Reviews and Monographs ERud=fars

0) D)L S i R
Progress in Biochemistry and Biophysics
' 'J XXXX, XX(XX) : 1~16

www.pibb.ac.cn

MRAEN SN ZE-RIHEE
HE-B-ME- BB RARAEE

BEE"" #HERYT EkZV BARERREVT FRiExUT
(V BRSSP 2 I a0 4210015 2 WIRE OISR E 4B, 7 415000)

WE MRABRE ZAETERMRREAMERE, HBIABMSIUE SRS RN, T RS e
RPN R GZ RSN ASCHSE e SN MEEK" X—3L, SRRASGBEMERSE . B 508 REUL
FER ST R OCHEAE I, JFELASIRI RS RGO R E 3 . LA RS R Y], TP AR oLl B B RE RS S 2
i AR 2 S AR AR N S NA T B BCE U S G SRR S I A B RS S BT VI ) b D
IMFESY Szl As s VLR BN 8] -4 - BRI RE A S KSR . AP BT TS R GRS AL
i, PRHNEL AR ERPRGURREEE" Dy R L IR TS D0 SR UL, SRR T AL R R R
7 LK. 25l VIR BRETR LIRSS H AN E SR G SR, sk, &, Mg & AR
KRR ZHERADURRE T Z R B A BRI R G AC, BN BaBEE SRR LBt 7 R G2 EE

W?E o

K@ WIRLT, PN, pha-Qhh, Mk, BREM%

RESES Q25 DOI: 10.3724/j.pibb.2025.0573

VIR AT 2 2 B0E HE S ) 240 B2 11 i AR S
S, WAL CIRRHIRER” . H AW A RAE
T IR RO L TR R RO Pt A
fefi S AR el 3 ) 2S [B] B L PR, A T RSN B E
]G 20 A0 AR M S SR Ny Yy R i X R
£/ CT A BRSO VA e S (T =R
TEEIFREEWRIL, TIETHOR > =M
K AT 25 il 22 25 AL B 5T U0 ) SR ORI PR
Ca 8 EAE S, MM 52 1

WIREF B2t B o R A i AR Sl 45
¥, (HNANERZTHE, WA BB H
RN NSRS AN (TP =5 (T =W S NS AN
{18 25 AT RN LA R i IR B P R 160 Py o 1) (L 5 6%
Yridik, WMo AR . £F B3P 5 G
RS IR R, IR BAE G TR
KEMEN, Wi UYFESRE TS, 2MENE
S P% (40 Hedgehog (Hh) . Wnt/piEHEH (B
-catenin) ) TEZFE N ml FLIE AR 5 DORS 40 R 45

CSTR: 32369.14.pibb.20250573

TS BhANR R G AN R (Ansi vl g . AR . W
PIAIRS) HNERCEPIRE (anAmE ., REREAD) /Y
(=55 W I35 2 i A8

tean, B EAREZZEAEEEN, AL
AN EAF 40 (W Shh % {F 5 4r+) . [H]
1 2B SYRE - 9 N i E o N R N R
FIWE SR G 3l 7 X SEAL i 21 6 O 3 A IR
HURNZH B N A S B AR R . TR, IR
EAMUBEE AN AL F S, ICRERMA AL |
TS B2 DRENES, B TMERSEN
ARG, N, TEMEFIEER RGEZE, FEiE
= [ ARBIEES (82404623, 82304495), MFIH H ARl
4x (20221140407, 2024114031) UMM [ 5 n] 4725 & Ji iR A 8
ALK R R LI (2023sfq05) BEH).
s JEANH—EH
s JHTIIR R o
BIZIE Tel: 18216050745, E-mail: 760558231@qq.com

FfIlfGER Tel: 15874719852, E-mail: 1995001765@ usc.edu.cn
Wik AT : 2025-12-30, 4532 A9 2026-02-03




‘2 EMUFESEYYIRHR

Prog. Biochem. Biophys. XXXX; XX (XXO

1 Hh {5530 B U8 1 2 kB A TR R A
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VIR BN AEAE SRR &, BEZH
G & M 18 Bt Z & (G protein-coupled receptor,
GPCR) KA N o3, BRI A5 B 1T W PR L il
3 (adenylate cyclase 3, AC3) H5#JEH T (sonic
hedgehog, Shh) {5 %5 41 ff (PTCHI/SMO/
GLD "o Ed i b S AR R B R AR AT (3, S
-cyclic adenosine monophosphate, cAMP) -%E 114
filf A (protein kinase A, PKA) {5545 Ca* f# kg,
SEMAS A Z BRI EE AR, SRR 4 M fivia
e . Mg s SR . ARG,
PR ITCHIR LT BN S S E T 3Z (R0 25 [ 4 21
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SR, NG SRR RIANE 1N 5 2R R
TR 2R G0 )2 T AR 1 22 45
1.1 FENEHHEZESES
L11 Gh-£FBoEfh. BAsh (55451
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BrIhfE 1o WS R E LT BRI A LT B AL R,
R AL B A 2 A PG 1T 2 BB A 58 T i AT
BREME R ET R, Hizad B4 B 5tk

5-B Al 6 1 (5-hydroxytryptamine receptor 6, 5-
HT6) Zik., Hi-FERAMMGETEEEA ik
[ G & 1S SR 1] 4B SR e R (1R
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ARG R E T RN BE B o R, SEBim s
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s 51 S 3 50 2 R e R R R R A A 1 A5 I
1.1.2  Shhifl LT B IR

FEMZ KT, Shhil B A S e &
MGG TEe: FEREST, FHEAZK]L
(Patched 1, PTCHI) SEfL FLFBME, V&
I (smoothened, SMO) UG ; 4 Shhciksh &
PTCHI 5, PTCHI \NFEHEIF, SMOBEALE
JE WS GLI KR PEH8 8 11 (GLI family zine-finger
proteins, GLI) , ¥ B 28 [ij 14 41 ffL 34 56 5 43
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ik, 1M EgS DBe S T Be i 108 - B 4 on ef
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[y S SR NN ) HE U N SR T S 41Y2
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protein 13B, Arl13b") ROk 5 )5 ¥ 6 N 1z fa 52
BEIE Y, X RS T Shh {5 4L GLIK
LR OR e N B | 2 K RS TR GGt e
Ry 240 N 3 5 A 1 oy Ak S L U YOG B AR S T
x (B,
1.1.3 SRR (S S B 45 B A MO S

% i 2 4 % 1K (melanocortin 4 receptor,
MC4R) JEi#ERE TR A M OCH#E GPCR, HAE T
i %z 5% # (paraventricular nucleus of the
hypothalamus, PVN) #HZ8 04 B H 1945 PE e
EE TG AT AR, 8 SR R R
2 & N %% iz & 1 88 (intraflagellar transport 88,
IFT88) SLILAY PVN #1204 Bk 23 3 B MC4R
JCIEIEH WS, LY MCAR B4 307 MTIL Y %2 5¢
AR P FE— LIPS A B, MCAR T i 5
GBI ACIERIMER, 05 cAMP-PKA {551
B, AR EHOHCEER I ERE (E 1),

A, T ERHAZ A A Bt S SR R
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Fig. 1 Schematic diagram of neurociliary—mediated signaling mechanism
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“HE-LFEMT, MIEFEAES-HTOM AT T il & R 205 754k, c. Shh&5 & PTCHUS fiftbRxt SMOM I, {26 SMO AL B 1% GLI%%
ST, EEME R TR FRIE . MCAR: B Z iR 43Z (K (melanocortin 4 receptor) ; 5-HT: 5-F2€fik (5-hydroxytryptamine) ;
5-HT6: 5-#{aJlik6%I3Z K (5-hydroxytryptamine receptor 6) ; AC3: IR I (LT3 (adenylate cyclase 3); cAMP: MBI+ (3', 5
-cyclic adenosine monophosphate) ; PKA: 7K [ fitf A (protein kinase A); PTCHI1: Vi & %K1 (Patched 1); SMO: Vi HEHA
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IR %4 (cyclic guanosine monophosphate, c¢GMP)
RIGIEIRES, X — P e i A AR b i
RoEME 2 BRI 50, Wi REER 2ot
ML E B LB G & AMEEBEZ & 161 (G protein-
coupled receptor 161, GPR161) if E 1 i HL A a%
A S TTER IR R >

AN, WA B ib fe i H P E8 AC3 4R L
CAMP, TEILF M2 TC T ORIE R I cAMP 4
M, BOE AL T PKA, iS5 o RS 5
TR, FEER . AC3 RIKER PKA B2 s
o FBEER G
1.2.3 pERRSHEE TN ERESSEL

T R 22 B AR i 5 . 2k
BT AgRP HATUA BIEK, Mg REN &
FEPOMC L ICL B4 5 7. IR 2 Al il
I B g Wt UL B2 3 ¥4 A (phosphatidylinositol 3-
kinase, PI3K) Jdf, fii R flikifh 2ol & KR
I, ER GE o A Rho AR OC A (Rho-
associated kinase, ROCK) A~ AILE)E FH I ) £F
G, WA BEMAE RS, e S
K, XPFEER SO SR LT B N R 5 S
ks L >
124 BT EEE PR B

FRACIME 540, B S 5 TE I
IfIa Zhd, X —d R S e AR S BRI 3 B VA
Ko fem S S5 BRI PME BT ke £
RE SR, XA S i D 2T B AR
SAER S YR R Mk, A B
(suprachiasmatic nucleus, SCN) 22 C4f & 2
WEM T EEZ, MRS, SCNMZITe £
AL ShhfF 5, dERRAN e AR A, 48
RESE 25/ BB T A, G G IR 1 A8
b 2o, AN, IRFRAZ . SRR S B )2 BT B i 3
MEAMN A B R EUAAAE RS, Pner B
PERTRE R RGE) 2 AR ARSI N 27
1.3 HERGFHERTHAERE

R RGP SHINEA B RE R H B UIAH
XK, AFEMEA LT B . PR TR MG
P, HHLHIVE A5 5-m BE BT . Fh 28 TOA7E B
KA EIAFETH
131 ZFEMEMHAERGUNL

[ fi - Be 5 G 28 A 1iF - (Bardet-Biedl syndrome,
BBS) BRI LR VESN , AEA SRR
5%, I BBSome & A&, N fE- L iE /R 25

ANEFEF 1 #12 (Bardet-Biedl syndrome 1/2, BBS1/
2), G, REAEKMEZIAR3 A (somatostatin
receptor 3, SSTR3) %% GPCR Joik g i THi £ To4f
B Wb/ POMCHHZ T BBST 23 BUIEME . 1A
S A NCIC KRG MR R R A, BT R ke
e 2 A& E (Alstrdom syndrome, ALMS) LI &A1
RIRE A ZR AR ME . Wr g2k . Mgk B IR N RHIE,
ALMS1 AL B X, ATl TR
5-HT6 /b, fE KR )2 51 B 27 5% i X 5 ik
B i AR T

WAk, SRS H K E G 11 (kinesin family
member 11, KIF11) IR 51 & M £F B L
MR R G, H SRR R 2B 2T B 22 46
K. S5FmEYR, BHIBT Shh S5(F Sl s, dEims | &
Fili . B O AREREE 2V IRk AR B ES
UIREMF s e et e 7 4 BRI BOR 3, Ho
K- EFRMEAS SR E AN IIEES 5 B #H
R HLE . R B F 76 (centrosomal protein
76, CEP76) [XL5F {0 5 RIS 5w % Sy 8 I4F
BIRRANECR A, HRA S DaeH k25
KM RGRAE 2.
1.3.2 PRI R T A B

AR RN, WA 5w WAAE TR
R B pE R G, L2 46 R Al AL
(amyotrophic lateral sclerosis, ALS) . MH 4 % %
(Parkinson’ s disease, PD)., AM5TIESL, ALS
H BB 2 e BRI, KER, IFTXE
GRS E S 3 Shh 55 W2 . dERrs st &0
P0G B OGS 20 i AL B R 45 5 B 1 (cellular
retinoic acid-binding protein 1, CRABP1) k[
(R NITEIV-Z L ER NSRS 5 X

AL, ek EMRIER, PD IR A B
BMHAAG ST RS 55w kA LR, JFhT
TP AL AERE AT P FEREVE PD B WA
EFERRLR N R AR DG, RE W 22 L RE A 42 T AT
s WL BRSO 2 PR BE P 28 e M 4
Jay B AR5 3L PD M S 1) Ik R R R UK
fif 2 (leucine-rich repeat kinase 2, LRRK2) RALTS
5t T, LRRK2 AT #1024 I8 BT BT Shh
AR T B Y A WESE I — 2 fF LRRK2 3K
o SR PD T 5t BSR4 B AR S a8
NAZPRZ R, T HE A B-fF5 1F
RTET I P
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W iz )25 A5 Mg X0 53 28] #fE 1R i 28 O i 98 i B R
B 2o, 20 0 R G S BT IRV SR S Ml s A
PR WD S R B BT b, B ik
LAV fih S AR R 1 B A A 5T s 22 25 2 i
ATl R A S H, ATRE-SIA D BE & B n
FAHK O, WNHIRAEMER, BRI
(40 DISCI. PCMI) WIsZ0HOAA/LT BRRS M
ZRENL, NIEEE 2 B SEE S 12 R U8 51
W25 K2 EIe R E 0 Z G SR A
ST R Z PR ARG (% SCZ) fETELFBAHX
FERB T Z R Y peAh, RO BRI i 4
PRIZHSCHRA R B, 2R A MIE R IG5 55 Al
A8 -5 U I SR B A A A DG 17 25 b, AR[RIE
BRI PR 2 RGP BRI 20, (R4 ) 2F E7E M
SAAE AR O, PR BRI SN
LRGP s  E [] A gi
2 AENEWIHEREESEE: -0
B R GRIXT LML

WIRAEEME ARG T RIEIES . /Y
BN S AREN ZEA A, XFRTEN FIE
FEAEHRATIEM ARG ZINFEAEAE, U
PR A5 5 5 12055 . DNTIE s -
A RGP, S ook St
BT N T B = 1= 2 5o < 4 o e s IV
WO SRS 1, KPS AL i e )
AN, TSI B . IS A S5 e R Y
FEA I
21 BHARSPHRE-FE-KES
2.1.1  fH[E RS

JIE [ AR S 2 T R T Y R R
EZGER, HAZ PR E T TR BIE
i, R Wnt/B-catenin 55 Hh 55V, BRI =,
PRI G S RS LA B AT R B

JUEL [ P SR o = 7- I I [ A S (7-
dehydrocholesterol reductase, Dher7) & JH [& &
PR, H 28R 5 2L Smith-Lemli-Opitz 25 5 1iF -
Dher7 4 5 PR B /N BRI A G0t | it o B 3 R
g R A . BB A AR D . KEAR . 4F
EHEE— L FEHE S . WNT/B-catenin 5
SIS, REEAT BURRAE H ol (collagen

;

SHE

ull

type L alpha 1, Collal) EMB B HE 71k, 51k
BIERGE B  Siah, R G pia s B
(S CS MU A1 (sterol C5 desaturase, Sc5d) A
R 2 FEUN BN TR, B GG S s
ISR HE AR A2 AR DG, T X B A L A
SR IR JC AR A . Sesd ke 2 i i
YRR ET B4R HA e BN LB TR, AR
Hh 15 518 #% 5 Wnt/B-catenin {55 538 J& 15 P 1) [R5 25
W

JIEL T A . R RS AR 1 A2
(insulin-induced gene 1 and 2, Insigl/2) /2 JIH [ fig
G T, HAA R S 2 R 2 2
MHEEEER, SCE sl “24E" 5%, KE
S, HAEAR S HIGGE . S FOLE b, JE R e
i 2o S [E B R T TR SE 5 B (sterol regulatory
element-binding protein, SREBP) %G HulskiJE i
CHEH T Plk4 5 81, [ Plk4 3Rk 51 & 5K 5
WM, G Wnt/B-catenin {55 . % Hh {5
5, S Collal FiA T M, BF/HbZMH, RN
AR B MESS . BRI, FEERSGTTIK
MEELESR -4 E-WEET" B9
& (K2).
2.1.2 AR

ARG A BN DR 8 Ao 410 ) i A LRI G 2
FIERL, FEUSLE AL M FRIE NI, SR
BAA IR, U AR A A 3 AR R I AR R
IR 5% 30 o 1 A 2 LR AN T A BN s &
80 (intraflagellar transport 80, IFT80) TEWHRIK &
BE P iiz.odine . Rff5, Zahra Chinipardaz
BA 10— 2D TR PR B N IR AT Bl 1Y
SR, R G A2 e ok Y Sk
O1#E 1 (forkhead box O1, Foxol), #ifil IFT80 &)
sk, IMTACIRA BERYRAL . B 2= I kR,
Foxol BRI Al PR S M PR /N BRI T R 2T 6 S|
GHEST, T IFT8O0 Ay k2 W BH 1k 13X — R 2R o
XU AL AR s TR BB RS T AT B I AL
(i, FHARMAE T Foxol-TFT80-2F BRhfE M AE Y
T (E2),
22 MERZHHTREBRMNSEE[E

TEHE FoRMILAE RGLrh, 406 2 ad 2 I
WY, AFEFSE S X T YR
SRR IR FRGE SIE A ZE R . PIRET BRI
BRGH “PW-E5HST RO, JUHAE
BT YIN f7 (wall shear stress , WSS) JB&H15.0>
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B3 m WSS XIREF B BPEMN , WSS X
WA ERFELOREA , XFP I3 B AR Kriippel # [
F 4 (Kriippel-like factor 4, KLF4) f¥)Fik—4F
E R B8 X KLF4 /5 33k DLl B - ] 5T 5% 4k
(endothelial-mesenchymal transition, EndoMT), £f
BN 75 X KLF4 3 LAE 7 EndoMT B P B4
Witk BRI E W A B oA n (i
KIF3a) #ft, OWNBEMEICEBMMNRGE S, &

pay

Ao B B AR i 4

Dher7#: % Insig1/24:% Sc5d#t % N
\ ; 1 BB R it
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AR
v
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: I

/ o] AR
RIS T g ot AR AR § &
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WNT/B-catenin WNT/B-catenin WNT/B-catenin -
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UEAt, WkSHARET YR 348 A i 48 i i B2
X, WS VIHRLT BRIEREER . Bogdes, Bk
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LA PN A v S RS, R A T AL
], HE—BUFSEeF BAE MR- M A " DT
e A SR, S PRAR I SO R i sh
PP AL S 4 T
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Fig. 2 Unified framework diagram of bone homeostasis and repair
E2 BRESNESNE—IERE
FRI I RERERY (BRI R AG A E ) 58 i) AT B AR G P HyY Wt {5 5,
Dher7: 7-Wi SR E BSAJFES  (7-dehydrocholesterol reductase) ; Insigl/2: #5525 FHEE 1F12 (insulin-induced gene 1 and 2); Sc5d: ¥
C5- KM (sterol C5 desaturase) ; AGEs: HEIHBEIEALZ ™) (advanced glycation end products) ; Foxol: X 3k&O1# [ (forkhead box
O1); IFT80: £FEMNH iz H80 (intraflagellar transport 80); RUNX2: J{HAHH; 52 (Runt-related transcription factor 2); Collal:
I A Hal (collagen type I alpha 1); SPP1: JHRAIEERE 41 (secreted phosphoprotein 1)
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[FISEEE “HLREN-orF 1-H 8 U —k 4k
JEYE, B EE NS IYE SR, X
Fhehty Shae LRI ERTE, R T A BAEAFRIHL
HER 2GS0 A2 .
232 ZERMFHE: (55 S 5TR85510

R IERRAEFIARL, B 5 M5 RGAEF 50
FIFH K hfe s m LR B & 2R,

a2 T AR ZE RS R
WA, S DR SRS . 4B
S5 H [ EEAC U (Dher7, Insigl/2) E%HE4,
3 o I A B K B A Hh/Wnt 555, AT
MRS ERS . FIk, B RENL
BESMWE T Q- Ay, HAM B
SRR SRS S B T

MZ T, MRS L BRI R )2
ERCA RS EINAHIRSH IO &8 1 B TN e 2t Vi o=
RGN ) 1255, TR KLF4 &k I
K UERE fil EndoMT 2, B PRI IETE A5 1E % T2 5
FENKSHRTY VIR, IREE R, R BIR N Rt 51
BIrm, 258 Em SRS, E5TE
e, BROTLFBACE N (ANIFT88) I ARLT
BRI IR, B a03E L P N R AR TR
M) 0 70T A R S AR R R PR R A R R
S B TFT88 1T A2 1E EndoMT - il 5 £ 4k fk 3%
AL s HAE A FR G0 A 0 B Y ) fE
HRFE 7
233 RGEAEEXL:
HEZE

SMEINE, B 508 REE R LR
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Fig. 3 Causality—to—translation roadmap for cross—system primary cilia
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Receptor 6); AC3: PR TRIMLAES (adenylate cyclase 3); cAMP: IRBEFRARH (3', 5'-cyclic adenosine monophosphate) ; PKA: & FI#KEA
(protein kinase A); AMPK: {7 —WERRHIE )R (H#H (adenosine monophosphate-activated protein kinase) -
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Table 1 metabolic regulation of cilia

25 VIR SR/ E 2 ms BEH
a. W K NSSTR3. MC4RZEGPCRIFAT AL 35

WARG UGS SRS b, Shhfs BRI R RISt O fE [20, 24]
. L3 26 A -7 T el PR T4 2 o VB
LR

RS AR TR | OB [45, 47]

b. 200 21 417 Wnt/B-catenin M Hh{E 5 1) AH [ B4 Qi - 11U P (R K LE4 R 5
a. VAN S 3T U] R AMPKORI I J53 25 4 L3 7 A3

kAR 2t

S A P SO RSO A AT 67 b, PI3PAS AR T-4F B/ 3 10 A [51, 56]

c. P B U A PR P 4 B
a AFBEASHI. L2MREES
b AL H A I RSRES R G TS

BAGE SRS (NS ASRE S EA NP R4

[63-64]

SSTR3: K MMEZAK3% (somatostatin receptor 3); MCAR: MR FiZ 4% AZ{k (melanocortin 4 receptor) ; GPCR: G2 FIHBZ1A (G
protein-coupled receptors) ; KLF4: Kriippel#:[HF4 (Kriippel-like factor 4); AMPK: [ — B #LTE A9 F#4E¥ (adenosine monophos-
phate-activated protein kinase); PI3P: HilRMEALEE3®ER (phosphatidylinositol-3-phosphate) .
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Abstract Primary cilia—those solitary, microtubule-based projections extending from the surface of most
eukaryotic cells—are increasingly recognized not merely as cellular appendages, but as sophisticated signaling
hubs. By compartmentalizing specific receptors (e.g., GPCRs) and effectors within a microdomain guarded by the
transition zone, these organelles function effectively as high-gain sensors capable of integrating mechanical
stimuli with metabolic cues. In this review, we examine the pivotal role of primary cilia across the nervous, bone-
vascular, and renal landscapes, arguing for a unified "mechano-metabolic coupling" framework. Here, conserved
ciliary modules are not static; rather, they are differentially deployed to uphold systemic homeostasis. Within the
central nervous system, we position primary cilia as upstream integrators. We highlight how hypothalamic
neuronal cilia concentrate metabolic receptors, such as the melanocortin 4 receptor (MC4R), to interpret energy
status. Moreover, the recent identification of serotonergic "axon-cilium synapses" points to a direct mode of
neurotransmission, wherein 5-HT6 receptors drive nuclear signaling and chromatin accessibility to rapidly
modulate gene expression. Through these mechanisms, central cilia modulate sympathetic tone and
neuroendocrine output, effectively establishing the mechanical and metabolic "boundary conditions" under which

peripheral organs operate. Dysfunction in these central hubs is linked to obesity and neurodevelopmental
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disorders, including Bardet-Biedl syndrome. In peripheral tissues, cilia serve as versatile mechanotransducers that
convert physical forces into biochemical responses. Regarding the bone-vascular system, we discuss the
translation of mechanical loads and fluid shear stress into structural remodeling. In osteoblasts, specifically, ciliary
integrity is intrinsically linked to cholesterol and glucose metabolism, fine-tuning the balance between Hedgehog
and Wnt/B-catenin signaling to govern osteogenesis and bone repair. A similar dynamic exists in the vasculature,
where endothelial cilia sense shear stress to modulate KLLF4 expression and endothelial-to-mesenchymal transition
—processes critical for valvulogenesis and vascular remodeling. Meanwhile, in the kidney, tubular cilia act as
terminal effectors within a "shear-cilia-metabolism" axis. Here, fluid shear stress engages ciliary signaling to
trigger AMPK-mediated lipophagy and mitochondrial biogenesis, thereby securing the ATP supply required for
solute transport. Notably, dysregulation of this axis leads to metabolic reprogramming and aberrant proliferation,
acting as a hallmark driver of cystogenesis in polycystic kidney disease (PKD). Crucially, this review attempts to
dissect the often-conflated logic of cross-system integration by distinguishing 3 non-equivalent pathways: direct
communication via ciliary extracellular vesicles, though this remains largely hypothetical in long-range signaling;
"physiology-mediated cascades", where ciliary dysfunction in a single organ—such as the kidney—precipitates
systemic pathology through hemodynamic and metabolic shifts (e. g., altered blood pressure, fluid volume, or
uremic toxins); and "parallel molecular defects", where shared genetic mutations in ubiquitous components like
the IFT machinery cause simultaneous, independent failures across multiple organ systems. Building on these
distinctions, we propose a nested-loop model that links central set-points with peripheral feedback via
physiological variables. Furthermore, we construct a "causality-to-translation" roadmap that pinpoints structural
repair (e. g., targeting IFT assembly) and metabolic rescue (e. g., AMPK activation or autophagy induction) as
promising therapeutic avenues. Ultimately, this framework provides a theoretical basis for deciphering the shared
pathological mechanisms of multisystem ciliopathies, offering a strategic guide for the development of targeted

interventions that go beyond symptomatic treatment.
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