e -
249420 . Autosomal recessive SH3PXD2B :
Frank-Ter Haar syndrome, FTHS . .
inheritance
141 MYH3 AHOCH A B4 BRI WA RV/SEEEavE AN 52 R S MYH3

g i 3 4 B AIE

MYH3 AH IR 25 4 R EUIR B P 0 6 A
M LR B A — PR Y R R R (L3R
5) IR R I ALHE B BB /N MEB G 25 40 B

SRR A A SRR s AR A 5

WHITTLE %5146 5 UL i MYH3 5 L 58 7%
(ROT2H) 51 A BE Hy A1 i [7] 5 35 D ) 58 5k D 482 )L
B H ESE 1 (slow myosin heavy chain 1,smyhel)
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H RIS N B3R T —> smyhel JEBR ) TEARL
ST SEDR, DA ER A 33 R o A5 A7 I R 2 A8 X6 BiE 1) £
WLR A B 2 B 52, o N R, AR K
WRRGTE A& B R A g it B A 2 I e &
R LS, AN, A A2 LA 2 4 LA 4
AEE R ZEL, 5 10 5 W A= B BE A A e, R UK
g IR 40 0, SRR RAR RN D) Rz it 12 9
A8 1 T R, 13X e R AU AN AR I R R B, IR 5T
UERH , myh3 F PR 5278 350 A0 JILIR) 2k B WA 4 30 1 34
TInALRGK T2 A RS AT, 2T B0 R
S T LEREE 1 ATP B0 i 570 B8 0% 1 1 ek 2D L
SR 1 -WLEKEE 09 3 F R 22 fiff o 26 5 R A0
ZWTFE LI 3EEST T MYH3 FHOC IR 2245 FnFdoik
BN OB T B F T R A (A B fa R Sy
RAMFIE 259 10 & AL 36 S X iR 97 R
WA TR,
1.4.2 95 2% 5e FeR IR ZE AR

o 2% T RS IR 5 IE U o R B
(WLFR5) , H F B PREFAE Ay Sk (X1 17] 98 | i 46
g MR 9 ZRHR AR A SO R T
LG 2N A il TR A
K5 5 SHAPXD2B H:H & A Btk As g k1,

DE 213 il 1if CRISPR/Cas9 $% A 75 B & £,
i S sh3pxd2b RAS  HENL T 448 “pretzel” BYAR
Y WEFEFRA , 58 AR R il A 5 0 R 21 B fa AR Ee A

RIS/, S B AR R, Ho i T LR B A 4 by 1
T, 155 A B o I ) 1) HE B 35 B0 L0 R AT A
UEAh , RASR R I A A A AR | “ pretzel ”
M5 BT o 30 e R AL A B i 41 A4k, LR
I 1] A HERS B R A, 3 M 2 AL dwew) H BLTE
g LG5 F N 8 A L, BE S B, R ECAE A
Ja i JEERUCAR T B, 5 IR 2 SRR IR SRS
TIE 235 I PR BUAR AR, 3 228 A 400 3 1 £ 1 1% 5l
RES1 . WFFTR B, sh3pxd2b F K 28 A8 S 350z ik Fn
JUL PR B % 27 4 Ak 0% 2 s AL AT BE 502 5 1R 4 A
A2 I 7E 40 9 70 3L i ( extracellular matrix, ECM)
AP AR 2 A ¢, XA 2 ECM
HIN P EURETOR 55, R 5 K 28 A AL T AR ¢
e, B R et dE 4k 73k i 2 IR 5 1k, 38R
HARIREAIL T P e #E S B T vz i M Dt A 38 R 4 i
G916 R, RSB T] ] 3 — 2
A 3 2% 50 - IR 27 B 1IF BB 33 LS 3] 1) A L 4L 2F
AEAL R VETERL , B AH R8T 25 1 i e A A

1.5 F|ERBRM#EZ D E B (proteoglycan core
proteins disorders)

AR e 12 1 B B 2 26 50 2023 1B 1T
)RR IR O B IR K2 T SR A 6 Fh
PR , Fe 9 B HSPG2 ACAN BGN , % B Be ik
REANRIITER Hast L Iy X5 5 4 v 1 2
IR 6,

R 6 FIRMHZ O E PO Y B SRR

Table 6 Summary of zebrafish models with proteoglycan core proteins disorders

NFTABR L

" o PR wL = FEH E =D UN
ﬁMﬁi/lE:F ff ~ Disease name Inheritance pattern Gene Reference
TBMEAFTAR WY AR g (38)

224410,224400 Dyssegmental dysplasia

HSPG2

Autosomal recessive inheritance

B R B A B2 — R g R R s A
HIBOEIEIRfE (W3R 6) , H &S HSPG2 JEIH
RASYIREREAIA K

CASTELLANOS %538 %11 FH morpholino $ R i
RBE Lt hspg2 AR IR, A4 FEASTAY DL R %
PRITE M & & Ve T, WF9E 3R I iR 3R
R AL AR | OCTYTE B i B |l 2 065 4 0 19 >
LI RERERY X LR B R B A RGE W
ULRY BB B A RN ER AR L, AT A B

TEZPE S AL F 5 (4 dpf) , 5 BEPLXS B Y
G AH L, AR R A5G T XY Sox10” il
Col2ala” 4 I £k i vk /b, [RI B, 1 40 O 15 JE B
B nka3. 2 WFRIA TS, ULUEM T hspg2 7EBE
AR O T O A6 & B ke B 2 A
PE AR R T hepg2 78 FREW KB HHY
RHER, B BetE R B A R BUR LT 42
BETHT B I R R A SCHE I 1IR T AT T
PEHE TIAEMRE AT
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1.6 T8 imEZBE AN R E ( metaphyseal
dysplasias)

R 38 1 P B % B 2K 72 2023 BT
RRY R R BN RAERR R T IS 12 Fp

PN, BE K K RMRP \MMP13 . MMP9 .POP1 % |
AT IEE B R KB A4 (McKusick Y8 v
REANR) HEATERR FHost 1% 07 23 5 £ )0 1]
SH UK 7,

RT T E A RAE MBS AR R
Table 7 Summary of zebrafish models with metaphyseal dysplasias

et IR a5t . ' .
Al s 4 e s B4 30k
MIM N Disease name Inheritance pattern Gene Reference
o.
BEBREEAL s .
(McKusick B F i & T AR ) AR
250250 Autosomal recessive RMRP L40]

Cartilage-hair hypoplasia( CHH ; metaphyseal
dysplasia, McKusick type)

inheritance

BB B LK E AL (McKusick 7% % &
AR SR P AR B IR 45 RNA RMRP
IR 92 BE R T REREAR A S B (W& 7) , LT
Wi K BARUNE KT A RFEIGIKERHR
MR

HTHETEEA UGN RS ERKE
AETYHR B EBRERKEARFHERAET
S T O L i A B B, A5 AT A S i
FH CRISPR/Cas9 RGBS £ rh Y rmrp B,
P TR B R R E AN R BT
R, GG R L/ PR e )5 BRI IR 7E 5
dpf B PRI 55 00Rr J& 8 RBe 5 ES  A B A 4 /s
B8 SR K A IO RIS 7 5 AR R B 321
IR A e = OB N 2 R I v G = S A L
Famnsifh , X7E— e E LR TREERKLKE
AN BE I ER A3 i KRR, [R]IE, 7E rmap 575 14
B0 0 b B AR 2 B 4 2 HES
G AHESE BIBNATER T rmrp 2878 R T LAY Y
Wnt/B-catenin 5515 %, B EFLEAR /6
B PR B Ak S SR RN HE AR B A6 i 2, 0 Wne/B-
catenin {5 515 T 0] IR EE rmrp 87D PRI 3
R, R ST IR AR T B R KEA
SRR L RAE 1R R A
1.7 AESAEESHREIENERER
( skeletal disorders caused by abnormalities of
cilia or ciliary signaling)

AR g 1 P B B 2 26 57 2023 1B 1T
WRY B BT 5 R DRI E PR R
KA 61 P, MWW & IFT52  1IFT122 |

[FT140 JFT172 45 3B IFTS2 FH G 50 1) B M
FHEABAR(JEAEAMME LB AR Jeune £
BAE) JFT122 A CHY U SRR K B A R 45 4
Tl AT 25 0A  Hoast 4% 07 2 e 5 By £ v 2 2%
SCHRULE 8,

1.7.1  IFTS2 FHOCH LI B M B % B AN R (Jt ol
FEVEM R A BEAR Jeune ZEG1E)

IFTS2 FASCH R B M R A B AN R (IO =
B % B AR Jeune ZEA1E) J&—H W Y4
PR PR AL P % 21 B (W3R 8) , HAFAE 2 M
JEAEAE WA R A e S T =
IR, R kA IFTS2 R R A RIE RAR
st

DUPONT %'*"' F| H] CRISPR/Cas9 i Ri% T
T ifi52 B AR R T B R BN RN
PETh AR W5 R P, 7E 72 h IRRI (72 h post
fertilization, 72 hpf) B}, 24~ #% B 00 £F & H BBk
Ko WA FE 4 dpf BF AR AR R B T R s
TEBUE Mg vl /R B AT B 5 2 T8 BE RS 4
WEFEUE B, R 2L 3 ) — A B D £ T R R
BT Z Hedgehog 15 7 18 % ( hedgehog signaling
pathway , Hh) 25 | 4 qRT-PCR 4 Hh #R3E R %
BT 52 257 Hh 5505, B2
R, ifi52 45 LRARAT W [A B BFSE N
R, WA LR BN s EGY B
(intraflagellar transport complex B, IFT-B) f%4H 2%
RAEEN, A BRI, I, 152 82
S B2 hrpu R A FR S A Hr IR S £
BT (R R ST R A B TFTS2 ARG HE R 1 55 2 A
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Table 8 Summary of zebrafish models with skeletal disorders caused by abnormalities of cilia or ciliary signaling

N EAEIR A%

B .ﬁﬁﬁ i iﬁf?}iﬁ % 275 SR
MIM No. Disease names Inheritance patterns Genes References
IFTS2 ARG Iy 7 e 4 AN L
(FAEBMMIELZ T AR Jeune ZE51E) CF SuRa S dRudia
617102 Short-rib thoracic dysplasia (formerly Autosomal recessive IFT52 L4
asphyxiating thoracic dysplasia- inheritance
Jeune syndrome) , IFT52-related
IFT122 ARG GRS JZ 2 75 A B e i R
218330 Cranioectodermal dysplasia Autosomal dominant IFT122 (2]
( Levin-Sensenbrenner) , IFT122-related inheritance
S T T A g T g e A
, i e (O R B A%
Autosomal recessive
inheritance
_ IFT172 A5 R - Rl TR 27 A A J— (4]

Mainzer-Saldino syndrome, [FT172-related

Z I OC R B E T B2 LA
1.7.2  IFT122 R BIIMEZ K B AR

IFT122 tHRMBAMNR 2 K B A R —f 5
FBr g 0 H e R A AL e (LR 8)
i ACE BR Sy B 8 e 8 3 ot B AR 4 IR 4R L &
& S Ag TR Az A B AR 1 1 TR SR AR
(NI TG e S E N N 1 < AN T2 T ORI
TN BRI &R S TFT122 3K K R
TE A TRERARA 5%,

WALCZAK-SZTULPA %' F] Ffi morpholino
FAR HE T 122 FE P IR A BE S fapE A B
FER I, ifi122 FE PR A0 A0 B 1 £ 5 IR i H B
PAREN A5 T O WEZK P ok SRR M 2 B, (]
BRI 45 ( pronephric duct, PND) W) £F B4 i i
FW O AR E B, T RE N
AR R B, BFST KB, ifi122 FE IR R Y BE
St iRfiGH, Hedgehog 15 53 i A FE KA prel 1Y)
FIRI I |, shha Fe B FIRTE ifi 122 e i
ARG TR A AZ 52 M, R B i 122 JE DR Ik 32 22
2 Hedgehog {5 1 1% 19 F EfL L, 230 5
BRI REAS IR AU A28 TFT122 HH O 1 1551 i 4P e 2
KB KB SEEERE, A 5T 2R HL G AT & 36
SRR T A M EMN T
1.7.3  BRKIR-BREELE AR

B RRIR-B2 Rl 27 G AR g — 2w e ik

Batk g dm (W3 8), n i IFT140., IFT172 &%,
WDR19 FE[H 5875 S8 N D E AR5 e

HELM %) 5@ 5+ morpholino =5 N A
ifi 140 LR B AR A BE Th fa S B AE AR, BE D
R TR 3 I R I A il A R L D Sk
T LA R At 24 J £ B 1) 2R 486 56 o025 il 4 57
e 5N R R - R I SR R R £
RO E SRR, FFFEUER , ifi140 2 K g
T R 2T 6 N2 i A AR 1) J 2 2 T 4
MBT BN R s, 27 Tz ki D e g S 51
LFBLEFRTIRE S8, JE 1 R 4 A S
HALH , RAGHUERERENET FH, 1L
SMERIG 1 ~ 4 4RI 78 5% 72 48 Jin 59 322 fH
W VE R, W2 21 59) b A 060 1k e I % R A Y
AT 140 FER AR, I E B T 5 A
FIR-BRIMELE AP 2 R G KT 50,
RG22 6 AL RR 28 IR T O ik
BT HREALRFE

HALBRITTER %' | H] morpholino # R
1% ifi172 BTk R T 30 3R R B Rl 25
TIE B I f AT A G2 A58 700 36 B 2T 6 4 i A
AT LT MG, T RERM, JF5EIE
BT ifi172 TN ifi80 2 [i] ) st A5 AR EL AR T, IF A 2
T ift172 Gk T RE R I N R R -5 R i 25 A AE
MR IR R 22— I B L AR 3 o i AIG i 172
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BLPA OB T NI R R - R i i £ B AR
ORI | T A P 33X B 5 1) o BEATL 1 A1 2%
RIS T OCHE A SEIAR Y

1.8 BHEAEARMEER-FPEEAR
( mesomelic and rhizo-mesomelic dysplasias)

AR (38 1 1k B B 2 28 52 2023 1B 1T

JRY T B B AN BRI T - Jh P R R R
RN I & 17 R, LR I SHOX |
ROR2 WNTSA AFF3 25 | R SCHEHL ROR2 FH & 1)
BTN AE A WNTSA FH e 10 %9 52 b 45 4 HE 25
3 Pl AT Rk, Hast A% 7 X K B 1 £ h FH 2
ZICHR LA 9,

RO WP A E A BB -l R A R BE S AR A

Table 9 Summary of zebrafish models with mesomelic and rhizo-mesomelic dysplasias

PN ST TS R \ - oo
o e i TALSIEN nar 2% it
MIM N 7 Disease names Inheritance patterns Genes References
o.
. . ALy, NSt
ROR2 M1 % B b A A i R e -
268310 . Autosomal recessive ROR2 ’
Robinow syndrome ROR2-related . .
inheritance
WNTSA FRR YD FEb i AL [47-48]
180700 Robinow syndrome WNT5A-related WNT5A
o e
N . . CESERENTRE S idig
AFF3 RISCHIIBR R B A RAFE (BE) Autosomal dominant
S AR ) RS54 1 (KINSSHIP £2 451 inheritance ]
619297 AFF3-related mesomelic dysplasia with AFF3 (4]
digital anomalies and intellectual
disability (KINSSHIP syndrome) ,
1.8.1 WEBLAIE HUANG %" F| | morpholino $% A i {1k

PR A IE R 2 R G (R ARSI , (L
AR EARBRPERRE (W3R 9) o PP ¥R
1) LR R AR CEHE R R AR A B AN
AR ILART N R K S WINTSA
ROR2 %5 5E M & A 287 DI RERFAIRA 5

DRANOW %3 i3 CRISPR/ Cas9 Hi A7
TR A ror2 S878 44 ﬁ%ﬁi%,}%ﬁf%@ﬁﬂ
PO B Al A e S R R R A R B
U BRCE AR R LA e X R AL
NRET = LR G AR 1Y I R R BB, WF 5 IR
T Ror2 Z SHLAMAE KRS8 K T, K
HAEKKE B 0, it —2L 0 iR W, Ror2 78
BB R T RE T EE AN MM Wit 455 2F
e 22 R = AR ( cysteine-rich domain, CRD) FlZJf] Y
N Y i =082 & 4 X ( proline-rich domain, PRD) H
25 XS IAGEY] T Ror2 7E£R- 4 M b M
FEHIEE A R G EH], i 575 1 H D 6E
M T Wnt {5538 2% 09305 1 PRD 4544 35009 14
P o B AL B HE T O PR B = 2R A AR
RGBS R LG SR A T AR O R
P T Wnt {55 0B TEB 85 2 B PR,

wntSa WFRIN K TAHN BE L, (ARIRY  7E 72 hpf
AT I 2 R G Al 4 R s i
VLK B/ NERBERPTE 1B/ INE Bk N
FEHINEALE, XM 5 AP =L A 1E
BEMEANHNEHEERE FETHHEE
P, AR, wnSa 15 BT KT 2B
BOREE TR, KO ae ik e o 5 % T g S 80
OB K E SR, N 51 k% TEHbEE A TP A G
SR, B S A A TR 3 7R wneSa T7E IR BG H
B R B R OCERE T, R AR AR N A
B /NERIEAS BB R A D BE, S B B b g A AE
TS OB R S I AL R T 0T AR, (R
IR E 2 5 3Eh 25 A5 A R 5 B SR B TR AR
T,

PERSON %5 3 533 %iF £ 5 S W 1K) WINTSA i
X HEAT PCR 37 AU T, & 3 WNTSA v
AN R S5 728 T B0 B R ST 1 21 e 20 1R R
(C83S J C182R) , i M #£ B 5 fan il Jifs ik 38
wntSa mRNA DLAS I | 3A 1 A 28 25 18 T BE AH 26
P, WFSE R PR, 28 A8 VBT T o1 JB 55 40 Jif JC 96 1E
BRI U B, X R wniSa 5875 23 %) 20 i35 B
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AL SRS K A 7= A 52 ), i X A5 -5 3 i Y 1)
RESZ 5 N2 2 5th 25 5 iE w11 1 485 R i T
KB SEHA MUY 2S5t BFoE R, X
G5 LGAR T30 wntSa TG R FEAR , 3% 26k Bt — 2
THET WntSa {5 5 30 B A -H K R & E
PRV, 38R T waiSa DIREE S 7] fE 2 %
TEMLE A AE AR AL SR 2R, 1B I s
R ST Ry B N 2 B 2 50h 25 5 IF 1) 2% HIL
AL T EE A A Y
1.8.2 AFF3 MM A B A RAIEHS (BE) =
WAV ) R LR A AE (KINSSHIP 255 1iE )

AFF3 MR Z B A RAESR (k) 5% fil
B I BERT 25 G Ak (KINSSHIP £33 4E ) J& 1t AFF3
FER A (WL 9) , FEFEE Y ERSsR 51, Hilfs
PRIEAR BB Ry R B R R, ™ 5 AR 45
A

VOISIN %) 5 1 5] BE 75 £ i fify 8 £k o
aff3 mRNA M T aff3 i RIBRIBE S ABAR | %
TR R Al gl | O K i A R
I | B e I R B bR W A5 A i R T L X 5N 2R
KINSSHIP Z54-AiF A W 28 5] 1 1 B % 8 S 0 A4
SRB A MLIER, SRR, %5
UG & & B b A 700 B 4O 1, Bl 5 1 3 10
aff3 mRNA FHE34 A0, B0k & Bl B 00 R G L 1]
W X — 45 RS T A3 AR S A Al BE
J& KINSSHIP ZiG5-1E & AL A O &=, L
REBHRAR KB T H, ZB AR E A
5% KINSSHIP ZE-GAF A &R HLGI AL T8 1 T
H HEAMZAE AL AT DL T 0 2 RE A5 5 AFF3 3
RE ol AR OG5 30 B& B 2590 , SRR TT AH P 1
HERTREAARYTT AT,
2 RE

By — RS, RE S A
KIEHMEEH P AR HET AWM
JE [R) U5 RN A5 538 B 00 DR T, R B
b A AR {4 R O AT 58 N 281 1 3o A 0 I
HIRIP R RIS AT Y, Bt HR & F
W RR/IN R SAIR W iR 3 AR O A,
25 NI IR 1 15 B ) R | ol HL R o T 5%
BB e H 2 Wy 0 vk i BRARAR R sh ), 5
N3 R 2% 455 78 AT L e ot A S A 400 8 st A

I 1) 98 AR AR R | W T A 2 B0 JE IR, R 9 B
FEIU 7= A A0 L B 43 F BILA , [R] B ifE— 2 38wl DA
FF AR KT 1 25 i a5

JUEEE S 0 FE NS5 B 35t A% 0 W 5 T R
AR AL SR gh g n 4 | B XS 55 38 A7 f- aF
— LIk AH B 20 AR GBI TR R |
FEPR ER AL A I B AR | R RS B 1 4
AR CRISPR-Cas9 i PH] il B it A $2 AR 55 2 F
AR7VEAE B £ A5 v ) 7 FH 328 9 2, AR s
A2 N BB mt L i R m AL R 7R . X
ANSCEE IR AT I B9 55 114 B A , B A I IR IR T
PRHtE S S ARG . Z% LT X T A
BB PR T I &, B S A s AT
& AT 5% oL FH 2 1]
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