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The Research Progress of Primary Cilia

Zhang Donghui', Huang Ning', Chen Jianguo'?, Teng Junlin'*
("Key Laboratory of Cell Proliferation and Differentiation of the Ministry of Education, College of Life Sciences, Peking University,
Beijing 100871, China; *Center for Quantitative Biology, Peking University, Beijing 100871, China)

Abstract The primary cilia, centrosome-based, specialized organelles that protrude from the cell mem-
brane of most types of quiescent and differentiated mammalian cells. Primary cilia integrate multiple signals into
specific outputs, therefore, defects of primary cilia can lead to a series of human diseases called ciliopathies. Here,
we review the latest advances on primary cilia structure, ciliogenesis and disassembly process, and ciliary protein
degradation pathway, and discuss the relationship between defects of primary cilia and ciliopathy, providing some
cues for the diagnosis and treatment of ciliopathy.

Keywords primary cilia; ciliogenesis; primary cilia disassembly; ciliopathy
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(non-motile cilia). ZNLFEREAFE T LRI
T, 5, AU R A O b R AR, X B 4T
DA YR 2 A4 B0 77 A S ) (L . B AT B XRRAI )
#f E(primary cilia), 524 EAHLL, WIRAEE RN
2 HAFAE T 2 P i R 1w, R B gI R A —
IRVIR A E, AT BEMRINIES 2T, T —F
FIAH RS B2, W £ 6 45 4 RN Th B 1 5 e 2 5]
E— RBIE, 2B ANIE AL AR |
EJHEAE « FF IO RERRAS . 2 48 | M2 R PR R iR 45,
X PR G AR 9 41 B 5 i (ciliopathy) . 48 T M1 £F
B E B, AR EETHEYIR A BT .

1 HFEHLEH

AERMTHMMEL T, LMK ERSH
JL ST A, (H P LS 2 EEIR ZR . B
& (basal body) & VI K 4 B A KB 45 0, Bk
HOCRLAE AR T SR o A AR H 4 AR TR N Gol,
BEpO RS 2 A8 AR, 2 5904t B A K L) RE
WS 2 N 3 Ak S A R b AR 1 1
ZHE . oA, R s, HAE AT
TE R =B G181, W L9t (acetylation). £ 5
B & Wk (poly-glutamylation). 2% % & 2 L. (detyros-
ination) FlH Z& Bt 1L (glycylation) 20 X SeqZifi 5 4
MR E AR . VIRAEEshe BH A
22 BE S5 BT AN IR, W10 4F 6 B 1 b 22
72 FHOZH AR T8 4H ke, B 120 IR el B A
MAE 5B LM K. 2h 4 P00 4h 22 g 245
KA M T IR, FEOH BRARTUE FEl 1) s N ik
AR R, FEAREEAR MR 5% 5 BRI IR T
B EN, (RIS A 2 B e i, A — )
BB RGE B, T — R RS B I 4
EWAFRME. B, XMEW ERER SR
1) 2R Z I I 38 AT R . W4T B IR TH A7 (R
KEAG 5@ B AH R %2 4% H, WHedgehog. Wnt
FINotch!"""%& | 1% 55471 2% - BT 04T 11 T B % ) A
Ko

TEBEH R AR g FE AR (R FE rp, BEA Gk |
THT PR SV 37 3 B Ja8 65 ) ARz s o i S5 M O fg "t &
KA, 43 998 g HE ANk U 41 2fE (transition fibre,
TF). {EHARRFIL BRI 22 2 (A A7 — DRI 45 1)
it I [X (transiton zone, TZ), 1X 45 #) Xt T i i
HHAEMMHERES T EE. W XAERER

Y I 4T 4 (Y-shaped fibres) K % £ — BARGIE FI4TF &
o YRIA Y28 b T A B 7 AR AT B
TR IR 25 4 (ciliary necklace)!™'. £F B G, 4F
M5 20 o R 2 TR) P B TR IR 2 R R R R 41 B 4R
(ciliary pocket)"™(&l1). £F E4EHE 5 4 & 42 4H 77
TeeikEd, 2 54 B RBIE I 0.

2 AEARIBEH

IFT(intraflagellar transport) & 1 77 i #5 4 E N
YR s S KRR, S AR S 4R (A
YA iz iy TFT SR S [ B 02 18 A 11 ¥
EF o EAE RAEH AR ST A
[F] 50 N2 IFTE A RARIFTR &14B, W34 T hE
B XOAAE T ) AR T A B A ) Al E
1 (retrograde) fl 1E [ 12 #ii (anterograde)" (&l 1), T
ORI, IFTH & A 2 5 4 N W) i
WIEmRE . HTIFTE &4BEENFL4ENY
JR ) IE [ g, T AR B A A Th g AT+ 0 &
2, IFTE &5 4BE H K7 Mk & B B A
FHEEW L. XS, IFTE &RAX T4 B 1K
WAL AL T 1. IFTE & RARIFTR & 4ABTE
BN EE I H—Rigs), ERINE S
o E, TR, &F a2 5IFTE G141
K, XIS ARRONIFTHE 8 A, FlnE Ak N
17 EIFT R &1k AME S5 A TULP3RY, IFTHE &4
BIffJB £ 1 CLUAPIPURITTC262%% , IFTH 1 &
B 3k B 1 A RE 5E AT B N (s dn,
IFT & [ 1 1E [7) 32 fin B 5K 30 8% 11 2K 0% % D kinesin 2
B5T, T I 32 46 U ER PRLJSE 31 ) 2R 1 2(cytoplasmic
dynein 2)/- 32 2(E 1),

BBSomeZE [ 5 &4 (~450 kDa){E4F £ W [FIFT
Ha i — iR g %3, ke 45 BBSI,
BBS2. BBS4. BBS5. BBS7. BBS8. BBS9LL X
BBIP10) i 2 N K5 4B FR A # R OR 57
BBSomel) 2 3¢ 2 — AN s A I R H 56BBST
£ MKKS/BBS6. BBS10. BBS12 fll CCT/TriiX £k
AR PR A R A% €, Bl JS BBSomet% 0 2H 71
(BBS7. BBS2. BBS9)JERK, & /5% N f1BBSomeZk
L SR P IR, H | B4 & 31, BBSome
HE 5 DRE R G 2 2 51 AT R A0 ) 5 A e DA
T B 9 S A B, FROR ELAE-HE R 25 A 1k (Bardet-
Biedl syndrome, BBS).
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Axoneme —

Anterograde

Preciliary membrane

Transition zone —

Basal body —

A tubule

B tubule

Ciliary membrane

opeidonay

it

» O &
Cargo IFT complex A Cytoplasmic dynein 2

- O & =

BBSome IFTcomplex B Kenesin 2 Membrane protein

Ciliary necklace

Y-shaped linker
Ciliary pocket

[ransition fibre

Microtubule

C tubule

IR B R ORI AR TR . 2F BRSNS 5 A BRUBEATIE AT B IEE, B2 22 00 . M SR 3 7 8 UM BB R 4 il B IFT R
ik BBSome XL BAEK T MM BRIV 22 A Feis o 28 B RLE D m L Y R 27 Aoy il 22 A 15 20 BARIESE, B AR—TE<hR I8, et i 27

SSUNEZ

Mother centrioles can convert into basal bodies as a platform to assemble primary cilia. Cilia consist of the surrounding ciliary membrane, linked to the

plasma membrane and a microtubule-based structure, referred to as the axoneme. Kinesin 2 and cytoplasmic dynein 2 motors are thought to combines

multiprotein complexes termed IFT-A and -B particles, BBsomes and cargoes along the axoneme. The transiton zone contains Y-shaped links bridging

the outer doublet microtubules to the ciliary membrane, forming a barrier that selects materials into the cilia.
E1 #IRAERGEH

Fig.1 Schematic structure of primary cilia

3 VIRAENRIREKSER

B R, R N A P,
HIRetobE 40 i I p gt R AR AL . 75 40 Pt 7y 2 3
(M), H A S R AR R A 38 A 0 R R 35 45 43 P
HNF- 20 i i iz PR s 7 TR 5 EEAE . 74 Lo ff
KGRI P, BEF oI A, 8 B 221
B RIHIEA A BRTERL, 102440818 B Gollll, ¥12 4t
ELEIRIE
3.1 ¥IRAENRBEK

WA BRRG KRN EA TSR,
Y E N Go I, B O ) R AR AR HR A 4
FKANNATE, S H LT Bl IGE KR
ARTE P TR s AT 2 . AT BB AR 2 2T B g

AR R, B AR BRI R I HLA i CE A R I
RS, R 5 S MR G2, 4 EBMK,
T A — LE 4 B ) A4 7 B 0T N B3R S 4F B
(ciliary vesicle, CV), 3t — B IEffiE K, x4 540
RS . 5 FEIE, CP110. CEP97RIMPPO%% £
B EASE ORI, MR —R
IR A, IFT K G A ST A BN
TR R A ik, i — e R 22 08 I 24T &
SRR (E2).

RE Ay R AR N4 B AE K SRR, FLE5 4
2H 73376 ity B JEB 465 KA/ TR XS T 28 AR o 41 B IV LA &
S8 AL T4 RS I -4y EE 2. CEP1644E izt ity Y &
SMEONEEMA S, GBS S5 IS ) E
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Ciliary membrane

Plasma membrane

Y-shaped linker

Migration

Secondary vesicles I

SN

N .
Basal foot SDA
~< —

IFT particles

—
Anterograde

3 Preciliary membrane

Alternative
pathway

Mother centriole
(Basal body)

T A AR ] A 2 A5 S 1) 40 B R IS Bl R v, Sk 1 s AR FE AR IR 47 B B (ciliary vesicle, CV)# It ¥ £F 4 (transition fibre, TF)FA 3L, ¥ X
(transition zone, TZ)FFUHTE IR ACV, AW i (secondary vesicle) 5SCVil & CVIE K. i, CVERIERE . dFEAM— DAL
WEIFT/BBSZ 54 EN T O IMWiat. (IR, ke e LI, B0 . DA: it & 45 44; SDA: Ve & 4544 o

When mother centrioles convert into basal bodies and migrate to the plasma membrane, ciliary vesicles (CV) generated from the Golgi apparatus are

recruited by the TF and TZ region begin to emerge and invaginate the CV, which expands through fusion with secondary vesicles. Eventually, the basal

bodies fuse with the plasma membrane. Elongation and maturation of cilia is a material transport progress dependent on IFT/BBS proteins. In some cell

types, the basal bodies dock directly with the membrane, not involving CV. DA: distal appendage; SDA: subdistal appendage.
E2 AERBEKIE

Fig.2 Initial step of ciliogenesis

H 1 /NGTPHFRab8aFH & 1 {22 # [H 7 45 &, Rtk
CEP1645 i {4 5 £F B 30 DL L@ o 140 i i B
$2HH OGS0, CEP16434 fig 1 S TTBK2 2| B H 0 fi
128 ¥, TTBK 242 5E o7 £ T 1F o 1) — AN s, fg Al
CP 11055 72 A7 T A 0oL IZE ity ) 25 1 MCRE HH O K7 58 Ui
Fo Bk, BV BAEKED, b, HoAth iz o i
JE &5 K, WICEPS3(CCDC41). SCLT1. FBF1Al
CEP89(CCDC123), #fife i TTBK2FICP1107E BEr
CoREIZE ity ) 8 AL, AT SE AR 0 £ 6 1 AR B

— b g 7 T B O R IV 2 S () B R 4 R R
W5 VIR LT B A K B U A L. ODF2& ¥l 4 4F
BAKMWIERERHE T, SETVIHLTBAEKK
filf MARK445 4 | R fik MARK45E# ODF2, CP110/
CEPO7E B 7 0o 376 iy 1 4% Bk 23 52 B 2, W0 2F
BEKZIAP, CC2D2AT fE 5 & 2> 5l #ZJoubert
25 & {iE(Joubert syndrome, JBTS) 1 35— [X 25 & fiE
(Meckel-Gruber, MKS)%£4F £, 1Lk Cc2d2alt]
MEF#4H i 1, ODF2 FINineinfE WV 176 3ii; [ i 45 #4) (1) &
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DU FA A

Rk ss, VIR EAKZHP. 5O0DF2MICC2D2A
I 8 AH [, Trichoplein /& ¥ 2% £F & A &K 1) #7015
T, %8R W A5 Aurora AFEIE, HHIWIZR LT F
[ KB4,

3.1.1 CP110/CEP97 & H A8 %k & & 5 MR LF £AL 4
A K CPIIOFMICEPO7R AL Bl IAA K fi

e KRB A FOE R 7, AL T BT RO
I8 vy, JERCNE R 1) 45, % 45 0 8 IEMPPY
ST H O R 3 R KIF 2425 4, WA T 0 o) 48 72 e
K, WYL BA KD, FEYIRLTBRGAEK
A2, CP110FICEP97 M H o 7 T0E v 1 # o X T
RO B B AR (1) 3 A+ L, fEA KR AT
EM 20 M, CP110v] LA 5CPAPSL [F] 2 5 i 4 h
ORI K BERT, fE KT AR B R4 R, CP1108k
CEPO7 1 2% 2= 5 35 kb - 14 5 ) 11 %) &40 e T R )
25 B, 1 7EGo 41 i H i R 1A CP 1105 CEP97 2= 1)
FIWI R BIEE.. ECP110%5E M EBF POk [ 2

A, TTBK22:4{CEP164. CEP350fIFOP+H %% £}
oA TE s Y R 45 74, K CEP 164 R 1L, S £Erp
o8 Vi PR iR 485 44 B N A e S0, TTBK2 ) RE
K25 MICP 110 M BE Ok izt v (R R Bk, RIS TFTHH
TAEW SRR FAR BB, 33— P W F R B, TTBK2
AE K CEPOTRE FR 1k, [A ECEPO7HI M B2 AL W] RE = 55
T CPLIOM BE A CoRL () #% BRPS. CP110W] DL i 4
NEURL-4 f1 EDD-DYRK2-DDB1""®*Z 24k i1 4]
JeaABEK. RIEWOT TR, £ IIETHRZ )5,
CEP97i# it CUL3-RBX1-KCTD10 E37Z % % 3 fif§ 11
RABEME, IRAECPLI0M R . X T CEP9THIBERR IL.
BT 5 HZ FABE A LA R T (ED3).,
KIF24 &kinesin 1355 1 R 02, A A S UE 1)
TEE, B AEYS 5 CP110/CEPYTAH BLAF Y, JL [ iz
WIHET B AK . 5CP110/CEPI7A[H], KIF247E4]
P 2B KB AN DRE O R B 58 A BR(B3) -
{H it R KIF 244 {#CP110/CEP97 A fg 45 4 3| £F o 0

KCTD10 _ -
CRL3 B
Mother centriole 2 RBX1
P 0
MPP9
) | ‘
&4 k28
LY

Basal body

Axoneme
elongation

Primary cilium

TE BRI R b, KIF2438 1 MPPO4E ZECP110/CEPY7, fiff 2 A “WE ¥ o5 78 ok S B B AE My, A A4S . M4 Bl in A K, TTBK2 4
CEP164. CEP350FIFOPHH 55 2| £ 0ok izt vity B J& 4544, (EMPPO%E 2R I TTBK2 B IR AL, Bed 1z 2 ALBEAR, MM HECP110/CEP9 745 MBS H .y

ML TS 5, A 216 ) 22 U 2 R S

KIF24 recruits CP110/CEP97 through MPP9, forming a cap at the distal end of the mother centriole to inhibit ciliogenesis. At the initial step of
ciliogenesis, TTBK2 is recruited to the distal end of the mother centriole by CEP164, CEP350 and FOP, and phosphorylates MPP9 for its ubiquitin-
mediated degradation. Subsequently, the degradation of MPP9 causes the removal of CEP97 and CP110 from the distal end of the mother centriole and

initiates cilia formation.

E3 CP110/CEPYTREBXERSMRAERKBEK
Fig.3 Removal of CP110/CEP97 complex during ciliogenesis
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bz v, (e WA B K. 3D-SIM(3D-structured
illumination microscopy) M %245 J &7~ , CP1101E
Bf A0 R 78 i 1) 58 A7 b Hp 0 R B 55 — L R
CEP164%> 3858 CP110/E B o CoRLIZE iy ) 7€ A, X 7]
e R NRAKR CEP164)5 , TTBK2ASREH #H 52 51| £
Okt y, IECP110F%FR 2 2520 . 5 CP1104H
X, KIF24 78 B A0 Rz i A 45 58 9 1) 5E A, 31X 7] fg
L KIF24ff# S s R ORI K A 6. 4R,
TEARKAYI BB, BBRKIF24FEA 26
CoRE I BE A K, T CP110E CEP97H R Ak £ A vt 0
AR

MPP9(M phase phosphoprotein 9)ix - #% 45 7& N
A 25y R 12 BRI B O, ZE D EA
JHa IE) 0 5 A T R R AL, B, ATTR I, MPP9
TE ] A2 0 Hp 5 A7 B AR O R0 g FH Sz g o 7 B
RO R 132 B, MPP9JE i 5 KIF24#1CP110/CEP97
5 E R IR B R AR O R A A 7
RPE-1. 3T3% it KA1 2% 1 T (1 40 o b, s A1/ 4%
KIF245{MPP9#; 4= {#iCP110/CEP975E 1 /K °F ~ [%,
F 5 1) L RE A ORI B 1R 8 7. 24 40 M E NGl
J&, 7€ ALAE BE ORI I FRIMPP9 2> 4 CEP164 T
S TTBK2BER L, BERRILIMPPOZ R A2 12 A%
fift, AT MPPOLE RE HH O 38 Bty 1Y) 52 798 59, 52
CP110/CEP97E R a0 0 378 3 F 5 6L, A€ BE AT 2 4]
PAF B AEKEYE3),
3.1.2 CEP2905 M4 24244 K  CEP290(X
FRBBS14. NPHP6. JBTS5. SLSN6. MKS4 Al
LCAIOWN 2R EAK IR M IERER 7, &
BUE N AEWI R A BRI X A ROk TR X 3.
DL T B [ SSX2IPZ: 5 1 711 CEP2907E i I [X Al
rRtek T 1 E AL, CEP290KIN- it A1 C-dii 2% 4
—BEREAFETF, TR SR aEs
2 2 DA R A L R s TE AR 1 AH DCM9=0, CEP290
X 5 CC2D2A. TCTN1. AHIl1. MKSI.
TCTN2. TCTN3. B9D1. B9D2. TMEM216 #ll
TMEM67% E i — 1N E KK E B 2 5. CEP290
Ty e 2k 2 A1 vp Lo R 7% 21 48 B R o 1) o 78 52 3
s, FEO MM, B, KNEHARE KT
ARG BEFE R I, 4 20 M Ak T 38 5 R
CP110id@ 1t 1 #HICEP290 1) Th RE SE BN W 41 B AE K
MR, T 2440 M 3E NG, CP11OMEEHCa ks
WL AL BR, A B CEP290 /) Th g # | 17,

CEP2907E £} 1 o .0 Fif 328 3 38 5 Talpid3 4] HAF
F, ¥ Rab8aft £F & b 1f1 58 7 K W] 4 41 & Iy
iz, T SEIA W) AF B A K TR . R, CEP290
5 BBSome it MKKS/BBS64H H.AF i, CEP290] it
K25 BBS4FIBBS8 4% 44 5% £IBBSome, fx £ 54
IR A A B 12 T Py st
3.2 MIRAENRR

MR G/ G A S TE BRI R AT &, 1 440
HFE A i B AL T R R AS B, MR B2
KEME . —BHYIRTEIMME LR P
W2 IV R A B B 58, B e b R 28 i F ) 78
J5R AT 44 4T 0 i) JUL S T 4 40 i DL % e 400 LR A
AT B I R, R AR AT B RS,

T I35 L PR ) 440 L P TN I 375 70 38 1 ~2 /)N s DA
J& , Aurora A<= HEF1-Auora A-HDAC6/E 5 i %
W& . HEF L2 — P {2 IR 5 78 SO0, AW AT
BRI TR & REETEVI R AT B EARH, Bos 1
R B EARK Aurora A, Aurora AE— SR 1L,
HDACS6, # 0E THDAC6AH 4] 2% 21 & e 2= 2 1k
b, T B RS E PEFRARES, ik, Plk 1k BEH
PCM 143 52 2 R O AL, B3 IR AL FTE HDACS,
WKL TR, W WP AT LLE i R S 4 4% 2
B G I B EARRT,

KIF240 2 5410 4F BSOS 2 . fES/
G I B (1 P Nek 2 B8 25 & 51 H B IR (LK IF24, F3(
KIF24 508 i S M 551, Nek2 NIMA K i A
B B, 5ROk I AR AT E AL, EGyMEY
AT DB R A4 HH oM % 2 B A AR O A 23 B 1006, 2
Y1 i Ak T S/GL I B, Nek2t 78 BF o Uy K7 328 3 58 A7,
WYL AT B LA RS, RUKNek2 2 5 41
MENT 22 ATV R BRSSOt
FLR I, Nek27E 2 Fivf i op 4R & 2k, 76 9 0 41 i
Hh i R A Nek2 2 38 5if Ji JiE 41 B 1 389 5 68 ) P 24
PE, T i B Nek 27 2% G2 fift 1X L B g 0631,

Plk1 7 LA BR {LHDACG6 FIKIF2A, 1 58 & 4] fif
R Mg Y. fEPCS(premature chromatid separa-
tion)AE {5 HE 2 20 i & B, Plk1-KIF2A(E 538 i
Wl 5w s, L WI R AR BAE K Z B, KIF19AHE
& B R R M B kinesin X O BR 51, 78 SLAEY)
PAF BT, o] LIS W R BKIE. AR5
WEBH, M e b — SRR S BT S, KIF19A 2 fi#
BHIR A BE, KN SVIR T EE B HDACG
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DU FA A

OB Z G, KIFI9AIRA il e 2 5 W4 B 5K
(R AR

L AR B (ANDEE BE 1 42 41 20 4F B 10 i 5K i
T4, NDEWEMM i %3k, mifil iz 8 02 Y R4 &
B K I 41 B B 7EG . NDEIRE 5 dynein® 4% 4
LC8%5 4, TMLC8 X JEIFT 1A & A M i dynein1 b/ I
%, NDE1 5 LC8[¥ 45 & 5 | IFTH 4 5 [5liz, AT
SRR AT B [ AR S0,

4 MRAEZEBMERIER

I B 10 A K S Dy e ) 4 7 1O T 1 20 41
EAHRE AR, 72l A o g7
(1)~ 7 LA B4 R 3% . 72 R B I& 12 (ubig-
uitin proteasome pathway, UPS) & 4H il PN &5 [ Jii % ik
() EERL. FEAMA19SH T HEPsmd2. Psmd3 Al
Psmd4 UL J 25 F BEAAR20S i) MV 3£ Psmas 5E 7 T ¥ 2% 4F
BRI AR X 18 (A Rpgripl S IR 4T &
FEIR R I Psmd2 45 &, R 1 T 1 W) AT BB 1)
| ABAEYE, HEVRTENHME SH# S . kR
RpgriplIf¥) /I B JIG SUOE, 1 Rpgripl IR AF 5IBTS %
DIMEG. B, & AR RGN T YR BRI
YT 5 G E 8,

E37Z REHB ZUPSR G — KK IR, fE%
R 5 MR R Y, B RT ORI 2 ME3Z RiE
M 2 59 94 &£ KR 5. Trichopleinif
i 45 & Aurora AT A AEVI R B RAEK, M¥)
2% A B I 4 A K I, Trichoplein#{ E372 & & 2 i
KCTD17iH 5, i# i UPSi& 48 [4 fi#>+); NDE1
SE AT B A K AR R T, 40 R S 4
J&l ], CDKSfNDE 1 R 1k, (2 FE37Z 2 1% F: il
FBW7XINDE1f R 51, AT 5 BONDE1 ] [ i
Mib1(mindbomb )& 7 {7 T H 0ok T2 [E3iZ &= I%E
FEMG, Aes okl PR SR HAZITRIPCM LIz # 4k, A
TMAMHEIFI R AT BAE KT, eAh, Mib ik fE #4240
$i 2 A Talpid3 7K ~F, Talpid3f% 5Rab8a%h &, i HE 4]
P BRI, TEVIHRLTBAE KR, PCMIA S
Mib 1 El ok LA, A e A7 T H O R ¥ Talpid 34 4%
Mib RS, FAERIJAr B IEw A K B, B3z RiE
P2 B 52 A5 1A S AR 93] 4 4 VEHL R 401 1] X -F(von
Hippel-Lindau tumour supressor)fJ & iz T ¥ 2 £F €,
TE I 1 5 GSK3PBAE 5 38 B PR IR Y] R 4F B 1 B e 1,
T IX — Dy Re FEA KA T Hoz e i, Bhab,

VHLA] DLz 24k 142 Aurora A {35 5% Al F-HIF-a, 3211
15 Aurora AFRIETE, BRI HIZ LT B K™, E3
2R IERREE S YAPC-CAc20t 1] 5E A7 T HI 4T &
FEJH, 40 Pt N 7>, APC-Cdc20iH HINEK,
fENEK 1P fif, (239190 4F BUE f# 2E7Y); Neurl-4
R S LR TR ORI R A, REEE L A
CP110E (IR T s b g i O R e . BLAR
Neurl-44& G N EA 7 ZIEZMENE, ARERIA
Neurl-4fE#2 mCP110/) 72 R ALK FU778, —FhaT R
1) 5 8] 72 Neurl-4 7] LLAE YHERC2 ) 4413 7] R -1
WATCPII0BY K778, FERI R 48 B i G AR Kol
T, Neurl-42 5 8 b e 7 B BF Ok, FCP110K
A B Al TR AE W) £ B T

N2 LR RZNWBMSE THIRFEBEKERE
. fEIEHEEOLR, USPSH] 5 VHLAL [ #5HIF1-a
B A K, B 28 S R 2% 245 B A K B U a0
USP21 52 & A7 T H0eobi 1 2292 Z AL B, @IKUSP21
MBI A BT Ak, [\ USP21 ] DL i £ 5E
Glil i #=Hhf5 5@ g, e 4h, USP7H AT LLid it
232 FACYGIEE [ 52 B HhE 538 B (1) 17 451,
bRz RAAB LA, ICAATEF 2 R BB A,
F7ISUMO. NEDDS. ISG15LL &ZLC3, {H42 % FiX
SCAR M AE I R AT B 42 th ) R 3 D e ie A fr st —
20T

R R B 2 54T B I E SOl #2, ILC3
AE HPCMI1. AZIIFIOFDI1% bty ki T B 1A AH 45
fro H A OFDITEVI AT B Y B S 46 i 72 A Jd ik
H Wi A H Gk T R BRI, TEATG S 5 14 B W ik
R 4n B R, BT OFDI [ 4 fif 4 BELIBT, 414 4F B4
K20, AR, B EARIFT205200 5
IR FEAR G415 R I ) o s i, 40 ) R 4
BRI R, G2, IFT20FITFT88 T BE Ht 4 th
SN LS YL T B A F v, AT WIFTER A2
HEmiEEr ., B, EEaKE 3 k] LU
TR IFT204 6 R 4 B A K, M ifiE YUK S 200
H % A] LS PR AROFD L BEWI R 4T B HITE K, 5T
HIE SVIRAT MR RIEH R — DA .

mTORCI(mammalian target of rapamycin
complex 1) /& —FhEH E 1 22 R /77 2R 5 H I
A DL T 40 M AR AR, I FLRE A% H I B R .
mTORC1H, /& ¥] 2 £F & A= K (1) 1F [7] 1 715 (K] 155990,
HiEEZ ZME SR, W TSC12E AWM.
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TSC1 5 TSC2IE i 2 & 418 /N GTP i Rheb(Ras-
homolog enriched in brain) H i& P X% 48 R E AL
T3, #MHImTORCT )3 14, 15 A0 A AK TidE i i 2 11
TSC2, FHIETSC125 & W TE i, fi# B % Rheb ) 17
HFIE ), e & 0EmTORC . TSCIAE & 7 46 4] 2% £
BIEJEHS, TSC1ELE TSC2 B2 B BEAL BT R 4T &
TE RPN, mTORAE 5 38 % 42 1 17 41 i K /0N 1) G
G, AR, WA BT A S
() S AT LLIE I 1 T mTORAE 5 38 4 fi & S L% 4
PRI/ ) i 42002930,

mTORTE 5@ I { 2K ELAT A W TR = 5 2 Fh
NEBIRFIE, U 2B AT M RS Z AP
FEL e A0 50y ks A s 40 55 2 b AR B, X i
FEBIAELBUUIEIRRIE. ¥4 E. mTOR
ERspil VY GE e P NP7
IE I RRARAYE, S 27 B0 I PR 12 Wt A iy 7 4 it T
B B ATV

5 HERK

W] 2% 41 & 5 Hh(Hedgehog). Wnt(fl #§ £ it Al
JE 4 ) Wntf5 538 #%). TGFB. Notch. PDGFRa
EETHEBEVIMR, HTYRTEBN ZEZMES
PRI 3, HOIBERH 2 SEWUAZ AL, &
HCE M DU PRI A B %) & AR A2,
XKLL AR IR N BT 2T BN A FEIBTS,
B V1 #E 4 ¥ 955 (nephronophthisis, NPHP). HR—'5 %f
4 {iE(Senior-Loken syndrome, SLS). [l & 2% & 1iE
(orofaciodigital syndrome, OFD). = B YEM & & &
AR ZEEHE (Jeune syndrome). 7 Ge 44 I 14 AR
4 % 3% "5 797 (autosomal dominant polycystic kidney
disease, ADPKD and autosomal recessive polycystic
kidney disease, ARPKD). K1t M [ (Leber congen-
ital amaurosis, LCA). MKS. BBS. #f&H &4
ZMHEAL IR 4 £2 5 1E (Usher syndrome, US)%. BBS
B FERIUONNE. 248 PR AR IR R
AR, MKS B3 T RE 0 gz L 1 3 35 Lk A BUE
PKDHEFHRIANZ I8, IBTSE FH RN L
iR, BEITAD SR, AN AR 2R 4 . IR IX LS
(A A — L [F R AR LK J1. 23 E . BRAK
WK E AL BIBE. MR R/ E . #ilin, BBSE
HAIBTSE#H # 2 A R R JIL5K I 9808 R 0 2y
FERER; BRIBTSLVAN LA 248, BEFRAR

AR, T T R AT o AT BBS I R ILAE
BEC. 2T R FAE I 52 A S PR IS WA 097
SR T KRR T, B e, X T RIET BT 4
Fie IOREMEE IO T B I0ILIT AH B2
B

6 BESRE

W1 BAE AR 287, 5 40 il 9 4b
GEME S, HEM AR E SR —RITE
. B T A SRR KR, S TR EF
BAEKIPFER TR, — L5y RTEEK
W 97 AH 2 1 o< B 2R A 91 inCP110/CEP97. TTBK2.
CEP290. KIF24FIMPPO%E [ A& B, LhFRA T )4 4F
BAEKEEA TH—PH T, AMAERZ N EA
Rt — B 7E . WA BA KA 2 B O A/ 4F
BAHKRE A MW, 2224 5. AR E
SRR W S () YR, TR AT Bt 2 0 FL AT S A5t
WAT, RFVIRLTESEANNKRIEA FHRANERGT

W FR I, WIRAF B CE AE RA iR
YA, e R AR . DNATR . M 4>
RN pR oy B S R BT eS0T, YIR AT BRI
b 20 i A 5% R IR N BE 50K BT 3R AT — 25
TARICBURALER, B R TT SR AT 2K

S E T #K (References)

1 Ishikawa H, Marshall WF. Ciliogenesis: building the cell’s an-
tenna. Nat Rev Mol Cell Biol 2011; 12(4): 222-34.

2 Nigg EA, Raff JW. Centrioles, centrosomes, and cilia in health
and disease. Cell 2009; 139(4): 663-78.

3 Nigg EA. Centrosome duplication: of rules and licenses. Trends
Cell Biol 2007; 17(5): 215-21.

4 Kobayashi T, Dynlacht BD. Regulating the transition from cen-
triole to basal body. J Cell Biol 2011; 193(3): 435-44.

5 Hoyer-Fender S. Centriole maturation and transformation to
basal body. Semin Cell Dev Biol 2010; 21(2): 142-7.

6 Thazhath R, Jerka-Dziadosz M, Duan J, Wloga D, Gorovsky
MA, Frankel J, et al. Cell context-specific effects of the beta-
tubulin glycylation domain on assembly and size of microtubular
organelles. Mol Biol Cell 2004; 15(9): 4136-47.

7 Wloga D, Webster DM, Rogowski K, Bre MH, Levilliers N,
Jerka-Dziadosz M, et al. TTLL3 Is a tubulin glycine ligase that
regulates the assembly of cilia. Dev Cell 2009; 16(6): 867-76.

8 Pathak N, Austin-Tse CA, Liu Y, Vasilyev A, Drummond IA.
Cytoplasmic carboxypeptidase 5 regulates tubulin glutamylation
and zebrafish cilia formation and function. Mol Biol Cell 2014;
25(12): 1836-44.

9 Konno A, Setou M, Ikegami K. Ciliary and flagellar structure and
function—their regulations by posttranslational modifications of



360

DU FA A

20

21

22

23

24

25

26

27

28

29

axonemal tubulin. Int Rev Cell Mol Biol 2012; 294: 133-70.
Goetz SC, Anderson KV. The primary cilium: a signalling centre
during vertebrate development. Nat Rev Genet 2010; 11(5): 331-44.
Gerdes JM, Katsanis N. Ciliary function and Wnt signal modula-
tion. Curr Top Dev Biol 2008; 85: 175-95.

Berbari NF, O’Connor AK, Haycraft CJ, Yoder BK. The primary
cilium as a complex signaling center. Curr Biol 2009; 19(13):
R526-35.

Grisanti L, Revenkova E, Gordon RE, Iomini C. Primary cilia
maintain corneal epithelial homeostasis by regulation of the
Notch signaling pathway. Development 2016; 143(12): 2160-71.
Leitch CC, Lodh S, Prieto-Echague V, Badano JL, Zaghloul NA.
Basal body proteins regulate Notch signaling through endosomal
trafficking. J Cell Sci 2014; 127(Pt 11): 2407-19.

Wei Q, Ling K, Hu J. The essential roles of transition fibers in the
context of cilia. Curr Opin Cell Biol 2015; 35: 98-105.

Tran PV, Lechtreck KF. An age of enlightenment for cilia: The
FASEB summer research conference on the “Biology of Cilia
and Flagella”. Dev Biol 2016; 409(2): 319-28.

Reiter JF, Blacque OE, Leroux MR. The base of the cilium: roles
for transition fibres and the transition zone in ciliary formation,
maintenance and compartmentalization. EMBO Rep 2012; 13(7):
608-18.

Benmerah A. The ciliary pocket. Curr Opin Cell Biol 2013;
25(1): 78-84.

Baldari CT, Rosenbaum J. Intraflagellar transport: it’s not just for
cilia anymore. Curr Opin Cell Biol 2010; 22(1): 75-80.
Mukhopadhyay S, Wen X, Chih B, Nelson CD, Lane WS, Scales
SJ, et al. TULP3 bridges the IFT-A complex and membrane
phosphoinositides to promote trafficking of G protein-coupled
receptors into primary cilia. Genes Dev 2010; 24(19): 2180-93.
Sun Z, Amsterdam A, Pazour GJ, Cole DG, Miller MS, Hopkins
N. A genetic screen in zebrafish identifies cilia genes as a
principal cause of cystic kidney. Development 2004; 131(16):
4085-93.

Ishikawa H, Ide T, Yagi T, Jiang X, Hirono M, Sasaki H, et al.
TTC26/DYF13 is an intraflagellar transport protein required for
transport of motility-related proteins into flagella. Elife 2014; 3:
¢01566.

Pedersen LB, Rosenbaum JL. Intraflagellar transport (IFT) role
in ciliary assembly, resorption and signalling. Curr Top Dev Biol
2008; 85: 23-61.

Rosenbaum JL, Witman GB. Intraflagellar transport. Nat Rev
Mol Cell Biol 2002; 3(11): 813-25.

Jin H, Nachury MV. The BBSome. Curr Biol 2009; 19(12):
R472-3.

Seo S, Baye LM, Schulz NP, Beck JS, Zhang Q, Slusarski DC, et
al. BBS6, BBS10, and BBS12 form a complex with CCT/TRiC
family chaperonins and mediate BBSome assembly. Proc Natl
Acad Sci USA 2010; 107(4): 1488-93.

Kim S, Dynlacht BD. Assembling a primary cilium. Curr Opin
Cell Biol 2013; 25(4): 506-11.

Graser S, Stierhof YD, Lavoie SB, Gassner OS, Lamla S, Le Clech
M, et al. Cepl64, a novel centriole appendage protein required for
primary cilium formation. J Cell Biol 2007; 179(2): 321-30.
Schmidt KN, Kuhns S, Neuner A, Hub B, Zentgraf H, Pereira
G. Cepl64 mediates vesicular docking to the mother centriole

30

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

during early steps of ciliogenesis. J Cell Biol 2012; 199(7): 1083-
101.

Goetz Sarah C, Liem Karel F, Anderson Kathryn V. The spino-
cerebellar ataxia-associated gene Tau tubulin kinase 2 controls
the initiation of ciliogenesis. Cell 2012; 151(4): 847-58.

Tanos BE, Yang HJ, Soni R, Wang WJ, Macaluso FP, Asara JM,
et al. Centriole distal appendages promote membrane docking,
leading to cilia initiation. Genes Dev 2013; 27(2): 163-8.

Kuhns S, Schmidt KN, Reymann J, Gilbert DF, Neuner A, Hub
B, et al. The microtubule affinity regulating kinase MARK4
promotes axoneme extension during early ciliogenesis. J Cell
Biol 2013; 200(4): 505-22.

Veleri S, Manjunath SH, Fariss RN, May-Simera H, Brooks M,
Foskett TA, et al. Ciliopathy-associated gene Cc2d2a promotes
assembly of subdistal appendages on the mother centriole during
cilia biogenesis. Nat Commun 2014; 5: 4207.

Inoko A, Matsuyama M, Goto H, Ohmuro-Matsuyama Y,
Hayashi Y, Enomoto M, et al. Trichoplein and Aurora A block
aberrant primary cilia assembly in proliferating cells. J Cell Biol
2012; 197(3): 391-405.

Spektor A, Tsang WY, Khoo D, Dynlacht BD. Cep97 and CP110
suppress a cilia assembly program. Cell 2007; 130(4): 678-90.
Huang N, Zhang D, Li F, Chai P, Wang S, Teng J, et al. M-Phase
phosphoprotein 9 regulates ciliogenesis by modulating CP110-
CEP97 complex localization at the mother centriole. Nat Com-
mun 2018; 9(1): 4511.

Schmidt TI, Kleylein-Sohn J, Westendorf J, Le Clech M, Lavoie
SB, Stierhof YD, et al. Control of centriole length by CPAP and
CP110. Curr Biol 2009; 19(12): 1005-11.

Oda T, Chiba S, Nagai T, Mizuno K. Binding to Cep164, but not
EBI, is essential for centriolar localization of TTBK2 and its
function in ciliogenesis. Genes Cells 2014; 19(12): 927-40.
Cajanek L, Nigg EA. Cepl64 triggers ciliogenesis by recruiting
Tau tubulin kinase 2 to the mother centriole. Proc Natl Acad Sci
USA 2014; 111(28): E2841-E50.

Kanie T, Abbott KL, Mooney NA, Plowey ED, Demeter J, Jack-
son PK. The CEP19-RABL2 GTPase complex binds IFT-B to
initiate intraflagellar transport at the ciliary base. Dev Cell 2017;
42(1): 22-36 €12.

Hossain D, Javadi Esfehani Y, Das A, Tsang WY. Cep78 controls
centrosome homeostasis by inhibiting EDD-DYRK2-DDB1"""™*".
EMBO Rep 2017; 18(4): 632-44.

Nagai T, Mukoyama S, Kagiwada H, Goshima N, Mizuno K.
Cullin-3-KCTD10-mediated CEP97 degradation promotes
primary cilium formation. J Cell Sci 2018; 131(24).
Bettencourt-Dias M, Carvalho-Santos Z. Double life of centri-
oles: CP110 in the spotlight. Trends Cell Biol 2008; 18(1): 8-11.
Kobayashi T, Tsang William Y, Li J, Lane W, Dynlacht Brian D.
Centriolar kinesin Kif24 interacts with CP110 to remodel micro-
tubules and regulate ciliogenesis. Cell 2011; 145(6): 914-25.
Matsumoto-Taniura N, Pirollet F, Monroe R, Gerace L,
Westendorf JM. Identification of novel M phase phosphoproteins
by expression cloning. Mol Biol Cell 1996; 7(9): 1455-69.
Jakobsen L, Vanselow K, Skogs M, Toyoda Y, Lundberg E, Poser
I, et al. Novel asymmetrically localizing components of human
centrosomes identified by complementary proteomics methods.
EMBO J 2011; 30(8): 1520-35.



AR B IR BRI Ut e

361

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Tsang WY, Dynlacht BD. CP110 and its network of partners co-
ordinately regulate cilia assembly. Cilia 2013; 2(1): 9.

Klinger M, Wang W, Kuhns S, Barenz F, Drager-Meurer S,
Pereira G, et al. The novel centriolar satellite protein SSX2IP
targets Cep290 to the ciliary transition zone. Mol Biol Cel 2014;
25(4): 495-507.

Chang B, Khanna H, Hawes N, Jimeno D, He S, Lillo C, ef al.
In-frame deletion in a novel centrosomal/ciliary protein CEP290/
NPHP6 perturbs its interaction with RPGR and results in early-
onset retinal degeneration in the rd16 mouse. Hum Mol Genet
2006; 15(11): 1847-57.

Zhang C, Zhang W, Lu Y, Yan X, Yan X, Zhu X, et al. NudC
regulates actin dynamics and ciliogenesis by stabilizing cofilin 1.
Cell Res 2016; 26(2): 239-53.

Tsang WY, Bossard C, Khanna H, Perdnen J, Swaroop A, Mal-
hotra V, et al. CP110 suppresses primary cilia formation through
its interaction with CEP290, a protein deficient in human ciliary
disease. Dev Cell 2008; 15(2): 187-97.

Kobayashi T, Kim S, Lin YC, Inoue T, Dynlacht BD. The CP110-
interacting proteins Talpid3 and Cep290 play overlapping and
distinct roles in cilia assembly. J Cell Biol 2014; 204(2): 215-29.
Liang Y, Meng D, Zhu B, Pan J. Mechanism of ciliary
disassembly. Cell Mol Life Sci 2016; 73(9): 1787-802.
Pugacheva EN, Jablonski SA, Hartman TR, Henske EP, Golemis
EA. HEF1-dependent Aurora A activation induces disassembly
of the primary cilium. Cell 2007; 129(7): 1351-63.

Kinzel D, Boldt K, Davis EE, Burtscher I, Trumbach D, Diplas B,
et al. Pitchfork regulates primary cilia disassembly and left-right
asymmetry. Dev Cell 2010; 19(1): 66-77.

Wang G, Chen Q, Zhang X, Zhang B, Zhuo X, Liu J, et al. PCM1
recruits Plk1 to the pericentriolar matrix to promote primary cilia
disassembly before mitotic entry. J Cell Sci 2013; 126(Pt 6):
1355-65.

Lee KH, Johmura Y, Yu LR, Park JE, Gao Y, Bang JK, et al.
Identification of a novel Wnt5a-CK1varepsilon-DvI2-Plk1-
mediated primary cilia disassembly pathway. EMBO J 2012;
31(14): 3104-17.

Spalluto C, Wilson DI, Hearn T. Nek2 localises to the distal por-
tion of the mother centriole/basal body and is required for timely
cilium disassembly at the Go/M transition. Eur J Cell Biol 2012;
91(9): 675-86.

Kim S, Lee K, Choi JH, Ringstad N, Dynlacht BD. Nek2
activation of Kif24 ensures cilium disassembly during the cell
cycle. Nat Commun 2015; 6: 8087.

Fry AM, Mayor T, Meraldi P, Stierhof YD, Tanaka K, Nigg EA.
C-Napl, a novel centrosomal coiled-coil protein and candidate
substrate of the cell cycle-regulated protein kinase Nek2. J Cell
Biol 1998; 141(7): 1563-74.

He R, Huang N, Bao Y, Zhou H, Teng J, Chen J. LRRC45 is a
centrosome linker component required for centrosome cohesion.
Cell Rep 2013; 4(6): 1100-7.

Hayward DG, Clarke RB, Faragher AJ, Pillai MR, Hagan IM,
Fry AM. The centrosomal kinase Nek2 displays elevated levels
of protein expression in human breast cancer. Cancer Res 2004;
64(20): 7370-6.

Zhou W, Yang Y, Xia J, Wang H, Salama ME, Xiong W, et al.
NEK?2 induces drug resistance mainly through activation of efflux

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

drug pumps and is associated with poor prognosis in myeloma
and other cancers. Cancer cell 2013; 23(1): 48-62.

Miyamoto T, Hosoba K, Ochiai H, Royba E, Izumi H, Sakuma T,
et al. The microtubule-depolymerizing activity of a mitotic kine-
sin protein KIF2a drives primary cilia disassembly coupled with
cell proliferation. Cell Rep 2015; 10: 664-73.

Niwa S, Nakajima K, Miki H, Minato Y, Wang D, Hirokawa
N. KIF19A is a microtubule-depolymerizing kinesin for ciliary
length control. Dev Cell 2012; 23(6): 1167-75.

Kim S, Zaghloul NA, Bubenshchikova E, Oh EC, Rankin S,
Katsanis N, et al. Ndel-mediated inhibition of ciliogenesis
affects cell cycle re-entry. Nat Cell Biol 2011; 13(4): 351-60.
Gerhardt C, Lier JM, Burmuhl S, Struchtrup A, Deutschmann K,
Vetter M, et al. The transition zone protein Rpgripll regulates
proteasomal activity at the primary cilium. J Cell Biol 2015;
210(1): 115-33.

Arts HH, Doherty D, van Beersum SE, Parisi MA, Letteboer SJ,
Gorden NT, et al. Mutations in the gene encoding the basal body
protein RPGRIP1L, a nephrocystin-4 interactor, cause Joubert
syndrome. Nat Genet 2007; 39(7): 882-8.

Kasahara K, Kawakami Y, Kiyono T, Yonemura S, Kawamura Y,
Era S, et al. Ubiquitin-proteasome system controls ciliogenesis
at the initial step of axoneme extension. Nat Commun 2014; 5:
5081.

Maskey D, Marlin MC, Kim S, Kim S, Ong EC, Li G, et al.
Cell cycle-dependent ubiquitylation and destruction of NDE1 by
CDKS5-FBW7 regulates ciliary length. EMBO J 2015; 34(19):
2424-40.

Villumsen BH, Danielsen JR, Povlsen L, Sylvestersen KB,
Merdes A, Beli P, et al. A new cellular stress response that
triggers centriolar satellite reorganization and ciliogenesis.
EMBO J 2013; 32(23): 3029-40.

Wang L, Lee K, Malonis R, Sanchez I, Dynlacht BD. Tethering
of an E3 ligase by PCM1 regulates the abundance of centrosomal
KIAA0586/Talpid3 and promotes ciliogenesis. Elife 2016; 5. pii:
¢12950.

Thoma CR, Frew 1J, Hoerner CR, Montani M, Moch H, Krek
W. pVHL and GSK3beta are components of a primary cilium-
maintenance signalling network. Nat Cell Biol 2007; 9(5): 588-95.
Cockman ME, Masson N, Mole DR, Jaakkola P, Chang GW,
Clifford SC, et al. Hypoxia inducible factor-alpha binding and
ubiquitylation by the von Hippel-Lindau tumor suppressor
protein. J Biol Chem 2000; 275(33): 25733-41.

Xu J, Li H, Wang B, Xu Y, Yang J, Zhang X, et al. VHL
inactivation induces HEF1 and Aurora kinase A. J Am Soc
Nephrol 2010; 21(12): 2041-6.

Wang W, Wu T, Kirschner MW. The master cell cycle regulator
APC-Cdc20 regulates ciliary length and disassembly of the pri-
mary cilium. Elife 2014; 3: ¢03083.

Li J, Kim S, Kobayashi T, Liang FX, Korzeniewski N, Duensing
S, et al. Neurl4, a novel daughter centriole protein, prevents for-
mation of ectopic microtubule organizing centres. EMBO Rep
2012; 13(6): 547-53.

Al-Hakim AK, Bashkurov M, Gingras AC, Durocher D, Pelletier
L. Interaction proteomics identify NEURL4 and the HECT E3
ligase HERC2 as novel modulators of centrosome architecture.
Mol Cell Proteomics 2012; 11(6): M111.014233.



362

DU FA A

79

80

81

82

83

84

85

86

87

88

Loukil A, Tormanen K, Sutterlin C. The daughter centriole
controls ciliogenesis by regulating Neurl-4 localization at the
centrosome. J Cell Biol 2017; 216(5): 1287-300.

Troilo A, Alexander I, Muehl S, Jaramillo D, Knobeloch KP,
Krek W. HIFlalpha deubiquitination by USP8 is essential for
ciliogenesis in normoxia. EMBO Rep 2014; 15(1): 77-85.

Urbe S, Liu H, Hayes SD, Heride C, Rigden DJ, Clague MJ.
Systematic survey of deubiquitinase localization identifies
USP21 as a regulator of centrosome- and microtubule-associated
functions. Mol Biol Cell 2012; 23(6): 1095-103.

Heride C, Rigden DJ, Bertsoulaki E, Cucchi D, De Smaele
E, Clague MJ, et al. The centrosomal deubiquitylase USP21
regulates Glil transcriptional activity and stability. J Cell Sci
2016; 129(21): 4001-13.

Zhou Z, Yao X, Li S, Xiong Y, Dong X, Zhao Y, et al. Deubiqui-
tination of Ci/Gli by Usp7/HAUSP regulates Hedgehog signal-
ing. Dev Cell 2015; 34(1): 58-72.

Wheway G, Schmidts M, Mans DA, Szymanska K, Nguyen TT,
Racher H, et al. An siRNA-based functional genomics screen
for the identification of regulators of ciliogenesis and ciliopathy
genes. Nat Cell Biol 2015; 17(8): 1074-87.

LiY, Zhang Q, Wei Q, Zhang Y, Ling K, Hu J. SUMOylation of
the small GTPase ARL-13 promotes ciliary targeting of sensory
receptors. J Cell Biol 2012; 199(4): 589-98.

Tang Z, Lin MG, Stowe TR, Chen S, Zhu M, Stearns T, et al.
Autophagy promotes primary ciliogenesis by removing OFD1
from centriolar satellites. Nature 2013; 502(7470): 254-7.
Pampliega O, Orhon I, Patel B, Sridhar S, Diaz-Carretero A,
Beau I, et al. Functional interaction between autophagy and
ciliogenesis. Nature 2013; 502(7470): 194-200.

Neufeld TP. TOR-dependent control of autophagy: biting the

89

90

91

92

93

94

95

96

97

hand that feeds. Curr Opin Cell Biol 2010; 22(2): 157-68.

Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR regulation of
autophagy. FEBS Lett 2010; 584(7): 1287-95.

Yuan S, Li J, Diener DR, Choma MA, Rosenbaum JL, Sun Z.
Target-of-rapamycin complex 1 (Torc1) signaling modulates cilia
size and function through protein synthesis regulation. Proc Natl
Acad Sci USA 2012; 109(6): 2021-6.

Hartman TR, Liu D, Zilfou JT, Robb V, Morrison T, Watnick
T, et al. The tuberous sclerosis proteins regulate formation of
the primary cilium via a rapamycin-insensitive and polycystin
1-independent pathway. Hum Mol Genet 2009; 18(1): 151-63.
Wullschleger S, Loewith R, Hall MN. TOR signaling in growth
and metabolism. Cell 2006; 124(3): 471-84.

Boehlke C, Kotsis F, Patel V, Braeg S, Voelker H, Bredt S, et al.
Primary cilia regulate mTORC] activity and cell size through
Lkbl. Nat Cell Biol 2010; 12(11): 1115-22.

Novarino G, Akizu N, Gleeson JG. Modeling human disease in
humans: the ciliopathies. Cell 2011; 147(1): 70-9.

Kim JC, Ou YY, Badano JL, Esmail MA, Leitch CC, Fiedrich
E, et al. MKKS/BBS6, a divergent chaperonin-like protein
linked to the obesity disorder Bardet-Biedl syndrome, is a novel
centrosomal component required for cytokinesis. J Cell Sci 2005;
118(Pt 5): 1007-20.

Kim JC, Badano JL, Sibold S, Esmail MA, Hill J, Hoskins
BE, et al. The Bardet-Biedl protein BBS4 targets cargo to the
pericentriolar region and is required for microtubule anchoring
and cell cycle progression. Nat Genet 2004; 36(5): 462-70.
Sivasubramaniam S, Sun X, Pan YR, Wang S, Lee EY. Cep164
is a mediator protein required for the maintenance of genomic
stability through modulation of MDC1, RPA, and CHK1. Genes
Dev 2008; 22(5): 587-600.





