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Ciliary Membrane Lipid Composition and Ciliopathy

HUANG Zhenzhou', ZHOU Jun'?, LIU Peiwei'*
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College of Life Sciences, Nankai University, Tianjin 300071, China)

Abstract Cilia are structures protruding from the cell surface, consisting of the ciliary membrane, matrix,
transition zone and axoneme, which play important roles in cell movement, environmental signal perception and
organ development. The ciliary membrane envelops the cilium and is one of the most important structures of the
cilium and is the primary site where the cilium contacts extracellular signals. The ciliary membrane has a unique
composition of lipids, including phosphatidylinositol, ceramides and lipid raft structures. The ciliary lipids have all
been shown to play important roles in the maintenance of ciliary morphology and physiological function. The lipid
structure ensures the correct localization of key signaling proteins in the cilium and guarantees the bending of cilia
during beating. Abnormalities in the lipid composition of the ciliary membrane causes ciliopathy. Undermined lip-
id-lipoprotein composition of cilia has been demonstrated in Bardet-Biedl syndrome, Joubert syndrome, and Lowe
syndrome. This review summarized the latest findings on the lipid composition of ciliary membranes, discussed the
function of lipid composition in cilia, and underpinned the relationship between abnormal lipid composition and
ciliopathy, with the aim to provide ideas for the treatment of ciliopathy.
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AER—RRMTAMRM, 322 i 4
MRS . AFBmEk, X, B
R 2T BEER t 1B o (K B Ok T
K, MO =WARRUE Ak . Bk b5 R4 Bid ¥
X, o fEhl LB E At 2 BRI B R, X2 R
AR ERHEE, R BRI, 45
O AR : BB MPIRE B SNTTRIL
HT Ot XUB AR I A2 AR P R A A, T plce9+27 Y
FBGH, B BAAER D ORI RS LA AES)
L BEFEAMERED, 2T TEANDT
SR M. SR BUAAE T IROE R =
SEME LM O B A ALK T, AE
MHisah. HESRMRAAREN BLAME K R E 5
Jit R IEEEAE . IR BRI REE AR A
TV R AR E SR A, Al
H1 5% XUBCAAUE # B “O+0 " BLLF B 454 . WIRATE
FAAET 2 B 90% M4 s =, it el se 4 . i
e b R AR AL AR EERLAT AR A%, 2 AT
FEBCRIThRE . 2T BAGH T BN RE G i S8 — &
A SR I PR B 1) 5 DL A 0, RN ET B
Tie B R AL FERE, SRR AT
WAL ZHERHESAE. ZHamie. JCRE. A A
KB AHE DR E - H ARG,

2F BRI I BEIR N T2 B, FONETE
5o 21 B 55 B RRAR B, A s R i SR s R ),
XU HI T2 B RN RS S HIRE T, %
BUE 5 B Rsh AN R . FIRE, RS
Ji S R 73 1R 5 2T BRI UIGE L, X T 4F B ahid
FEP RS AR G B, R T BB RO
1R FR A5 0T £1-6 PA TR A 5 A ER AR AT BDLAS: T
BERE , (LT TR i 4 e sh A AR AT AN TR
Mo JLEERWTFURM], 21 B g B 4L F i 2F
B YEFrer BAHIIREMCE A R 2FBIRM
TE R B, CIEBEIRIARG . WA LR
W P L 22 R AN R A IR AL, DA KA 24 R LAY
o RE I B AT AR O i A e 2T Bk P R SR 4Lk
HAR I AR — DRI 4 0 . IXLEfE
AL S 515 55 U, BB 5 hZ REA
WA AR — i 2 R s S, 2 5HH.
Sy AR T 5 B B AR M R OO 27 B AR SR Y
55 I, LR BN HRE N R R R A
R R BRANERS AR, T s B A A8 B4

e fERRES B SR IS S S I
R O SR BUHE A L B E 1 ) — R AT
.

1 FERE

L BAERSEMA D RE IR E MY TR R B R
HINZ S, BFERZ RS N2, PEILFE R
BT BRI R, AEBENENRZARG T
RIEFHHEAEH, DGRz 242 — K74
AT T AN O B 22 T, I R R AR
TR HE 20 S ARAT 41 B2 1) 4015 (outer segment, OS),
OS2 — PPk B £F 6, A7 A8 AH X 482 F L[] e
() 7 B HE B 10mol%), HA 7 mK- P KEE 2
AMIFNENIE , DL 22:6w3 (AR =+ =i/ IR ) AN
F O, JELRE AR L B IR A L #B5 OSHk
FEAR DG, WAL (B 255 P . Leberlo KM PRSP,
VF 2GS B, W USH2AZE A AERL I 5 H
Fik, HEH WG, BRI A B45 1 F m RIS, Hutk
REERRA 5, AMUG| GRS 34 T Refshg, 5
BRI, [RI3E 2> 520 By N (I £F B Dh R e,
ST AT N A, AL TRE . R AR
A U SRS HES) B B 808 BIRAR R E) .

NEBUAELT B rh 3y E M 0, B S 5K
ARBER RGN, FHFHTHENGE SH SN
REZREAIE S
1.1 %88

2t i 5 U B A A T . H IS
A0, 25 1% i TE R (phosphatidylcholine, PC)+ il 5k
L.BE % (phosphatidylethanolamine, PE). fiff fi5 ¥ 22
Z IR (phosphatidylserine, PS)F1 A5 Mt ILEE (phospha-
tidylinositol, PI)( 1). FEAUMUIE A, PCZ) & st i
(11 40%~50%, PE (5§ 20%~30%, PS5 5%~10%, PI
1%~5%. SRIMLF B & S0 AR i 2 AR E oK 58
2.
1.1.1 BEfgBeAes,  PC Rk 1, 2405
JEEIR 32 B2 R Ay 2 — BT REA Sk B R0 A 07 R e 0 e
IS, A PCor T4t R ILE AR, PCHEE
oA T R BRI AU, BAA PRI IR A, X 48
e BUKAH BAE SR B KOS, GET
YR A0 RS PR X2 S5 4, I B 7 R B K B AN
J5E BT DA s e JoE R T s v, AT TR 1 A 1 3
AR @ ZE M > PCIEA B 2 5 I T K-
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Table 1 Ciliary membrane lipids

iV BIEASI B Jlg Joi 28 24 B 2% R
Lipid name Inner and outer leaflet of ciliary Lipid type Ciliopathy References
membrane

Phospholipids

PC Outer leaflet of bilayer Structural lipid Respiratory system diseases [11]

PE Inner and outer leaflets of bilayer ~ Structural and functional lipid  Olfactory dysfunction [12]

PS Inner leaflet of bilayer Structural and functional lipid ~ Early retinal degeneration [13-14]

PI Inner and outer leaflets of bilayer ~ Structural and functional lipid ~ Joubert syndrome, MORM syn-  [15]

Sphingolipids Outer leaflet of bilayer

Cholesterol Embedded within the bilayer

Lipid raft Lipid raft (membrane microdo-

main)

Structural and functional lipid

Structural and functional lipid

Structural and functional lipid

drome

Polycystic kidney disease, he- [16-17]
reditary sensory neuropathy

Zellweger syndrome, polycystic  [18-19]
kidney disease

Obesity, diabetes, melanoma [20-21]

PCH] LA 5 H[E B AH BAEF, —J7 THIX A B T-A0E 5
g5k, 55— J7 X GE B3 4£ (G protein-coupled
receptors, GPCRs)J I REA W TIEH, Wil (s 5%
SRR 215 (Rhodopsin) . 7E4Fi% 4 I, Rho-
dopsinZ 21| i JIg Ff AH R AH [ B e B8 5 =90, wh
A B L P ek B 28 b B — SR B ST (sn-1) BA
BB AN Z AR R - (sn-2) (A e A VU A R )Xo
T-4E+F Rhodopsin 135 4 T 3 (meta IR RHE, JH
i W% 5 sn- DA ELAE 93/ 1 R B, AT i 775
Rhodopsin M AETE 1 TE 20 (meta 1) F| meta 11 45EAF,
meta 13| meta 11155289 I % Rhodopsin 7§ A1)
Hhn, X LR BOE B — 8 RN R A g
P G A2 . PC 1 sn-2 18 B 5% 1 AN A0 2w DAY
IO B3 53 22 18] 1) <58 25 48 450 (7 5 I ot U2 25 40
T RERIFRFR), [F] S S0 0 A AR IR FE B AR, AT 7E
AR IR BT R R AR, B F T Rhodopsin P
124,

1.12 BRASBLCB e PEL BT AEMKN
B, [EAEREaI T e R ARG 5 5% S
EELEN . PERAMFHEI A, A BT 4E 4
AEMBA M Z . BRI, PEAEYIR AT B E 4R,
WRES B HERKIE (R D, Br 1 4ERpIE S
REAEAL, B FEE B G R 20 A R T I 52 4 1 ) g
BREE, ARRWGIIE TCI RN, B(E
T SV AR B 2R GE BN HARE 5
TUrEAER . MLoepp 2 T i £F BAL TR R, 17
TRAME S SRS T AFENSHRKERRZ
W, REZR S5 S0Ry T4 GG, Rl KMAES

&3, AT RS 70 HEFI R0 AN [R] R R o 0 S
WL 2F BB SR, PETELF B A ADhRe S
NEL B, 52 A2 ) R0 R I 5 D AE O, SR M 4 i — Fh
P4 ATP, K9 dATP8BER H , X MG HE N 145 PEA
JRE R — M R 2 55— M, dATP8BHE FA7EML #4870
(2T b B B 4, dATPSB I it 2 £ B4 SR 1) it
W, 22 B PEH) A0 TR e 40 i 21 B AR 2%
AP, R, FATHEN PETELT B AU S 5T
WA, MS5ESHFEAEMEZMEY)
SSup LN

1.1.3 ARfeBrez 8B PSR G e far i Hr
WERR , 32 B L T 00 RN 1 30 P Ak S o, PSTEIX 48
JIBE X 3 A7 7 A S Al B TP PSR ) AR I e
) PSSk 8 45 44 3K AR 1) PSS, Bl ey £ FL AT )
JEBEAT B A ELAE IR IR PS. fEAIEN , PSS 5
W E D EAENEE . SRS RS (guanosine
triphosphatase, GTPase) MI{E Al & H Y, E4E
JBE F, PSHIT R E 7 H B ] 2 ™ B e 4F £ 2
5 AKT. Hh&5 5alEg >, DUNRYI ), 2F
B A KA R 14 2R T 6(growth arrest-specific 6,
GASO6) A & IR & S 45 F38 5 PSZ 8] A AR TLAF AL Xt
TN LA N B 41 N AK TS 5 5% 302 U 7% 1, GAS6
REf e iE AK T HIBERR 1L, 32 11 1 15 L5 A B2 el
1.1.4  BREEALER  PIEH—AMULEE RAN 2% i i R
BEAEL A, JFld — AN QA — . PIAT LA
TENEEEAHI3 . 4857 25 EA IR BB s iR Ak, =
A B b LR B IR I ULEE [PI3P. BEARIEIULES 48512
(phosphatidylinositol 4 phosphate, PI4P)#1PI5SP]. —



1148 CGRR -

PE
o PS

PI4P
O PI(4,5P2

O PI(3.4,5)P3
Cholesterol

@ Sphingolipids

— Ciliary membrane

PI
Derivatives _

& Glycolipid

Q
£
=
@ Lipid rafts 5
Flippase
* |:Floppase Plasma
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AR AR B REIR T 4ERZEARL N FERBB). fil1#(axoneme). £F E48(cilia pocket). 1 X (TZ) LA K 5 41 il 57 i (plasma
membrane)FH I ¥ 47 JI5(ciliary membrane), I 7R T 4B A R G5 20710040, GFEEE T CREK(PE) . BEEREE 22 2B (PS) B lEmE/ LN
(PDATAE#I[PI4P. PI(4,5)P2. PI(3,4,5)P3]. #fE(sphingolipids). FH [ [ (cholesterol)Fl i Jii #(lipid raft). WhAk, 3 HE 1 B (flippase) 41 HH
(floppase) FIFH 4 (scramblase) ft 57 i i (1§ %%

Schematic diagram of ciliary membrane lipid distribution. The figure illustrates the basic structure of the cilium: BB (basal body), axoneme, ciliary
pocket, TZ (transition zone), and ciliary membrane connected to the plasma membrane. It highlights the distribution of distinct lipid molecules within
the ciliary membrane, including PE (phosphatidylethanolamine), PS (phosphatidylserine), PI (phosphatidylinositol) derivatives [PI4P, PI(4,5)P2,
PI(3,4,5)P3], sphingolipids, cholesterol, and lipid rafts. Additionally, lipid transporters—flippases, floppases, and scramblases—mediate lipid flipping
across the membrane.

Bl REERAEFER LD

Fig.1 Distribution of lipid components across the ciliary membrane

R R WEAILIE [P1(3,4)P2. PI(3,5)P2. WARHEALEE
4,5- TR (phosphatidylinositol 4,5-diphosphate, P1(4,5)
P2) R = B4 % 19 g T JUL IS (0 g R UL 3,4,5- = WM
(phosphatidylinositol 3,4,5-trisphosphate, PI(3,4,5)
P3)], MGt N R IR

PI4PZ CH A W R BE R LR 2 —. 5
FE i /R BRI b PIAP & SN AN A, PIAPFELT &
IR PR AR e OB B IR UL 22 R TR - 5 - IR il
e(inositol polyphosphate-5-phosphatase E, INPP5¢)
YEFF. INPPSer] Hf PI(4,5)P245 AL N LT & (1 PI4P.
PIAPR 2T B IE W DI REPT L 75 (0, W FC R IN, PI4PIE
15 SMOZE H C-ii KRS R [ B A AR A, 1
HE SMOTEAL Je HoAfi i SMOTELF B I sE L. BLZ
INPPSe %> G £ 21 B (1) PI4P#Y P1(4,5)P2HUAX, Bk
Wi 21 R 5 i g )

PI(4,5)P2s2 i I _b e & HIBEAR , 2 BEHE CAl
T2 JUL I 3304 (phosphatidylinositol 3 kinase, PI3K)[¥]
R, BAELFRME L, PI(4,5)P21) 7041 1 2 =)
PR 21 B B3 S MRS (), XA A 3 2 HINPPSe
S5, XA LB A s i B P

LF B HELER 1 PL(4,5)P25% T 51 41 T Wis ek 14 £
H TULP3HA 17> HE/EH . TULP3/EJy TUBBY
FIGA, 18I L CA I ) TUBBY 454438 5 P1(4,5)P2
GEA, X —EE ISR T TULP3 S 4T BRI AISER 11361
TSIk TIREA TR EN . HIRIRERE: 45
FEF TULP3 R A BB UUEE PI(4,5)P2, MM % T 5
i E SRR LT BRI D 4840, IR, TULP3 @
— ARG REEE AN IFT-AE &K, kM IFTEA S
G —EIENLGE, JFERT NG, EREEIN
MRS, WIRPL4,5)P21 73 A I, A
JRBRTELT BRI E H UAE AR LT B b, W& 33K
TULP3/- SR B pis i h I . HARRIN W)
HNFEE, BT ENBAPI4,5)P2IMETE, T
1 /TULP3ATSR 5 PI(4,5)P2 K A 45 & T Tl 5
BEM P2 A R K EW B . Bl GPR1615E 2 i B
EAEH . HTGPRI61 M A ¥ HME 5@ %, FE
5 5B IS IR TS, R, 478 EAIPI4,5) P2/ 7 H
AR A B (5 5 5 3P,

PI(3,4,5)P3 HH PI3K LA PI(4,5)P2 MR-
PI(3,4,5)P3F1PI(4,5)P27E it ¥ [X AN 7] X 3k 7,
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Iy PEE BT R PI(3,4,5)P3 A PI(4,5)P2 1 52 ir. S 3L
GRIEAR IR A, RIA IS0 A T4 B .
5 PI(4,5)P2HH L, PI(3.4,5)P3 3 A1 78 1 I X ) 5 3t
I (B 1)P¥. G2 6 E W P1(4,5)P2H1 PI(3,4,5)P31E
INPP5eE R B 1)/ R AG B AT 4E A MY (mouse em-
bryonic fibroblast, MEF){£F Fid J% X 5 AR, R
SR IR 2 HhS 580 ), Hhil 2% i g A B2
(15 54 3% 2 11 SMOAMI GIifE PI(4,5)P2 A1 PI(3,4,5)P3
R R BT HS ED, #HWE 5 IEEgY.
FEMLE ., SMOM Glii/b th 7] i 5 GPR161/E4F &
H R IR A . A, PI(3,4)P25P1(3,4,5)P3 it
FEIFR B v] B T B LB 5 5 B AR

1.2 45

B A2 2H A P () B B R Ay 2 —, B —A
KB RE 2L, 1B 2l R SO AT AR
PR, TEN ALl A AR, AR 1) F Sl T
20%E30% A 47, MTEM S, KRR _EME
BESH R, W0 bL T RERE . AR,
Weiz, =& BAEMEERIES 0T, HIERNE G
Z5Z AR, aFMpERK. 2. =
TR 2 A E (G S SRR,

P WS IR AT B TE R KB4 RF 2
KEE, WREW, £ MDCKAIE A, #6AREE
ok BE AR R AR P A N, e a5
1S B 2 B i — 2 19 2 S R IR 41 6 TR
IeAh, PRI EE 25 AR KB 2 I (Casa
B Coso) FI AR HERH AR ML 2T B AE R, CroofH 221
J& e b THIREATE. FBHMEBUILT & £008 T
IFTHRL (IFT particle, H IFT-AS S YA IFT-BE &4
HRR), PIETEIE S IFT204H HAER , A0 BAE 27
B8l 22 SRR OR Y, 22 R KA AR % A2 i (serine
palmitoyltransferase, SPT)if i #5 /5 M Sk & B 124
FRAP AT, SPT2 21 R AL B BT 117, A
FARW, Sk= SPTHIHFHES YA RAEL B R ETTH
EAEBR G, B0 I k2D 2 189 I Rt 22 5 5 9 7
ETEA R A BT, B AR 5 R — R BG 4(sphin-
gomyelin phosphodiesterase 4, SMPD4) & — it o {4 #
TR , eI o) A 0l M A B 2 i i ). SMPD4
RA 55 500 (/N R B AN 4 ) ARG, (EICAL
WA . fEAEAN R, SMPD45AE 5 800 ] 4T
BAEGEHG, 0ES IR R 2 B R TT AR S 4R
K. [, SMPD4A 5 1 #l 22 lk i A= B 5 47 & (1)

YEFRF AP I A B 5C R,

EMEEE RIS S A A BT, PhEBEZ
[FIRE R PG S OR ST D fE . T 0 AR (R
FREFE )M B TR B 9T, AP Wt i nt 476
RAE BT IO R I AL HRT DA S iR A B SR A
A (phosphorylated glycogen synthase kinase, pY GSK)
FEAER, f pY GSKERAEAE AR BEET B ) 2 A A Th iy
PLARR 2 A s sh 47 6 BP0 R & il
Ml GSKX T T 4F B E o B2, Hosd iR ik
T A R 4 B A5 M AR E 1, R I A
A X L AL ES 6(histone deacetylase 6, HDAC6))
TSR BT . PREBEIZ )& W, &%
AT B KL FIZ TS, pY GSKIKTFFEAIK. [
I, BIF SR AT G KO 1 5 400 ) o 28 Pt frig 22 300
FIFER A BRI, Bt oEN pY GSKIF 11
AERAEFIZH).

1.3 #EhE

B NG 2 B G ot 237 AOE o T IR 2, T2
AT HMRES, Z 5@ MRS S S I
BN ) T W i 20 1 A T TR BB i IR
(glycosphingolipid, GSL), ‘& 7E4H H i o & 18 715 4
AT SAL I AERF TS VR I B o 4 i 72 40 Jfa st o
B A A Ih e 5 ¥ 2 AR BEA B FE AR oG . AR
2R R AT BIOA BRI A (Iysosomal storage dis-
eases, LSDs) S A IR , 1X £ 95 & th T-HE NG %
Fe T R R 5 RS A B A, R A VA T A R A A
IR T, FERR A N S T R AR .
TELF B 2 T B, BE G B 3 5 AN a2
PR R MK RN R —. ZEE R M
DL B 1 B G, R A BRI RN 15 5
Dife e # ST, 2 REAmIEER PC-1
M PC-2RAZ 38, LR B NE N B B 2 AN TR A 22
i, FF TR B, 22 3 B A TR A SR 4 i R
KPR35 TR, G i RE G i (glucosylceramide,
GlcCer) R L K 1 IE (lactosylceramide, LacCer)™!,
EZ R, BB AR R T R 52 i i Jog A2 AN
B BT, B AIPC-21) hRg, fil Ak ZE MR A%
AP, e Ah Wl BRI W] BE i 5 0 2 B AR A PR
Tk (epidermal growth factor receptor, EGFR)%5 (5
TR, (e S IR RO A KB

PR TR R TR G, T AR e FE ) v B
FBH 5 A RIS HERA R, HTH4EAED)
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W, AEEEA ORI 2R, IR EEA KR
I P 5 e AR A R AN ke Sk 38 1 B 8 1 Sk S 78 i Mg A
e — AN R 7 B 9 R A A A IR
e RIHER P, RIS R R S (B Y R —— 4
ZVEFRRIIREAAAE . XL AR (1,75 rT DAAa e
HER 23 A B R ES W, NFEMES
MY A EE R, Kk, 4B LPEAE T A8
FEARRIGTT BT A G5 I R 2 B T
1.4 RBEREE

FIFL ] 2 A B i o 11 A A 20, E DU AN A
(PR §58 2R V2R R, 33K o 35 g e 75 L i e s 0 0 s o
S a A e A BAE A . IH AR B A — AN Bk
M S RIS K (PR B ), XA A5 B LA P SRR
B K SV RECTE B N AE PR (P 2), TR 4y 7 T
Al LAS 7K F AR EAE ] o JH [ B 23— <P >
ghfey, dd A ] AT DA A M RS e 1, FE
MR BN, [ CRFF I A& S W, (A
52 B A1 A B AR A0 R 52 T ] I A D R AT

K/
iz

Extracellular
GPI-anchored

BRAEMI, £ AN Huh 740 b, JH 5 g i
% Rab8FE i o] L RIS iR AT B R A 574,
HEFZRE A PC2AS —ANEE B LA 45,
JH [ BEAT AR 4 7B,27- — F8 3L JH [E] BE (78,2 7-dihydroxy
cholesterol, DHC) 1] A L 51 &5 M3k 45 5, FEnl 2
525 ¥ b BE208 FI RS8 1 /N B B AR IR Hk 2 A0 L
PEFT, A5 PC-2/3E - (A Ik, DHC/Z 3% PC-27F
JE I AT 7 IR T, HPC-23h R A 4E R 5 1,
4, NELE EEXS T HhiE 5 30 % 0 i Sl 3 5 2
YEF . RELE BT LB $2 5 HhiE 508 56 1 ke 2R
HSMOZi &, 5l RN, WMEGESMOE E P,
SMO EL A5 2 N JH [8] B e 4k 45 45 47 225 M3k, B dE
& IR IR 145 #4938 (cysteine-rich domain, CRD)
DA J% %5 i 45 #4458 (transmembrane domain, TMD), LA
J: CRD5 TMD  [A] 21 )32 43 &5 14 35 (ligand do-
main, LD)P¥. H A H[EBE 5 SMOM &5 & m DLk 4
B AR #0 ) B BFFLER B, Patched-1/2 53— F B A
ZAHE S I BRI, REWS PR

Glycolipid

. @ . Caveolin
Palmitoylation
_ Myristoylation J
R N
Matrix .
Lipid rafts

Cholesterol ﬂ Sphingolipids g Phosphatidylinositol

Ethanolamine phosphate

2 A

PR R R IR

ocooo Glycan

Rl JIE RN R AR A IR X, X 4 X 35 F 55 8 T (sphingolipids)  JIH [E] B (cholesterol) « B i (glycolipid) » 75 i £+,

PR A 2 AR, L N T AT ELAE Y, b IR B B R 454 e SR AR s M R e . MR AL T IR T4M2, A BT IR R AR S5 i e e
P, IS SARIRBIAE S5 S, B VIS, IR 05 S BRI RRIIE S A, %28 & Al AR (palmitoylation) 5 A 5 1
i (myristoylation) &, B85 45 G LN b, olm AR R B A B 2T BIE B, Z N E 5 .

Schematic diagram of lipid rafts. Lipid rafts are membrane microdomains enriched in specific lipids and proteins, containing sphingolipids, cholesterol,

and glycolipids. Within lipid rafts, ceramide serves as the primary sphingolipid, interacting with cholesterol to maintain the structural integrity and

fluidity of the rafts. Glycolipids localize to the outer leaflet of the lipid bilayer, contributing to raft stability and participating in cellular recognition and

signaling. In addition to lipids, lipid rafts harbor membrane proteins critical for ciliary functions. These proteins are tightly anchored to the membrane

via palmitoylation or myristoylation modifications, or through GPI (glycosylphosphatidylinositol) anchors on the ciliary membrane, and are involved in

cellular signaling processes.

E2 BERRELHSEM

Fig.2 Lipid raft structure and composition
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(¥ BE [ 7K S, 9 DA ) SMOER [ 3G 150,
Hedgehog(Hh) #4211 FH HhT A& 88 (&34 15 S ik
PR N - A Al I £ T C- i L 351 A A F49 o T3
TR e Hhg — Bl JH [ e LA 40 1) 2 1 g 110
Hh ) H A B A0 o0 F 2 (B /- A D e G 2. ik
# Hh# A5 Patched- 145 & 22 B 1E 5 P90 AR ] 5
FPEAC, MTEER Patched-1%F SMOFF | €2, JH
A 5 — ol 2 (1 CD133 (B4R N prominin-1)4H
HAEH, MCDI33E M T-4F &, #iMCD133id 5
ADPAZHESEALIK F#£ 55 1 13B(ADP ribosylation fac-
tor like GTPase 13B, ARL13B)fIHDAC6%54F F 4
MEAER, ML HEREER. A, CDI33[H
Y828 s (B A T LU i H 5 PI3K AR BLAE
TGS T BN AKTE 55 50,
1.5 BERE

A A — YRR I AL X & P JIH [
Wil . /NE R M (caveolin) MUBE FE T M BE LA (gly-
cosylphosphatidylinositol, GPT)4Hi 72 & 1 (K2). fg/R
BT IZAFAE T, A 5400 i Ah 1) P 145 5 4%
S, AN . AT SRR, BERAAE
2F BN R E F R AL RS
B S R R Ay, KRB IR O — KB
WARETRR , XA EMTER SR ER . FREM
SER . TR T RREE I AEAE A B T e S At 4
(AR E ) B g5 A, PRIENR AR B o IR
F — PRI ] M 437, P THD 45 1) B8 4 b SRR T R 43
T2 BB, MRl S i e R . b
HE AL T i I3 45 188 i 0L 0, W3 350 43~ ) 4 i 4
W5, Z59AEMHRG . FRMESES. BT
A =10 A N =1 e B e S N R A s = Dol A
Bl InNGPI4H € & e ALAENE R, RIERIETE. 15
S PR S FRS S S R N A
@, s, — 25 55 35 n] DUS S SRR AL
(palmitoylation)F PRl 57 5 B4k (myristoylation) & i
FEAE NG AL b, IS AE AR AN I 58 T 8 i 5 Y
ZiGRe ), R T BRI T RIRE, BE
FITAS 5 1f e,

2 JAERESAELEIEERD

21 B R G B R 23 (K B A XS 21 B T RE I 4k
FREREE, FBIEA AR RE T LT BIREK)
PIBRRE, s EA IR SRR IE IR, 02 5 T 48

MEMESHESERE. FEBNIRRIELIZE £
PR 2% (LS4 R . R B B B B Ah SR 855 11
AR . I R R B AR, 4H M RR S
BRI BMAL. REERESESE. BEW
RE TR BN AS A4k, GnpE s 0 AR REUGHRE AN, W
HAEDRERELMA BRI R AEFETIME, flinZz
FE 9 R Bardet-Bied 1255 fE . IX R, £FEEAE R
FI 53 FRURE 6 R 4 2 A0 PR E 5 V5 3 (R 78 o HL B 2%
.
2.1 AERFEMEMRIIZFNELRDSTN
FERELEE TR LR PO EER
CEP164 NG E A, B RAELTEFREGAE
TR kLB B S5 . T CP110, B —2K45 0
B, TR BN O R 32 v A B 4 BE S 4R 4T B
[ A 170, CP110MI B R i 48 2 — /2 B Taufl &
£ 1 B 2(tau-tubulin kinase-2, TTBK2)# /5
). TTBK2A & NIETCEP164#7 Z4E 2 Fhutoki
TTBK2#1 CEP 1643 &4 5 P14PAH HAE FH 1) 18 i 45
AL, TR B4 & 22 IR TTBK2/CEP164 &
VI BT s TTBK2 ] FR O AR FH 52 5338 FE4F B KR
AR FE R, PIAPSE AL T ks, B IR 1L N P1(4,5)
P2, iX {13 CEP164HE W T 440 % TTBK2, M2k
CPLIOMH OB o A% B, ST AT B FELT
B, PIBK-C2oth KA LEIEH . PI3K-C2a2
PI3KF IR, £ E A1 577 4 PI3PAI PI(3,4)P2.
PI3K-C20Z5 T Z MMl #2, AN E. AL
KABARKR, PI3BK-C2o & 4 T WA B+
oA JE Bl BG4 N 44 (pericentriolar recycling endo-
cytic, PRE)AHARIX , M7 A 0o i BBl 7 26 4 2 1Y)
PI3PIX K, k4 PI3k-C2a%> S50 PI3P X Ja ik 2, [H.
15 Rab1 il i P AARDE IR 22 A0, 3E M BH 1E Rab87E
E R 5EEE, WMAER 3 EE A WSMO
FIPC-2)I M £F Eizki. W70 /N AR P PI3K-
C2olFlJREE FHh K, 2 334 B KA 7% S Hh
FoMRIEEE S, REURBAE TH10.5~11.5KR
T3, FEBRZ PISK-C2af 40, #MJE K 5 PI3P
KPR W S0 4F B B FF G HhE Sl g . 4%
TRAELGTAEKISE T, INPPSe: 5 K HLL iR il
B[ EE T A . WEALR B, TELAOR K E 1/ BRI 5
JE& L FH 22 JT (ol factory sensory neurons, OSNs)H, &
PR R 2 INPPS e 51 i 241 6 1 Mg e UL IE 1) 58 37 49
A, 5 EUET B 3 Ak T 5 e ML i 3G R 0473
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22 AERBERSNAEES)

g 5% B - BRI Rt — N E R R,
WRZ P ILE . B, TN B PUE
T RIERR N, X0 4B S E 0SS AR
B DIRE R OCEEL . Flan, B 50k LR [ B 5 2
N A BRI, TRt Bissh"s . HIx, B
NEBELEE S HACH =2 5 W5 40 B NS 5 1K
F5E o 5k i T LI A G 1l TR A = 4 PR AR 1 467 el %
Tl Tt I T JUTL e 1l 1 7 [ F, s J 8218 R T (voltage-
sensitive phosphatase, VSP)]/™ %4zl . VSPH] K
PI(4,5)P2 L WL N PI(4)P, FEAIR 1 JBE_E (1 P1(4,5)P2
Ko PI(4,5)P2 R/ ELEL IR PI(4,5) P24 ASi ) 25
FIEIE G, WIS 2 BRI, [FInF, #E)0E
AU P24, 0P 28 T i o G 6 1) 4% 30 Dh g 28 5%
N, (FTHERE SRR D EHRBUHIRMENIZ S
B8, AT A S e S LR R AT AR D BRI S, JF R
P2 Tk e A 52 G B IR R 7K, DT PR AR 1 3 6 1)
E5hae

3 AEBSAER
3.1 BfEEEREGEHE

B it B 4 [ 25 5 {iF (Bardet-Biedl syndrome,
BBS)& — M LU IBATVER BT, 2 48 0T A1
JIEN FFE R ZF B0, & WALMBE . K. AEE
WERENAEBRERT, FRKAESEE S
[REEA1IE R 1 E & 1K (Bardet-Biedl syndrome protein
complex, BBsome) 4L 3% . 2H BBl e A sk b A <8,

BBSome & — MR N\ EEEHE G4,
TN o RN 41 i B 3R AT 4r R0 E f7 . BBSome
i it GTPase ARL6( X H% BBS3 ) 1 55 3| 2T B _E ),
BBSomeH ] BBSS WAL B #2545 &, BBS5HU
TS BERMENIRE S & 1) PHES M3, nTR B4 &
PI3P, {H 7] 5 PI(3,4)P2. PI(3,5)P2. PI4PFIPISPK
AR AR AR FHEO XM AR BATE X BBSome 5 i 45
HEREE, WKL, ARL6AEE BBSomeZE 4 31| g
A b, LE R A I N B e LS B 2 i BBSome
(1) 75 & 51 BBSome I i i) 5 PI(3,4)P2AH H.AE F B
AEFHEX, IR E s BB S, R
1M, PI(4,5)P2 A1 PIP3 i e] i 5 i I X A ZH i, DA R
S5 517K F- (R0 AH AR At AeT 3 B0 X 5 HO5E
FEDhReRAT, HETMATE . B
FhACHE T, A FLHRIE , —LEfBAH OC 8L 1 7E BBSome

BRI E PR, g NEEF D(phospholipase D,
PLD). [l %5 F(truncated hemoglobin 1, THB1). #£
RIR/ 75 2B 5K Pl (serine/threonine protein kinase,
STPK)Z5 84 I H bbs4(BBSomefi 25 245 4 )£ F rfy
N3 20 Rl A2 A2 Ak, PEAE 9 PLDJE AL 30%~50%,
T AR 48 01 20 500%, H- i AN H- s m 1 i 3 =
%, HEMZF 6 P IR s e AR e e 416 DR DR, &
FUAR R (R e PRV 25 B9, R IRSZ 2% 1) OS2 7 JE s
R4, BBS14 /2 BBSome s I H A&
F—ANEE, BBS15E7F S5 BBSome ) fE 52 F §411
WH9C R I BBSIRAL 2R OS R I g AR 7S, 933K
JIEL 5 s B i o SRV I A B ik AR IEL [
S R R, AR S AR A b e BRBBST S, OSH
BT RE MBS, Bk 4, s RILOSH
TEAE BT G B R WA BRI 454 . 18 7 B 4 fa A
HAN /NG ol R I BBS 19875 £ i OS HH JIE AF 26
AR ARER B, T R L B AR R AT e T
WA AG, WIS T OSHIZhAE. 45 F, BRI
ESE T BBS1/BBSomeXt OSH g AER (4 i A5,
715 tHBB S i 1L i S5k 5 PR AL )56
3.2 RIBFFHESEIE

HRAARFZEEAIE (Joubert syndrome, JBTS) & —
JetoRRa ks e . ML, B AR, EHE&. K
iS55 B 41 B R AR B R e 7, I PRI R IR
el ANl AN | Tl B R ey 3 AN 1|
WREAA N AR B E 7] LR — MR
(/N TD 53, 0 n BB 2 (R TR A o b A7 6 R R AR
N PR RS, AR MRS SR A R T
LA ZF8 W . 20094F, JACOBY Al BIELASS Bk
I INPPS5eX: K 2245 5 IBTSFI MORMZE &5 41 J§ A 21
BIRGEEIEH %o INPPSext TAEH AL SIER K
FEINRE 2 K EE, mLBRE . 2 5Shh(s
SESUN WA ERAMZEE . FEURREE
FHUBTS— R YN BIRIEIR

BT INPPSeZ 5 i JIG WE LR A, XA AT
VAN TR 3 1 R WL RS AE W 2 £ .45 5 1 715 P i 22 22
P o INPP35eXk K 9 i 1 A ot JUL 2 1k 1R g i 470 A2
PI(4,5)P2. JBTSH:3 (K] INPPSet K A5 4 v 78 5- T
TR G 5 AL 3k P, B S sz T IS, 33T IBTS
EEG AR A (K P1(4,5)P2FIPIP3 7K T~ I 2 BA 92,

MORMZi & AE IAEIR 5 TBTSARALL (an 4 /)
B AR S IR A R, (HIER I H IBTS AT % A 1
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I ARAFAE , WOAERE, IR MORMEZE A 1E M A fiE I 34
9 IBTSTERE 1, MORMZE S E i) 5848 3 K 41, 45
INPP5e, %5378 S HINPP5e ) 184 C-Sii 2 ke Bt
%K, HrP ST 4 B A B R E TN CAAXKEF .
CAAXER K T3 INPPSe iA LA B AL Y. EAR
MORMZE A IE 5535 1 PN INPP S e F 3 I B 36 14 75
ZRm, (HEAREEL B IE® RIEMERG = E
B AE M AR RN FEUS AL , R T 4B 0
NER MR FBARBER IR R —.

3.3 IRENBLRE1E

AR i ' 25 & 4iE (oculocerebrorenal syndrome) /&
— PP LI XS RV, IR 2% G AE
B EANERA, IRRRIE BRI A
B, HOGHR . WUTE R DK N A E, B A2
BT 2,

MR B 22 A AIE FHOCRLIBE R 578 51209, i |
LB AR BT (1A . OCRLER [ 42 — P AL 5-1%
Rk, Aefs/KEPIP3. PI(3,5)P2/=/E PI(4,5)P2. PI(5)P
g . HFRURIHOCRLIEM MR AN, mR
2R YEGH M AN B N AR AT B e AL, R
. KM BAERITHAE, OCRLSA: S8 4F Bid JE X
PI(4,5)P2 & & 7 i 3 5, FENLFBINRE R AE R, Tk
Se R MR DERRRS B TR B IR ARG 27, b Ab,
TE /)N BRI i 1 &3 AE A Y 11 P 2 4 4 i Hh 350 W % 2
KR PIAP & & T FE A PI(4,5)P2FL R IR, IX K
OCRLEEH 5875 5 3 A IR i 1 235 65 AELEAS [F) 4 o o
Al e BA AL T AL o
3.4 FKEEHE

FRIK A 4E (hydrolethalus syndrome, HLS) &
— i G R BRI A B, FLRRAE R B ARG ) LEK
AR )L B B AR IR ORI 248 I
O TR fi 2R A Tk R R R RS T K 2H 4
MrE Rg, [FRE IR K B BAACE IR BRI
LW TIIIhAIE K T g . U R B, HLSH R
SEHIHR ORI A HYLS 1B 5] 2 U, A IR LA
WG PIPKIy#Y HYLS 143 S 2 4 B A5 . (B4 B4
B, HYLS L@ i 4061 PIPK Iy B — 2844 111 5 PIPK Iy
BOE , 4k PIAPA: B PI(4,5)P2, ik thth A PI4P
IV FE , (R HE R 2 2 0 B AR R IR SR
AR HELF BT AR 10100, HYLS 1A A AMGE i 0%
PIPKIyE#E4F BA K, 38 1E [R5 HhE 5 8% . 78
HYLSIZZE AR H , GPRI61ANAE IEH B ITFLFE,

HilHWE Tl . %45 RRY, WA HYLS1Z
—AMhE B, BB BUS B PIPK Ty, 4T
BNEFURAR 2 41 B 1 A O 4E R 41 B A5 5 1A% 1%

HYLSI TR ZANHABRE, SEEAANAZ L
B 22 e, A O RLAE B 1 T g B ) /G
E BT 75 1, BRI HLS YA 2 ™ 1 4 B0
3.5 FIRYRLEZEEIE

PEIRYENS LR AAIE (Zellweger syndrome, ZS)/&—
Fhws G ARBR MR BAE 0 , 2 A2 i SR AL D i A
Gz HARFE AR i . B EE RIS 2],
BRI R . KB IR T Ih RS e R0,
J& T B — e,

BT EIEE RN RR AU R4 R H A5 1R Th
Ae. ZSHEAE TN, B IESEH i S AL Vi 4
Rk = FEE DT A 32 BHL, JHE B A 5 8, B T
SR R () 8 A Thae st , Jeix P52 m 4 5 %41
SRR £F B R Th g . Bk, A R
72 A R 200 i ) 5 ) (4 2 I ) P T S A
g5e WERMEWIRRACH 7%, BRSNS 215,
SR REREAT U 0 LB AE ML AE P 5 R A Sk
A RUHE R, IR 2R ROREERE AN E
SR T AN A B SR 71 ST B = R A e 2N ]
o i g A R4 1) 200 i A L [T B P 3 i, T ZS AR
A HH T R e SR A A A 2 I T AR R
KA AE [ EE S, IEEEN, SR ARV
#8315 27 48 (ciliary pocket) AR XS54,
PR RE A>T R 406, BEJG N BRI, T
ZSEEHEMMP) X — L FRERERTE, S T4 EES
AHE B AKCSE BRI, 52 T4 BN HWME S-S, &
BT EBEYE . AR ST BRI,

4 THEFIRE

21 BB 6 IR R 73 A2 2T B R 1 AR B T R 1 2
fitio RFE AT BAR UKD & AT E A B R E
J, TR 52 H R AR E 6 St — 2B e T IR R
(KI5 A o Hi o I 22 1 237 AR 7t A AR I e 3
e v, IR E AR DR 55 5.
PRI, $R TCRESRAN & A KA LA R 4B 4T B I
THRESR BT 1 Lk

FERARXT LT BIIREM T BIRHLEI R R, X
TLFR AL RIEMB T AT DU =5 )T g —
JT, AU R BRI TR ROR T LT B R A
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WIS, 2t — P4 7R IX 287y 1 5 iR B A A
{2 (6] S5 4, JE R AR IR A A5 R AT, AT B
AR A0 A2 PR fE DL K A B T BE AR LR 1 T 2
Ao IXAMYAT BT BRI H AR DR N LT B IhRE,
I BE NI U B2 R B R SR LA 2
AIRBEH LA A R TBUR A T
B, o ik S g ey S BT BRI AL, TN
R LTI B AR LR SR AL AL . 53—, AT
LB FACH I SC R, RZNE ARS8 1
B IRANIRRE BRI i) 2L
Thee, JFRTBN IR 258 B sirh 78 T Bk
TGRS, T B AR AR D9 £ B Th RE AL ik IR
MR, DA Ria T SR AL I B B A s . e
BB ME N SRR A7 i e R A
B MIhRE H AT A&, (HHR R W
H AR S5 i S AT Re A AR B B RO LR,
A RER A M 2L AL A AR FUAT BLET X A
FIDIRER E LRGSR, R THRES & SR T ik, 18
PR 5N R TR AR > M Eh e, e B £
ZH AR AT R T A .
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