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Abstract

are widely present in eukaryotic organisms. As the “antennae” of cells, primary cilia participate in the transduc-

Primary cilia are microtubule-based membrane protrusions, locate on the surface of cells and

tion of various important intracellular signaling and play a crucial role in the development, differentiation, and
homeostasis maintenance of animal tissues and organs. Therefore, defects in ciliary structure and function lead to
various organ pathologies and trigger a series of human genetic diseases. Cilia arise from the top of the mother
centriole, but the molecular mechanism of ciliogenesis initiation is still not well understood at present. The ini-
tiation of ciliogenesis primarily involves basal body docking, removal of the centriole cap protein CP110, and
formation of the ciliary bud. This review aims to summarize recent advancements in these three areas, offering
references to enhance the comprehension of the molecular mechanisms underlying ciliogenesis initiation.
Keywords  primary cilia; ciliogenesis initiation; basal body docking; ciliary vesicles; CP110; ciliary bud
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tyrosine kinase, RTK)fITGFB/BMP/5 5 i 4% %%, &
MHRBERIRE . RIS YR b R
BAE Y, R, 2B S5ThRer 5% w gl K —
ROV E HRAR, 1 NE bR M W) 24T
AYUENMRZ A E, KR R8s %
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P B BRI, H D Re AL S EBURMES; 11
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£ FH H 0 R (centriole) THid SE R T, gk
FEREACERE v i AR S DY, 32 B H5 HE 44 (basal body,
BB). idJ¥[X (transition zone, TZ). %% (axoneme)
4 JE (ciliary membrane) DY #75o HCokir A2 4T
o 20 2R HLOMA (centrosome) H A% 0 2H
Ire AR E P kL, Hr— A2 B
(1) (older), 1 A5 MR 1 HCoRL, B PR A B
$iI (mother centriole), 1M % — AN B FR N H 0o ki
(daughter centriole). B} Aok (3 b A HFFH
) Y. 37 it i i 45 #4) (sub-distal appendages )izt vt it
J& 4514 (distal appendages). £F BT 0 A K4
EAE A 22 I A E B R . oL, AR AR
BB, B CoRL i HRR A AR 220 i i e 45 A i E 3
21 B HE (ciliary vesicles) BT I I, BEp O L
A B AR, I i B 425 4 ) e Ab R 41 B 2k 5
(3L 3 41 24 (transition fibers)!'"; B S5, HCodL T ity
825 I CP110% £ BR, T Gl 15 DUKE {1012, 432
%, 7£Rab11-Rabin8-Rab8 5 54K/ 3 Tk i
B, RN X a3, B AT &5 (ciliary
bud)!""Y; %5, FEHEE A 18 B 54K (intraflagellar
transport, IFT)1EF 40 & 22 FF G e 1, TRk
AR UM R RA TR A E . CP110ZBR &
T BF R R AT 2708, A R 4T B K
AR > T LR S

1 EA{K$#E (basal body docking)

FAE 20128 604K, KB EFKRD & (So-
rokin)if ik HL ¥ B4 R ILATF B BT 1GE PR AS [
FIEEE ). —Fh <4 fufh A piig 12 (extracel -
lular pathway): £1-6 7 4 i 5T 36 11 Ak, tiAb i) b
Bz AT R AR J7 U AR A, BEl
WA e B BT b, I B4 BT IR 1 5 T 4
Mg AN AR BG& A% (intracellular pathway):
F RSN JoT NS A7 AE T H 40 R BT PN B T B
HI4FE H 48 (ciliary pocket) T, FiET 20 4 i AT B] 78 5
A0 H 2 R FH A7 OB A B U fEiZEE 47
BIE G T BE 0ok 5 £F B 32 (ciliary vesicle,
CV)MIEZE &I, fEIR I, Bk, A BRaTk
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i, %%, PCVAE EHD1/EHD3 & H I 5 F b & il
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vesicle, DAV)!''"21, PCV ] G SR T 5 /R AR B F
TN . FELFBR ARG, PCVIFAALE BEH LR
T SR, X LA A Lo [ B A e AT 2 —
A IARZE . BESE, IXEEHT AR /N AR BE ORI TH 3
A RN RIICV . BiF 7R B, WIERE 1 Va(Myosin
Va, MyoVa), — il iR ) 731 ik, fEPCVIA
HH LR T R 38 i R R FE O E T P2 455 MyoVa
() PCVZE4H i 51 30 71 2 1 B 3K ) R VR Tl i i 2
kL L, AR5 AE MyoVa Rt 4E F R i A o AR B
2 By B X 24 08 3 i 1) B 0 Rz g P 4 A b 2
BAR A 7R W], P27 /CDKN 1 B[4H i & 1A 25 11k
H5E U (cyclin-dependent kinase, CDK)#I] & 4
Cip/KipK G it 125 7 PCV[a) H O T i i
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D4 g 418 1% (extracellular pathway)”: £EH1 0ok (mother centriole)f 52 Fl /i I (plasma membrane) b 4% ¢ N FE & (basal body), Fifi J&i H T 1 -
FEHCPLIOYE 22 Rk, fE 15 DA, £1:BE 25 1L % X (transition zone, TZ)HI4L%%, 4F B 28 MR IR T 9 H, 2R )G 75 #i B N #4518 B & 1 (intraflagellar
transport, IFT)IEF T, £F B2 (axoneme) i —5 1. @“4H I P41 4% (intracellular pathway)”: TEMyosin VaffI/- 3 ~, £F B2 7T {4/ (pre-
ciliary vesicle) #4125 B 1) U J] [ 45 SETE B hoCobE i izs v B B 4544 b, B JS, TEEHDI1/EHD3. SNAP29. PACSIN12%5H HBIEA Fals
T 4T B B ciliary vesicle), $e5 HhoL R TR IR 7 8 FAICP110KE £ 0%, B8 13 DUIRL L IE A, MTHZAAZF B 2E I . CEP290. DZIP1. CBY-
FAMO2%5 5 FITELF B I i R A SR o 21 6 40 B0 il o S 7 U0 4 B I O e A O X (K 2 2 P R 0EAT . Rab8 /5 5 7R 2T B R
HORIEVER . BEJE, TEME R NS A INER T, R B2t — P . JR)GE, Bk BUBLT RS, SMUEI2F BEIE M (ciliary sheath)5 B Rl &,
SEINAT B S BB R, JRIG A TR 4 b2 ]
(D Extracellular pathway: the mother centriole docks to the plasma membrane and transforms into the basal body, and then the distal end-capping pro-
tein CP110 is removed, allowing the extension of microtubules. Subsequently, the TZ (transition zone) assembles, and the ciliary bud emerges from the
surface of plasma membrane. Finally, the ciliary axoneme is assembled via IFT (intraflagellar transport). @) Intracellular pathway: preciliary vesicles
are recruited to the mother centriole by Myosin Va, where they subsequently attach to the distal appendages of the mother centriole. These vesicles then
merge into a larger ciliary vesicle, facilitated by proteins such as EHD1/EHD3, SNAP29, PACSIN1/2 and Rab34. Following this fusion, the distal end-
capping protein CP110 is removed, permitting microtubule extension and initiating the formation of ciliary buds. CEP290, DZIP1, and CBY-FAM92
is critical for ciliary bud formation. The formation of ciliary bud requires the coordination between the formation of early ciliary membrane and the
assembly of transition zone. The Rab8 signal axis is involved in ciliary membrane formation. Subsequently, the axoneme extends further via IFT. After
that, the basal body migrates towards the plasma membrane, and the ciliary sheath membrane fuses with the plasma membrane, ultimately releasing the
cilium into the extracellular space.
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Fig.1 Two pathways of ciliogenesis
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CP1107E 1o T H CooRL (1) T, A 9 & — Pl i
THEA, HETEHZIE R OR R E, E4E
T B FE IR 46 B B, CP1107E Bk 25 B A fig fii
ORI 1S CLRE R T BR AT B 2253, CP1107E 0
s T 5 () 5 37 52 31| KIF24-MPP9-CEP97 & & 1 ) i
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*(E2). ZTFFREY, 2 RN FHE AR
fif 142 A4E CEP97-CP110ME 7 = A4 1) 2 B v i 454
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REAE A T 30O IO 1) 3 B O ARl T R 9 5 A
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b, BET# R A EER A . SHENZSCUIRIE T4z
FEEH S AW LUBAC linear ubiquitin chain assembly
complex) ELHZ 8 7] CP110H- AL L2612 AL . Bl
J& , AT BEHCRLIZE N 1) BT mRNABY #2257 PRPF8 L
CPLOFIZ Mz Z B AR, HFedt CPIIOMEEF 0
Ki ERERR, IR ZNAFEIE L. IEA, NAGAIZES 4 iE
7 cullin-3-RBX1-KCTD10E &4 2 /-5 CEPO7F#f# )
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WIE NS T 7B (1 4h, 75 SHARN Go/ M FR ks m LA
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A2 B F R B KT R B B AR .
il SCFoin 'z Z & H: M 2 A5 ) F1 EDD-DYRK2-
DDBI1Y"*" & & Wfe 8z %1k CP110, T USP33 2
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HFEH I CP110/K 555, {H H AT M AE e 1 5
FEGY/GUHCPI10M 2B R FEAE o BRI, AT 7T

HERC2. MIB1. LUBACHIH Az Z&EFHFTECP110
Z R LBR R B R R MG AR E A L

AL, LIUZECOR L CP110R) 254t m) DL Hy [
ISR . AR I, NUDCD2/NudCFE £
F12(NudC-like protein 2, NudCL2){F A—Ff i A i £
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T &R B R G UPSHE &R, 123t T CEPY7-
CP110/)Z:Fk. {HEMPPOMIEIERLIF I AN 4 E . 1
HWFFiR M, Enkuringh #3835 1 1(Enkurin domain-
containing protein 1, ENKD1)Ag# 18t 5 CEP975 4+
454 CP110, AT AR Z S S EEF RIS B o
— H ENKDI1#t% , CP110-CEP97 ({41 H. 1 F I &5 2%
e, A CP110% B E BEFHCoRLITT TEiE A Bh4F &
(P23, T mdbR CP110W] LR 2 10 % ENK D15k 2% 5
L F B R P 2, 6 A $RIEFR, Neurl-42& —Fh
SEALTF ORI CPIIOM EAEH & E, TR B
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3 4FEZ(ciliary bud)A AL

2F B BV AR O R AR B T Y S, B
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rier) &M B4 BRE AR H . K E 500 R 2
A A R, X FE B MKSE S
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TMEM237. TMEM218%, NPHPE &£ B &
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FELRL IS, KIF2438 55MPPY, i /5 MPPOill i 5 CEPO7I B 4% 45 & # CP110-CEPOT R G S5 B rfr b (9 T . CP110RI Bk 2 56i&
7o i FEAMPPY: A7 1335 it % 451 [ CEP 16430 35 TTBK2, TTBK2EIRIEMPPY, (ki 34K (1B 14 3R 48 FRARMPPY, 3EiT i CEP97-
CPIOKE & A I, @iid FEMCEPYT: cullin-3-RBX1-KCTD10K & &1 NE3EHRM N S CEPOTIIFE AR, /ECEPIT-CPII0RE &AM LR TR
FEAEH; @I SE 445 & ENKD LI 5 CEPI75E 4+ 45 17 CP110, MTIZECP110M 2Bk, @OIZ H—E MR R4 MRCP110: EHD R Lok
fSHERC, B JFHERC2XCP110MEATIZ 2 Ak, i (1 I 4l 5 (1 BG IR B A%, LUBACELEL A CP110JF AL L 27 F AL, PRPF85CP110M¥ £k
PEIZ RBEA AR, JHERECPII0 B Lot RS BR; SCFoe™ 2 IS 2 5 ¥ A EDD-DYRK2-DDB1VprBP & & Wit #5712 3 ALCP110, M
PR O AR AR A R T A CP1107K 15 Neurl-4tH A8 (2 HECP 1101 5, i & AR A R4, HAAHLHIAE R . © 3 EREMECP1L0:
FEME YIRS, LC3TFAATE BE A CoRLAL 5 NudCL2AR FLAE FH, 55 CP 110 [ Wit B A o

At the distal centriole, KIF24 recruits MPP9, and then MPP9 recruits CP110-CEP97 complex to the top of centriole through direct interaction with CEP97.
There are several ways to remove CP110. @ Degradation of MPP9: TTBK2 is recruited to the distal appendages by CEP164, and then phosphorylates
MPP9, promoting its degradation through the ubiquitin-proteasome system, resulting in the removal of CEP97-CP110 complex. @ Degradation of CEP97:
the cullin-3-RBX1-KCTD10 complex acts as an E3 ligase, mediating the degradation of CEP97, leading to the removal of CEP97-CP110 complex. 3
Binding competition: ENKD1 competes with CEP97 to bind CP110, facilitating the removal of CP110. @) Degradation of CP110 by the ubiquitin-prote-
asome system: EHD1 promotes the recruitment of HERC2 to centriole, leading to the ubiquitination of CP110, which is finally degraded by proteasome.
LUBAC directly targets CP110 for linear ubiquitination. PRPF8 interacts with the linear ubiquitination chain of CP110 to aid its removal from the mother
centriole. SCF**™ " ubiquitin ligase complex and EDD-DYRK2-DDB1VprBP complex can ubiquitinate CP110, regulating its level during cell division.
Neurl-4 can also promote the removal of CP110, likely through proteasome system, although the exact mechanism remains unclear. 6 Autophagic degra-
dation of CP110: after serum starvation, LC3 interacts with NudCL2 at the mother centriole, initiating autophagic degradation of CP110.

E2 CP110EFREID FHLE

Fig.2 The molecular mechanism of CP110 removal
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W, fEW S+, DZIP1/DZIPILS CBY/FAM92
AR PRI AE EL A A2 AR 57 (1), 1 H.DZIP15 Rab8#H
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A% 1 22 BE % B 95 (autosomal dominant polycystic
kidney disease, ADPKD). "B #.{7 "% #5 (nephro-
nophthisis, NPHP). Bardet-Biedl%: 4 1iE (Bardet-
Biedl syndrome, BBS). Meckel%i & 1E (Meckel-
Gruber syndrome, MKS). JoubertZ: & {iE (Joubert
syndrome, JBTS). H —[fl —#§£8 &1k (oral-facial-
digital syndrome, OFDS)%5, 1X £ 15 % 5755 4% SR
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Table 1 Functions of proteins related to ciliogenesis initiation and their associated ciliopathies

LF A RIS YA FL S0P 4 H w5

Bt EH Cilia-related studies in model organisms and mammalian cells A
Style Protein i T B 4 1 JNER, I LB 4 o Ciliopathies
C. elegans Drosophila Zebrafish Mouse Mammalian cells
Ciliary vesi- MyoVa MyoVa "~ (Dilute-Lethal) A plus-end filamentous-
cle formation mice have severe seizures actin motor protein’;
and die before postnatal trafficking preciliary
day 211 vesicle to mother centri-
the cilia-related phe- ole!®;
notype has not been KO inhibits ciliogenesis
reported yet in RPE cells and IMCD3
cells™
EHDI1 Morphants show KO mice exhibit partial Membrane shaping protein; Patient with

defects in cilio-

genesis’**)

embryonic lethality, preciliary vesicle fusion  Ehdl (R398W)

gross ocular defects, and and ciliary vesicle forma- mutation had

developmental defects®); tion®*;

tubular pro-
increased levels of micro- knockdown impairs cilia- ~ teinuria and
globulin in the urine and tion in RPE cells®* high-frequency
high-frequency hearing hearing loss!"
impairment;

male infertility;

cilia appear normal in

kidney!™
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LF AR MRS AN FL S Y an it 7

Bt EA Cilia-related studies in model organisms and mammalian cells iE A=
Style Protein 2 B Bl IINER R ZLEN Y21 . Ciliopathies
C. elegans Drosophila Zebrafish Mouse Mammalian cells
EHD3 Morphants show Healthy and fertile* Membrane shaping pro-
defects in cilio- tein**!
genesis™

SNAP29 KO mice exhibit neonatal Knockdown impairs cilia-
lethality!™*); tion in RPE cells"™
the cilia-related phe-
notype has not been
reported yet

PACSIN1/2 Disruption results KO mice are viable and  Knockdown impairs cilia-

in ciliary de- no ciliopathy defects®  tion in RPE cells®”
fectst™!

Rab34 KO mice show ciliogen- Mediating ciliary mem- ~ OFDS®, skel-
esis defects; brane formation specifical- etal ciliopathy™"
exhibiting polydactyly, ly in intracellular pathway;
cleft lip and palate pre- KO blocks ciliogenesis
weaning lethality!®" in fibroblast cells (MEFs,

NIH/3T3, MCF10A, RPE-
1 )[41.82]
Basal body CEP164 Dispensable ~ Morphants show KO mice show defects  Distal appendage protein; NPHPZ7481,
docking (NPHP15) for ciliogen-  ciliopathy phe-  in both primary cilia and KO results in early defects SLS""
esis!*! notypes: tubule  motile cilia, and exhibit in cilium assembly in RPE
cysts, hydrocepha- male infertility, hydro-  cells!®"**
lus, and retinal cephalus, and kidney
dysplasia’**! cystsl#8-501
CEP83 Distal appendage protein; NPHP®"
(NPHP18) blocking ciliogenesis
initiation in RPE cells"**

CEP89 Essential Distal appendage protein; ADPKD"!
for cilio- KO affects ciliogenesis ini-
genesis, but tiation in RPE-1 cells?***”)
dispensable for
ciliogenesis
initiation™**!

SCLT1 KO mice show defects in Distal appendage protein; BBSP*,
ciliogenesis, and exhibit KO affects ciliogenesis OFDS™,
ciliopathy phenotypes: initiation in RPE cells™  SLS", cone
abnormal craniofacial, dysfunction®”
cystic kidney, and poly-
dactyly*?

OFDI Essential Required for cilia forma- Required for distal append- OFDS!%1%2]
for cilio- tion and left-right axis  age formation; JBTSH0z1041]
genesis, but specification; regulating ciliogenesis Retinitis pig-
dispensable for KO mice die early during initiation and inhibiting ~ mentosa!'®,
ciliogenesis gestation, displaying neu- centriole elongation'®”! SGBS!'*
initiation*®! ral tube closure defects

[97-98]

and polydactyly
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2N SRR S PR FL 3 2R R B 7

S EH Cilia-related studies in model organisms and mammalian cells A
Style Protein 2l Sl B 5 1 N IR SELBh A 4 it Ciliopathies
C. elegans Drosophila Zebrafish Mouse Mammalian cells
C2CD3 Required for cilia forma- Required for distal append- OFDS!!%:10%-101
(OFD14) tion; age formation; JBTS!!M-1

KO mice show embry-  regulating ciliogenesis
onic lethality and exhibit initiation and promoting

ciliopathy related pheno- centriole elongation!'*!

types!!*17)
CP110 re- TTBK2 A null mutation blocks ~ Recruited by Cep164, SCAl#113]
moval Shh signaling and cilio-  required for CP110 re-
genesis, leading to death moval'*?)
at midgestation!"'*!"%!
KIF24 Aberrant cilia assembly in
RPE-1 cells!"®
MPP9 KO mice show a higher Knockdown promotes cilia

percentage of ciliation;  formation in RPE cells"®”
exhibiting abnormal de-

velopment and a twisted

body axis at midgesta-

tion*?

CEP97 Required Ciliogenesis defects in 3T3
for centriole fibroblasts and RPE cells™"
integrity and
ciliogenesis!"”!

CP110 Dispensable Required for SDA assem- Aberrant centriole elonga-
for cilia forma- bly and ciliary vesicle ~ tion®™
tion!'®! docking;

KO mice die shortly

after birth because of or-

ganogenesis defects, and
exhibiting polydactyly,
cardiac abnormalities,
severe skeletal defects!'”
Shh signaling is impaired
in null embryos, and
primary cilia are reduced
in multiple tissues
Ciliary bud  Rab8 No abnormalities in Abnormal cilia morphol-
formation cilia of Rab8a and Rab8bh ogy in MEFs!*"!
double KO mice!"!
Rabll Embryonic lethal"! Inhibition of Rab11 com-
promises ciliogenesis in
RPE cells!'*?!
Rabin8
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Bt EH Cilia-related studies in model organisms and mammalian cells A
Style Protein 2 L 1 N W LB Y4 Ciliopathies
C. elegans Drosophila Zebrafish Mouse Mammalian cells
CEP290 Involved in ~ Essential for ~ Acute cep290 Exhibiting ciliopathy Aberrant cilia biogenesis; LCA!'*),
ciliogenesis;  ciliogenesis  morpho- phenotypes: early-onset early defects in ciliary NPHP!,
essential for  initiation and  lino knockdown  retinal degeneration, membrane formation!'?®)  SLSIM3!,
MKS module transition zone caused severe anosmic phenotype, hy- JBTS!3132))
localization ~ assembly; cilia-related phe-  drocephalus, and severely MKS!33]]
at transition  recruiting notypes, whereas  cystic kidneys!'>'?"! BBS!
zone!'*! DZIP1 to initi- defects in chronic
ate ciliogen-  deletion mutant
esis!® were restricted
to photoreceptor
cilial'¥
DZIP1 Blocking Defects in cilia ~ Required for ciliogenesis Required for ciliogen- MVP!3I
ciliogenesis at formation!***”"  and Hedgehog signaling; esis!"**!
the initiation death during embryoge-
stage["’&l”l neisis®%138!
DZIPIL DZIP1L binds Cby, KO has no primary ciliain ARPKD!"*!
promotes ciliary bud MEF cells!"**
formation;
KO mice exhibit embry-
onic lethal, hedgehog sig-
naling defects, enlarged
brain and polydactyly!™
CBY Required for KO mice exhibiting Required for cilia forma-
cilia forma- cilia related phenotypes: tion;
tionl6:141] chronic airway infection interacting with DZIP1 and
and rhinitis and sinus- ~ FAM92!*”!
itisl36,l4ZJ
FAM92A/B Involved in Fam92a KO mice show Required for cilia forma-  PAP!'*
cilia forma- abnormal digit morphol- tion in RPE cells;
tion!®13) ogy, including metatarsal interacting with Cby!""!

osteomas and polysyn-
[143]

dactyly'

OFDS: H—[i—#§ 43 & 1E; NPHP: ' BA7 ' 55 ADPKD: & Ye € {4 & 11k 38t % 14 2 %8 553, BBS: Bardet-Bied1%3 & 1iF; SLS: Senior-LokenZg & iF;

JBTS: RAAKFZEATE; RP: AL IR (5 245 1, SGBS: 3 1 7 7

PR AIE; SCA: /NP GE S, ARPKD: i o (A K 8 % : 2 92 5

MVP: Z I ; MKS: Meckel-GruberZi & 1iE; LCA: Leberst R 14 5; PAP: Hlij5 £ 4515 TE o
OFDS: oro-facio-digital syndrome; NPHP: nephronophthisis; ADPKD: autosomal dominant polycystic kidney disease; BBS: Bardet-Biedl syndrome;

SLS: Senior-Loken syndrome; JBTS: Joubert syndrome; RP: retinitis pigmentosa; SGBS: Simpson-Golabi-Behmel syndrome; SCA: spinocerebellar

ataxia; ARPKD: autosomal recessive polycystic kidney disease; MVP: mitral valve prolapse; MKS: Meckel-Gruber syndrome; LCA: Leber congenital

amaurosis; PAP: postaxial polydactyly.

BIRRGEIRI 2 TR S % . BArCaimiE 1
V2L BRI RE P IR R S BRA K,
(EAE X BT B AR R AL A R R R . AROK,
I A AT BE 22 B ROk T/ 2T B AL A SR FE AT R
RAEHIR T 5 T D Re, FEE R 2 R A ok
TEEF B RGE MR B, F5 LT B IR B IR L 1
AT AL 2T B SUW LER A AR AT H 32 5T
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