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Cellular primary cilia and human diseases

LIU Jie, XU Jie, CHEN Qian, WANG Chang-Dong"

Department of Biochemistry and Molecular Biology; Molecular Medicine and Cancer Research Center,; College of Basic Medicine,
Chongqing Medical University, Chongging 400016, China

Abstract: Cellular primary cilium, located on the surface of virtually all mammalian cells, is a strictly conserved organelle which
regulates cell biological process and maintains cell homeostasis by modulating cell proliferation, differentiation, migration, polarity,
signal cascades and other life activities. Some diseases caused by mutations in genes encoding structural proteins or accessory proteins
of primary cilia are collectively termed as “ciliopathies”, which can occur in embryo, infancy and even adulthood. Ciliopathies not
only involve a single organ, but also involve multiple organs and multiple systems, showing variable symptoms and overlapping
symptoms. This review mainly summarizes the effects of ciliopathy-associated gene mutations on bone, tooth, skin, liver and bile
duct, kidney, brain, retina, heart and other organs, uncovers their molecular mechanisms and provides some novel insights into therapy

of ciliopathies.

Key words: cellular primary cilium; ciliopathy; organ; therapy
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ZRNER 2 N0 AN BAE 2l TE B AT B EUR T
B, B “o+2” Rk “o+0” BLFEY, B EH
B 1 E 1 ATP [, 0] LLSH i ATP AR 48308 1 30
PrAE s EOERE Y, B b s R A A T
i AA g, REBRZNNHEAE,
Tovk E I8 s fe bl sh e JE R i sh 1, 1A
TV BT, 2 GJ/G, 40 i a2 R
S04 b E A L S A2 ARV B R, T
SIS 5 FRZIERIE . €125 Hedgehog,
Wnt, PDGFR-a, Notch, mTOR 263 544 S 121,
JRAF B N A SIS R B SRR N A BN I A
(intraflagellar transport protein, IFT), =Fh % IV 3 &
HE A% ——IFTA. IFTB f1 BBSome, [R5
IKBREN [ 2 (kinesin-2) F1HEJH 5 715K 4 2 (dynein-2,
tHFR dynein-1b) 7£ J5 27 F NIz ik B &R LRI %
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MEARS T Y. IFTB E& W57 51 i 4F B IR 5T
2 T AT 12 56y, T M T00 g 281 228 e 350 1) 30 4 7 38
W 5E IFTA 2454, BBSome N #2312 € IFT H &
PR P % B PR 220 s 7R JRAF B 3L
kinesin-2 B 25 IFTB 454, AR il 22 S Uid
% IFTA. 3Ei& 1 dynein2 MK RIE A 7 —H
kR, IFT EE5WHMEKAENE, IFTA 557
RGN dynein-2 A SWATE R Y (B 1), FLF
EbE4 A AR, HAHAS, M. RiFfRe
Rl Ol ERREIRA . AL B B AL T
R AT Bk P R B R AT
A0 W GG, WIELZR AL A, 440 i 1 BT
Hogn i A G IR B R P (B2, A BRS:
TEAEBHAF AN AN S 3B M 91, Sk m e g Y
Aurora-A AEHE H I CBHLET 6 (histone deacetylase

Primary cilia

+2
Motile cilia

|

Transition zone

]

S\ 7,

KL REBEE A BN ISR L

N—_

Fig. 1. The structure of primary cilium and intraflagellar transport mechanism. In the basal body, IFTA, IFTB, kinesin-2, dynein-2 and

BBSome are assembled into the intraflagellar transport protein (IFT) complexes. Subsequently, the substances that need to be trans-

ported (such as a-f tubulin dimer, membrane protein) are loaded onto the IFT complexes and transported across the transition zone

into the primary cilia. In the primary cilia, the anterograde IFT complexes depending on kinesin-2 and IFTB can transport substrates

from the cilia bottom to the cilia top along the microtubule tracks. At the top, the anterograde IFT complexes change configurations

to release the transport materials and reassemble into new retrograde IFT complexes, which mainly rely on IFTA and cytoplasmic

dynein-2 to transport cargos back to bottom.
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6, HDACG) 3 1t 4 il R 4F B 41 2 B0, i i 4675 55
YR Z AR B A . R AR T 40 p i 4 B i A
KO, FABEHEAMMEXNBEAZIESE
TR e BT (4 SRS 75 1, X B3R 1 (R 2L PR 58
2 SR B R e g B, B R R B
B B R AR g hD 3E [R 2 AR i 5 SRR SRR
“AOBIEIR. HATRIB R “ FBIH"E 35 Fh,
REREEFEWIES, 4T 187 NEURM LR,
i 241 ANk FE R B, JE 2T BB 3 B A 41
BRI REIMNZ RGN, BB KM
HREG . OSSR, R NHZZRBOm B SORHLH B
T ATt R, (HIR YT IEAUAY e R E 4% ) 5 IR
ToVEA ARIA

2 RAERRAELKR

ARAEHEXTAELER

FEE ML R 4. R TE T B A
RO P24 P S L T B SR AR BT, — R R
W RABRERH (E2), HENELTE RIS

1001

HAETRKENRESER T HAAREEEH. Eh
% 8 45 A A (short rid-polydactyly syndromes, SRPs)
VR IE R B A M Jis . B FEARE =08
#%F, IFTA. DYNC2HI. IFTS80. WDR35. WDRI9.
NEKI. WDR34. IFTI40. IFTI72. WDR60. TTC2IB
SRR R RAL (R 1) 2215 SRPs . DYNC2LII
WL Ea R PR TR ERKRRES EK
JE. 4B N R is il Hedgehog (55, RFR1ZIER
A B, 05ETE MM Hedgehog 155 7,

TCTEXID?2 ﬁﬁ%ﬁ@zﬂﬁ%ﬂ?%ﬁﬂl WDR60. WDR34
Gt B 456 SR e AR R 41 2R H 0 (microtubule
organizing center, MTOC), i JR4F B4 K, XL
BEIR AR A SRPs & A= AR S HE B0 45 7 1 i J6 7 3
ZEAIE (Jeune asphyxiating thoracic dystrophy, JATD)
& MEUE MR KB A R REUG MR . M
VUMK & S 0, il SRPs 4534y &R . WDRG60
AN IFTS0 Y9 i )5 2F B N iz B2 1, mlBk WDR60
31 & A 2 HAE > 0, IFT80 AR FH IR LT
% /Hedgehog 15 5, X W M 2 [R] 5K A% 2% [d] ) 5] k2

L { N
\
Q
JBTS RP EVC
MKS LCA BBS
NPC1 SLS OFD
HD CED
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Fig. 2. Ciliopathies and related organs. JBTS: Joubert syndrome; MKS: Meckel-Gruber syndrome; NPC1: Niemann-Pick disease type

C1; HD: Huntington’s disease; AD: Alzheimer’s disease; PD: Parkinson’s disease; RP: retinitis pigmentosa; LCA: Leber’s congenital

amaurosis; SLS: Senior-Loken syndrome; EVC: Ellis-van Creveld syndrome; BBS: Bardet-Biedl syndrome; OFD: oral-facial-digital

syndrome; CED: cranioectodermal dysplasia; CHD: congenital heart disease; BA: biliary atresia; ADPKD: autosomal dominant poly-

cystic kidney disease; NPH: nephronophthisis; AKI: acute kidney injury; SRP: short rid-polydactyly syndrome; JATD: Jeune asphyxi-

ating thoracic dystrophy.
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JATD. SRPs. J5£FFHFE M| Hedgehog 55, FH
5 A 40 M 44 A 4L, Smoothened & H ¥ 8 71l
ANRUBE AR Y BRATIFE S SRR R oAk S
W R I, UUER IFT80 T il Hedgehog {5 %, #1 I
W Wat {55, BRI B 5 A5 & ORI B IR 2 1
PEUIA, X B U0HA J5 47 8 P Hedgehog 15 5
Wt {5 SR AN HE R E W BRI R E L
R 5 B AR AN B 47 RS 386 0 Y, 5 b PR S A
WEE SR A B2 WY, e 5
41 & /Hedgehog 15 5 18 5if Ji 1 400 i 384 58 A0 4314 1,
A R FHRIG ST BB RO M PR AARE . PRI, B AR
NN EHANRRE, @ REE R EED
JRR R AT S 4 i P AME S AR AR ZE R R B AR
A, RRBABARKA BN EHRIBIT R
2.2 FiSEAEHEXAELER

TR E T8 BT A AN ROR 5 A A
BEYH @ 2 25 @ s L A%, TR BAE A
WA S AR A0 2 i L R B ORI K B R R B AR
i PO o A s e B - A5 4 (epithelial-mes-
enchymal transition, EMT), JR£F B#IUELSHIX—
AR BY, RN IR F R0 A i A 2R
FEE RRAF BRI 3. v- S B AT XL
Pt R SR, KRIR A EBIEANF K E M BT
OB K R 43 A Sk mi . FGF. BMP. Shh 4545 5
ST, EREFIER DAL ER KT Y. T
A AR E AR AR DY, s T4
(dental pulp stem cell, DPSC), IFT80 5874% £ 451 3 Jil
2% k4. FGF/FGFRI 1 Hedgehog/BMP2 {55, &
HUFBET A LB B 72 5 6 R B AR B
Wt {5 51 Hedgehog {5 5 I H P AIEAE AR &,
FEZF b K 4 M R 1) 78 5 240 i AR R I 21 ¥ Wnt {55 43
T 7 2 i S RS A R 1 S A A4 BTG R T B,
JR AT BEEA A I X B AE S . KIF3a b5 (1)
WEhEEH 2 WS HRETRABKE Y, EFEN%E
) 78 A M T, B KIF3a 3014 Hedgehog 12 5 1
RS Wnt (55, SECF R B AR R E G,
{EEVR A P2 A R s Y, T Wnt {5 5 i i S IR
B-catenin R 2 RAZIE A A K B 7 H, WSS
E. RO AR EE )R BOE Wt {55k
Wit 4k, PIEZOT 1y i A Jog 40 W s b PH 25 i
TE, BRI A O AL R Ca® {5 ORI
Wt (5 SR ERAE, w1z FE SR B3R
IERRE A A 4> 4k Y, Shh {5 S E B HESh )

FRRE T mEERT, WNREIERE S 11 K2
KEWI, Shh{E S /E A A E M. il 45
AN p ik ), b e R R T RS 5
R Shh {55 230 b 38 )2, 1f7 Shh {55
BRI 5 BOF UG b Rk B N R RS A R Y. SRR -
5 K22 A 1E (Ellis-van Creveld syndrome, EVC) &
HOLIH Rt K B A R A TEF, EVC R EVC2 4
R EEAGRUE SR AEEEM T Smo
K7 Hedgehog 155, 98748 33 Hedgehog 155
R 7 TR 4 E 08 Hedgehog. Wnt, FGF/
AKT " (5 S5@ ik 58 K BEMDE, R
e SEEMT K EERIE. B EVC &1L,
Bardet-Biedl £z &1 (Bardet-Biedl syndrome, BBS).
[ 48 %% & {iE (oral-facial-digital syndrome, OFD). il
AR JZE & B AN B (cranioectodermal dysplasia, CED)
SRR R WA FHF R (K 2), K
JR AT RT BEAE I A - AN A 6 S B 15 VR FH o
2.3 FRREAEHKRAELER
AN — A = AR A AR A 21, ARG
T A M G B L AR I R A Joi 4 B 7 2 A
JRAESEH MMM BRI KNS
AFEEFR M, LB S AT B RS, TRE S
HATPER BT . JEMIR . LRI . A
AT R R N R R AR . Kur 4G
IR B s SRR R A B ERHS, S 53 1A
M A, e oK D 4 = B VI UL 455 2 R0 240 A e 3
Pk, IS INVS. Dyl St [ A HAE A
H28 Wnt 55 U, Kur RAM R E5))1E A H
A, FEELEIEER (primary ciliary dyskinesia,
PCD)'. JRAFBA SR E KR, KA
WA IS, B R AGRE I JE 3R, Fuz AF 940 1
WAk (planar cell polarity, PCP) {5 5 & JL K 2 5 J5
B, HRARAE R A A % B, Hedgehog
55 N HECE R IY ERS R A A U AR Rk
HEAREH, JR4FEHIE Notch 55 @5, 7y
FEAAL s KEMI, JR4-EXE 5 Shh (55 Rt E
TS RE, RAERFIEREEAE Y. RFE/
Hedgehog 15 5 4% R A, T 4F & N
EENBREAZEE, HrHERBRKAaRD
T, Plicq 431 ootk B 81 7Y, 8 I S S A
st B, BHIS R AT BAR R, FTREER B AT
MG S T, BERGREE, FEK
PR BREGAEE T, 4 EN4 Ras/MAPK {5
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SHEPUER, Smoothened & #7767 F= i 40
JituJE (basal-cell carcinoma, BCC) RS R AR IF S 5
SR 2F B A O, BV 2 A 3G 5 O 4 it Hedgehog
S M, 7 T A S TR R VS AL ) Ras/MAPK 155 77,
M2, BEIEZMMRIR A R AR, iy
R [F) 43 24 A A A RN B B T Rl SR il 4
MR,
2.4 FFRRRAERKAELER

AR 3% A B A6, JHIE 2R 6 2 0 B 1
PR “IRE L BRGR ", BONIHE 4 2 b
ME— S H IR B LR AH, IR A B 25N 12
IR RN BT 4R AT VY. JREFRREXIHIE BB
JE REYTERANE 5K Sk AT st e T, St 3
NN Ca® il cAMP {55 BV, it A H IE
AR ELAE FH SR AR SR 40 M )38 TR B> %, B R
JH A 2R W5 MRS I R 5 S 1Y) b B 4 B SR 41 3
RHOE B, JRA A BIE (biliary atresia, BA) fE N —
PR 28 1 R A 4 AL JHTE PH2E, 20 2R S A A 3
BA B HHE MR BEMGAERZHE ™, X
HRIASEREE ™, U IR P g d
K, TALPID3 4l b oRLASH R 11, 555 344
E, AR IE R 4T B 6k 2k A Hedgehog 15 516 &
B, o JIE A5 41 B 2 184 A i A5 A A 4t e
REA H T A 2 1) 80 2 A R A7 0 R 240 i P R AR
EAL, ERUERRIARTAE R AR O A,
SRR PR R R R I i 5 2 B i T W% B i
R BN, AR, B R AR R AP
SRR D, A g i R I S R
A HDAC6, #ERLE, FEUBNMREER P,
Z HEFT5 (polycystic liver disease, PLD) s&—#f DAH
BTN I O RHAE R G A B B R s
Wi, TICARMURAE, AT LIgk R T2 B Y, R
¢ RBMKIER PKDI. PKD2. PKHDI (% 1) RS
HEZEE WK PLD. . 5 2t £F i HDAC6
1 cAMP 53 B 3215, HDAC6 il 71 Fl A K 41 %
A A RUR T BA K, [FRD> cAMP Kk,
NEZRIHRARME T FiaT i8R ™. R BIEN—
MME2E B, BE R TRz, R A
PR B A P R B T R AR (B 2).
2.5 BlRRFEAEEXTELER

TEEWEA, TR 258 M B 4 B T e N 6l &2 [
FENAIREA IR P 0%, B K A S i g P
R0 0 e 32 S 1P I SO 1= e i o S

1003

ROS 7 25 1 AE 3 IR KM . JiR £4F B 30 a1k [
FE T RPN, LKBI i i T B1 /&
JR AR B ARG RS, 2 BT A 5 A ) Re 4
Frh P EE A 6, IR NPHPI. ANKS3. PKDI.
NEK7. STRAD %%:K (£ 1) it E A AR E 5,
Ji) 5 4F B /CCLY Bk E v i (5 5 "™, LKBI
FAF 5| LA T CCL2 Rix B I 5 Az B
2 i 5 AR AE 1 /N T L 1 M. PKDT 2t 1)
ZEEA 1N Ca™ B, HFMRNEREHS
SYIMEIAEIR, PKDI RA SR YOk B2 T 5N
(autosomal dominant polycystic kidney disease, ADPKD) ;
NPHP4 ity — € RLAE R 4T 6 L EB B, T
B kB AMEE A+ k8, NPHP4 7% 3305 IHFE
J# (nephronophthisis, NPH), H# HI/NE, FHHEHE
B R BT A SR U, ADPKD 1 NPH &
A g RE R AN AT CCL2 B R iA #5612, W ot
RIIZAEBALH TN KR, BRI B A GE
Z BB U BRI £F B OE A S 3 I R A
i R A B A K AT RE &6 9T ADPKD B 7%, (Ha2
JR A BB o FEOLE N, A IET AR 5
ML EVE (hepatic ischemia/reperfusion, HIR) 5 ROS/
ER AR a7/ I R GTN = AN =11 TR = i )
JRAT T, 5l 2 4545 (acute kidney injury, AKT)®”,
Hedgehog 15 5 1E N i £4F & Ji 1415 5 B e AR,
BB RERRIE R E LS AR Y, %l
ERREFHEREAE. BRUK, IR EFKH
HAFFLERA N AN, Hippo {55 A R RR
S &%) TAZ (transcriptional coactivator with PDZ-binding
domain)/YAP (Yes-associated protein) y& 4 ) T~ 7 Xt
B R B MI)RE RS EE, NPHP4. NPHPY %ttt
3t [F] 945 Hippo (5%, TAZ/YAP S 3G EK AT B8
22K A ADPKD %5 85 B Wi JE 38 A2 50, 170 v 14 4t 40
H FHONPH 5B 1TdE % 'Y B2, BIRESE
AMUAE T LS M Dy RegeRr e E HEAENH, 1 H
X R AR U, R A B K E MRS RN
SRR R I R, AR AT B A IR ) I 95 1
IR AT VR TT R A (B 2),
2.6 . MEFRAEEXAELER
JRLFBS 5% TR & B R A 1,
BN HR A4S R St (central nervous system, CNS) &
BEREXKEZE, W24 EX%M (& 2), uJoubert
27E1F (Joubert syndrome, JBTS). OFD 3 i 7 1,
H AR RGN i 1O,
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Affected organ

Ciliary position and function

Gene

Inheritance

AR, XR

Human disease

Eye

Locating on the outer segment of primary

PRPFs, RPGR

Retinitis pigmentosa

cilium of rod-shaped photoreceptor,

splicing pre-mRNA 7

Locating on the primary cilium or centrosome !'*”

CEP290, NPHP5, LCA3, LCAS, LCA6,

LCAlS5, MAK

AR

Leber’s congenital

amaurosis

Eye, kidney
Heart

[141]

Locating on the primary cilium or centrosome

NPHP1, NPHP4, CEP290

Senior-Loken syndrome AR

Locating on the primary cilium "*”

AVCI, KIF7, DNAII, DNAHS5

HTT, HAP1

Congenital heart disease AD

Brain

[118]

Locating on the primary cilium or centrosome

AD

Huntington’s disease

Brain

Locating on the primary cilium "**

ARLI13B, SSTR3, AnkG, HT6R

LRRK?2

AD: autosomal dominant inheritance; AR: autosomal recessive inheritance; XD: X-linked dominant inheritance; XR: X-linked recessive inheritance.

AD

Alzheimer’s disease

Locating in the cytoplasm and phosphorylating Rab "** Brain

AD, AR

Parkinson’s disease

1005

Meckel 24 4E (Meckel-Gruber syndrome, MKS) J& —
i b A BUHEBE W, A JBTS A1 BBS H#r EHE
T, IEEA R H . FVEE R 2 4R (L) W
B IBTS & —F/ N TR LR A AL, B I
sl A A B ANV WL iR FEoFRI, HIFAIR
Wi B 248 (b)) B R ARA T, ¢
TR R ORI B, (B — Rl X Gk
HE B R 5% IBTS 5 OFDI 4 i JE IR ¥ 28 21 A
AR F R AERIG AR 5 M, RPGRIPIL (JBTS7).
CC2D24 (JBTS9). ARL13B (JBTS8) CSPPI (JBTS21)~
CEP104 (JBTS25) “5ia it 35 MR RAE (R 1) 5
JBTS 1%, X485 KK 2 BUE A7 78 I 21 B 15 i
X UM ARLIZB Gnfi—Fp/N GTP B, 75 )5 2F
B ¥ 2 45 #4 F Hedgehog {5 5, 4 L+ ARLI3B
GRAR 3 B 0 7 2 Wy A2 A0 4 D[] R 5 52 458 /2 TBTS
Ji Rz — U181 C1 7 Niemann-Pick %% (Niemann-Pick
disease type C1, NPC1) /& —FhE Wigt L9, FLRFIE

T PN 7 2R E [ IR G Al I Joi 7 G P Ak B I A
R R, WTRE SIS A (Y A TMEM135 5%
ARG HUR AT A R AR AT O 1 T A S B R
(Huntington’s disease, HD) #& — Fj #f 28 18 17 14 15t 4%
T, % E WU P (HTT) H 8L CAG 9 14,
HTT EE F1 2 R ML (polyQ-HTT) it iRk &
FHRR, WIREL BN s R R 1
W R AR AR T IR 2T 6 /Shh {5 S8 % Y, HD i
HHWRIIRER N, polyQ-HTT ANREH A HUHFR T E
e R FE T PN, HTR6 dwiG i 5- Bz
REM A TCIRL B, HEBRFEBRSMKE,
o 2 n K MR ALERE U, Bl JR i BR R
(Alzheimer’s disease, AD) #/ /N §j, HTR6 L, %
SHSXME T ELEAK, FHMEEA
ARLI13b. SSTR3. AnkG /3 fi XAl HEEME, 5-
2 ISR Z IR A B ASH g AD /MRIA
B0 4, Shh {5 5 4k 55 f 48 0 A7 IR A L3 A 1Y,
M 4= £ (Parkinson’s disease, PD) J& —Fli#£2 K 4t
WAE, B OB 183 A A kA Y,
LRRK2 7 5 R M RVE P PD i B B AH DG BE R 2
— P B — R E S RE RN E A, kA
RAZREM MR AL Rabl0 247 5% RILPL1 AT 45 55 I £F
% /Shh 55 9, HAREE 2 70 i1 T B> Shh {55
KAEIBAT MW A FEPD. KM 32 28 oo AN A
LRI R R BAERK E T AESEEH,
Z 5/ R B R AT A bR, e T
ST i R0 R AR AT R T B, R T D R R T R SR A 4k
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MREES, S H5ME R AN ACRTBER IR IR 5
}FZEE [129] .
2.7 MRRREAEEXAELER

PRI I 't TR 52 2 B 0 3 38008 A 1 AL DX JIBE
(inherited retinal diseases, IRDs), ¥ % 200 £ 4305
FR (2 DT FRARAER B2 23415 B R IR
B “HIZ 23 B 41 B (photoreceptor sensory cilium,
PSC)!"H P, EATRIE LT B A MARL, R A
B X REF B . 3 M A R AR (retinitis
pigmentosa, RP) & fiz & WLI¥) IRDs, HH 40 o A0 AfE
AR ARATF AR REA T PEIR L, B E e I EIE,
MLEF B AC L, F &R Y, bz 4
T M2 AR 3 SR BT R AR P RS T 42, R
KRBT BT AR T, MR B 20 E
T, K#) 15% RP J& 1 pre-mRNA 4bFE [FF (pre-mRNA
processing factors, PRPFs) 545 52 > %% 4w fist
UM PRPF31 F 5 SR7AGAT R 41 & S IR A2
i, SEOLRZREAIAMBATHEENR T, R
AR Y KM 5E (Leber’s congenital amaurosis, LCA)
s — M) LE AL 132 R, 3 T AL oo R
1 290 gtg & Kl CEP290 Jx A BYH60 [ 51 2 PSC i
Ag 319 Senior-Loken £ 4511 (Senior-Loken syndrome,
SLS) #& —Fp 22 0L e e pAR Ra vk s AL i, AR I
NPH it #0090 i 25 o 140, 5 98 2% -5 g fih 3%
NPHPS RAZ i OGAL 5 T 5 PSC AReE ik, i
G YU RV HE R -5, A L= A5 1% GTPase
VT PRS2 F 3L E AT PSC, Jy SLS B I
IR i R R At TIEdE " 28 EFTIR, PSC KA
D) REIE X G HEZN YIRS (g e B O B, PPk
(R A A AR 5 U I I 5 2 6 T 285 A I g 5038 3
REIRZIELREIER AR (B 2), XEEH 5T
LA B AF B AR N B K B AN D e b ) A
BHRINR
2.8 1L [RAEHEXAELER

AT 5 AR OIETE T A A4
0> [X (second heart field, SHF) [ #f 3z "> '), i i
Hedgehog 15 5 f#z0 k& "' PCD 3.0 1
R B W55 7 8 EE RS EEK DNAIL FI DNAHS
FARHR MO (K 1). SR B G EEE MKST AN
IFT172 £ SHF 3k, % Hedgehog {5 5 it b5
25 6] FE BR451 (atrioventricular septal defects, AVSDs) "
EE AVCT (IFT172 MEAEAFEDY ) R A RAZ 5 IR T
B4 F M Hedgehog 15 5 2 tHK, FELERMEL
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JIEJ7 (congenital heart disease, CHD)"*' ( [&] 2).
— I X 389 44 PCD 83 I [l it itk BA 511 F 52 A B
PCD 3 CHD s 5 &5 /0 Pl A\ B & 3
FES WA PCD R AT O TR 3 b 75 46 2 10
JE4F B Wi 25 (4 CEP104 M5 R e ik, 25
Hedgehog 15 5 £ 5 i 2 7 Smoothened 25 [ 7E J5 4F
FERM, LR E PN LIER B R A
BARCHE R ) et Jii ARG, RNF20 4t 8 A 6
RO FHEAFERZ RN, WRA B RET
Rfx3 /K-F, SEHLLIERE, RNF20 SRR RAZFHG
AEOEIR 575 4% CHD R U kR B R B R 4T
BN R, N ARG T 0 5 AXFR,
OO T 1) 5 00 H A8 7y bR A5 O IR R B R AR R
TR P Rk, SR EBEDIEOME RS
AR A R AE TR R TR IR T O IR
PR — L A
2.9 ABEFENEXAELKR

JRETBAE A E EH Im UL & b 9y 15 A
o, PCD iR KA ES R WML ZE, BIES
BOR B AL B REALAGR IR I 3 S e T (]
2). SRR EGERE S, A 2 BT il — A = A
[U]JE &5 K B N IR i 45 (embryonic node), 2H il i% 4%
I EA PRIR 45 2F € (node cilia)!™. {Ey—Fh
FRIRIM R A6, IR B Z e X, WE
iz “9 + 07 BEXHS, EAZIEAE, Bt
Bz gl U e B I 7 AR 1 2 1) S S
M PR AT BRI B, whoE JE SR IR IR A AR FRK
B U RN IR L, MER4h 2 e i
RG22 A A FROR B A AL &, T2 A B IR
A 3t AR G R IE /) et R TR E7S
JRLF BN R (D 5L N KIF3b i i RIR G447 B
BRI, A AR PREERLL, R KIF3a BP9 B
Al fE i 1 8, Bardet-Biedl 254 {iF (Bardet-Biedl
syndrome, BBS) & # N I 7 £, BBS-7 #l BBS-8 %
IRl R AR i SR £F B 45 M RN T RE BB, BBS R 7L 5
dEMAIEME 6 A EEER Y. wE
AEXNEMAEE o EE, INVS (NPHP2) R
AR R R Y 5N S G AR R 2 B
(autosomal recessive polycystic kidney disease, ARPKD).
NPH #5 H LA A5 A Xt Bk e U PCP {5 5 AT B LE
TR AT R ) SR R P SCBE T, 2R
O A w3 IR Dvl, Vangl. Prickle 875 43 3%
W A5 AT A A R B S B e A s 1 1O 1O,
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3 RESRE

SR B AMMAE SR L, THE T R,
YEFFAH T N AP RS 5 B H B K E . b
ERET BT, BHBOCLRERME. BT
MM R A BN, AR EA E IR
WK 5 @I faifh - Fii (affinity purification-
mass spectrometry, AP-MS) £ AK, iR 1 319 Ff 52 4F
EBHKEH, MMEE 7 IAT G A A %k 1) B
fige U H AT, BT R R R AT B RIR R
AL 7 SRR ML, BN ZR AR B 285000 /2 35 Fh )
BAESRMWIGIRER, HAE. FAREE %M
AR B i 2 1 2 DR R AR 32 o

JRAE VTN TE . Ak, 5 R A AR g
Mo A0 UL B AR 2B RN R B UM O, ATt —
BB T RAEBWEEKE MM K ES KR
(IR 7C. IFT20 Rl IFTS0 ) 4wt R 4F BN iz B A
IFTB & &ALy, Z 5% EEE S 7.
BAVHE IR B IFT20 1E 5P $ 9 = 3005, LI
NigpE . BrshERE, EE. S, EEK
Rk, B AR AN R IL U IFTS0 TE i
HiEmRis, EAE. NMNaEhERIE, EEkE.
YRR RIE, TERTPI AR . R PR Rk 1,
WE B R A B e B a5 S 5 R R R A R & .
Xof fit e £4H e PRI 9 I 1) T IFT20 sk /b fiki e 24
MR BRIE, (edbman g m 7. gn i st 5 R
2% i e g e A AU 28 i R R AN AT BRI 3R YT, Bt
T BRI R bR A G KRB IFTS0 wis, HEi% iRk
JFi 4@ B ¥ 9 (matrix metalloprotein 9, MMP9) 1A,
W% B A B g s AR 28 U RO R BLE e R
BAERR A M E R AT R A R R, FEE BE AR R
B B RNESE. I BRI HGC-27 5 eE 4
ML RE IR R, i 40 A 3 R 4 B A B AR
KIS Wnt/B-catenin {5 5 38 B8 11 BLUE 704k, HF
FVERSPUA DK 388 R eF BAE K SR E EK Y,
Ut B JER 226 L B SR o ik 8 2k S 2 5 il 410 L 8 AT
oAk, JREF B B O EE S W AR T RE R

JRA B4R A R BAE. OBE. RS
JHRE LS AR JEE 55 2 B B DR, VR IT 4 BRIk
SR TEIEERMIR R . R RITE, A
L BIRIOIT PR AL T IRV I SRS, NS R
Ik BB RITIEMBER . R CERET R
(antisense oligonucleotide, AO) 1= 4 F 454 H 1K)
mRNA f7 g5 JF 8 H B f#, 5 53 P BT #2 pre-mRNA,
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HEEN SR PRk, FRBEAIERERED,
AO F USE [ AR FEH, 2 IE 8 8T R R IR R
WA EHE A, I IE LCA H¥# CEP290 B 4%
A U1 SO\ AR T DR B0 A B AT VE B
— AT, JEIIEN RN F 0% DNAII cDNA 1k
ST, Bk SRR A R B A
JE AR ME A s CRISPR/Cas9 H [F 4 48 g 4] 1F F A48 52
K, &5 RPGR F&hg 7374 ™, £ 505 n] /5
—WEREWNE, WRKZ RS, RUZTHES,
BITATEMRAMERE, iR T I S BB R
A BUHEA —E ReIR YT AR B B2 . A
Uk, A Ja XA B LI & AT TR T 5T A
PR ECES SO
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