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EZ MRS s, COPLA T (130 ] 12 4
TEYEFR = /K AR D RE 5 4544 5 TG R B, COPI
W52 4 R 3 28 /N GTP il ADP A% 85 JE K R 7 1
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ethylmaleimide-sensitive factor attachment protein
receptor, SNARE) DL K= /R FEAR A I B, DT 4
RF 53038 6 10 5 Tl PR R LA RR AR . AR
7, COPLINAESZ AU S ISR, b4
5 R R FE A HE S A IR EE A Y S, a1 AR
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TR 5B 20 R AR 22 M4 Sk 2 1 A D[R £
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F|H 5 Myo18A 5% retromer B ¥ IAHEAEH , XT
HA SRR A e A T BTRE L AT,
O k22 A UEHE 3 HF GOLPH3 B2 0 T i SN
7% COPL R YHEL M, HEES 52 M EEN
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RN, IfgE—4E W] LEPROTs 5 GOLPH3 i it
SEATIR AR PR E COPI YA BB, A Sc4h sz
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1.1 SRIeHH

HeLa 4l fii & W H American Type Culture
Collection (ATCC) . 7 #ff 5 v fdi JHl 9 LEPROT
KO. LEPROTLI KO DX 2 LEPROT/LEPROTLI1 XX
Mk (DKO) 4iff R 51T & e scrh e fli i
YRR 2, A E RS F BT SR (131,
;: Yik 7] LabFect RNAI Transfection i [ b 5t 2% {#
{5/ F], Lipofectamine I H Invitrogen 23 7l . 4l
Mo [ KoaE Al R B R 4% 2R OP
(paraformaldehyde, PFA) . Triton X-100 [ 4 Ifil i
MM (bovine serum albumin, BSA).
1.2 fRaRE IR S5k

HeLa 2 i 355 5% T & A1 10% JIfi 4 L 7E  (fetal
bovine serum, FBS) [ DMEM &4 i53:3h, &
37°C. 5% CO, YRR IEFRA T HEF7 . siRNAA &
(1) Bt s} it ARG S 56,5 FH LabFect RNAi Transfection Kit
¥, Lipofectamine RNAIMAX 4% f8 |~ Z i B H £ 17
e, PTHISIRNAJFHIUNR : AP1GL, 5'-GCGCC-
UGUACAAAGCAAUU-3'; ARF1, 5-CCUGAUC-
UUCGUGGUGGACAGCAAU-3'; B-COP, 5'-AA-
CUUCCUGGACUUCUGAUGA-3'; GOLPH3, 5'-
AAAUGAUGUGUAACCCUCGCGGUCC-3',
1.3 GERHEE

iR PR A b, ARZBEEILEE, T
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Z5 35T {8 FH 4%PFA [ % 15 min, PBS ¥E# 5, i
H 0.1%Triton X-100 (PBS g #il ) & =i T B4k
10 min, FifiJ5 H 3% BSA (PBSHCHil) 7E= i F
M1 ho —HUfliF 3% BSAFE:, T 4°CHFE i iiak
ZEIMFE 1 ho Alexa Fluor 488 5% 568 1 Bk i) —Hi
(1:500, 3% BSAMB) TEEIREOCHRMNTHE
1 ho 2¢ 6 &4 ffi ] Nikon A1R+ k5 6= W 1 55

ARG B — P TS : anti-GM130 (BD
Biosciences, 610823) . anti-COPB2 (Abclonal,
A21294) anti-SEC31A  (BD Biosciences,
612351) LI} anti-B-COP (Invitrogen, PA1-061) .
Jr A5 Alexa Fluor fj X —Hr#I4 H Invitrogen A Fl o
1.4 ZEHBRENEE (Western blot)

S e AT P 5 A P I )R RNl A 1500 A
2@ (25 mmol/L Tris-HCl, pH 7.4, 150 mmol/L
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fif AERBCE R 10T, B TRE 5 28 SDS-PAGE 435
JE %% 2 PVDF . B LA 5% BUAS W58 (%) TBST
B 1 h, BEETFE4°CHKMT, BT 2% A0k
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o Mifs, A TBSTPYERE3 K (10 min/k), Ff
JIAHRPARICH) Pt (1 : 5000, fd 5 2% il
Wk TBSTHi ), EIRMFHE 1 he FRRVERE3 K
&, R HRP AL ROCIE Y T  f5, Ifid it il
% 245 (Tanon 4600SF) RAE(E5 .

A5 B — 9t B 45 : anti-p-COP
(Invitrogen, PA1-061) . anti-B-tubulin  (Santa
Cruz, sc-101527) . anti-LEPROTL1 (Sangon

Biotech; | A LEPROTLI & 4 C %5 il £ ik
o PE H il % M0 B ) . anti-GAPDH (BBI Life
D110016-0200) . anti-AP1Gl1 (BD
610385) . anti-ARF1 (Proteintech,
L M anti-GOLPH3

Sciences,
Biosciences,
10790-1-AP)
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(Proteintech,
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TR EERG K, 8 min/E (4°C) . B, FEAHTE
15 SPI-PONS12R W AR B FETR il (3 : 1.
L:1, 1:3; BREEIR AW 417024 21 ml SPI-Pon
SI2R M 5 (SPI Supplies, USA). 12 ml+ —Hidk
T MR IF (dodecenyl succinic anhydride, DDSA)
A1 13 ml 903 7 R I (nadic methyl anhydride,
NMA) ) WZLBE, mA&HAMMIET. b5,
TE 5 1.5% % 3 — H % (benzyldimethylamine,
BDMA) (&R g b7, If F 60°CE 4
48 ho {f DI A HL (Leica EM UC6) il £
2970 nm YT o 1R 28 IR Al AT A R S AL
FYL (A )5, K TEM (FEI Tecnai Spirit 120 kV)
HEAT W EE, JFffi F EMSIS CCD #H#1 (VELETA)
FAEEG
1.6 BEGAESSITEN T

A% 43 8 4l F Fiji (Image)) =% Imaris %K {4
(Bitplane, Switzerland) 5¢ il . F| H Imagel ¥ 14
JACoP (Just Another Co-localization Plugin) 1%
AEDEEAF 5 Z 8] A9 Manders F: g (37 25, SLEGEL
P L meantSD F/n . P4 Z [0 1Y 22 5 B R H
LR XU Student” s ¢ K S 47500 . it dr 5
YE I | GraphPad Prism 9 {4, ABf5EH, *P<
0.05, **P<0.01, ***P<0.001, ****P<(0.0001,
“ns” RFETLGITFHE L.
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ARE, BRI AT RE & A A R, R
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o IR ARG AL BB v AT B SRR B 1) 5 AR A
(Kl 1a), HRETAIMFFER, LEPROTs AR il S
B IR IR AL B S A b S R T e, A AR
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BA; MWZT, BEELE-COP B Mm/RE BHuthEZER (K1), KL T OAE
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DKO 41l g e g8 1) i 3= 80 = B AH AL (B 1b, e) DL S22 AT, COPLA 5 1Y 12 i B J2
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XFPRA LR, ARFL PRI Acs i i% eSS EYER, 78 LEPROT DKO 4l fifd H A e ik
X R R AR ZOA R Re A AR AR E A . i RIAR2EA LEPROTLL, 25 NIR, &M A i
— LA ARFAL B TR R EL, T FREERERGIEFIESS M (Kb, d, o).
P COPLAH iz (1 B-COP Mif 8% LEPROTs it 3X—%45 F ik — I B LEPROTS 78 2 43 55 /R SL A 4%
K) BRI Golgi Angle W R WAL, W4  MARETROCHEEM.
AP-138 B = AR RN (B Te) o axX Sl 7 ¢
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Fig.1 Disruption of COPI-mediated trafficking induces Golgi ribbon extension

(a) Schematic diagram illustrating the measurement of the “Golgi Angle” to quantify Golgi circumferential distribution. (b) Immunofluorescence
images of HeLa cells (WT or LEPROT DKO) transfected with siRNA targeting AP1G1, ARF1, or -COP. Cells were immunolabled with an antibody
against GM130 (red) and nuclei were stained with DAPI (blue). The “DKO+LEPROTL1” group indicates LEPROT DKO cells overexpressing
LEPROTLI. (c) Western blot analysis confirming the knockdown efficiency of AP1G1, ARF1, and B-COP. (d) Western blot analysis of LEPROTLI1
protein levels in Control, LEPROTL1 KO, LEPROT DKO, and LEPROT DKO cells overexpressing LEPROTLI. (e) Quantification of the Golgi
Angle shown in (b). Each dot represents one cell (n=50). (f) Quantification of the nuclear area shown in (b). Each dot represents one cell (#=50).
*¥*%P<0.001, *¥***P<0.000 1, ns: not significant.
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2.2 LEPROTs5GOLPH3 A= S REMAKT K
HEHNEEE

BB A CIRSY T LEPROTS 5 201 COPL422:3L 7R
M GOLPH3 Z [A|IIREC FR o 4R IE/N, 7EHela
2 i v #AIC GOLPH3 [Rl 25 5 350 IR B Akl kA=
WM (K 2a, b, d). A#BHZE, 7£LEPROT
DKO 4 it 1 @Ik AP1G 1 BENE i 35 300 5 I S S fift 1)
PRI S A% R ] 45 e (&
2a, d)o X—MELRER, B/RIRNZE LA
Al GE B2k T ARF1 F i AP-1 /v S /Y 1F 1] $i iz 5
COPIA 1 [ iz =2 18] 1) B A A .

5L & B, E LEPROT DKO 55 F
A @I GOLPH3 Ji5 , i 7R FEAACHT 118 S e A% I

(@

# 5% T LEPROT DKO &Y siGOLPH3 . — b Bf 4
KB EB MR (K2a, d). AT HEBRBR
Bt EARACR AW AEsE A, AR St —25F H CRISPR/
Cas9 % R # # T LEPROTs-GOLPH3 = fif [
(TKO) 4R, JFUESE T GOLPH3 & H7EH iy
SEaiiR (Fl2c). &asrHr s, TKO A &
IRFEARAE i 2 5 DKO 75 55 T rif Ik GOLPH3 11 &
BB — 3% ([ 2a, d) . FiRZERE,
LEPROTs 5 GOLPH3 7 4 43 = /R Fe AR BE A5
RETATCRMVATER . XA R SNEER,
P AT REF AR AL T — LR MR m i, i i
ANFEHLHIZ 5 COPLAH G R Ay, DA [R] 4
R R IR SRR S

LEPROT DKO
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Fig. 2 LEPROTSs and GOLPH3 cooperatively regulate Golgi ribbon compactness
(a) Confocal images of WT, LEPROT DKO, and LEPROTs-GOLPH3 TKO HeLa cells transfected with siRNA negative control (siNC) or siRNAs
targeting AP1G1 or GOLPH3. Cells were stained with an antibody against GM130 (red), and nuclei were labeled with DAPI (blue).
(b) Immunoblotting showing the knockdown efficiency of GOLPH3 in HeLa cells transfected with siNC or siGOLPH3. (c) Verification of GOLPH3
knockout in the LEPROTs-GOLPH3 TKO cell line (generated from the LEPROT DKO background). (d) Statistical analysis of the Golgi Angle in the
indicated groups. Each dot represents one cell (n=50). *P<0.05, **P<0.01, ***P<0.001, ****P<0.000 1, ns: not significant.
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Fig. 3 Loss of LEPROTSs or GOLPH3 alters the subcellular distribution of COPI components

(a) Confocal images of wild-type or LEPROT DKO HeLa cells transfected with siRNA negative control (siNC) or siRNA targeting GOLPH3. Cells
were stained with antibodies against f-COP (green) and GM 130 (red). Nuclei were labeled with DAPI (blue). (b) Quantification of non-Golgi B-COP-
positive puncta in cells shown in (a). Each dot represents one cell; n=50 cells per condition. (c) Confocal images of wild-type or LEPROT DKO
HeLa cells transfected with siRNA negative control (siNC) or siRNA targeting GOLPH3. Cells were stained with antibodies against '-COP (green)
and GM130 (red). Nuclei were labeled with DAPI (blue). (d) Quantification of non-Golgi B'-COP-positive puncta in cells shown in (c). Each dot
represents one cell; n=50 cells per condition. (¢) Confocal images of wild-type and LEPROT DKO HeLa cells stained with antibodies against B-COP
and the ERES marker SEC31A. (f) Quantification of Manders’ overlap coefficient between f-COP and SEC31A signals. Each dot represents one
cell; n=50 cells per condition. ***P<0.001, ****P<(0.000 1.
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R TTSEME, XS — COPIAZ.L 5 B/-COP 43
MG OLHEAT T 0. 255K, p-COP [AAE H B
TRENAER R SOR R Y, X —RAY
B-COP M MEL L s E—3 (K 3¢, d). XA
COPI o W HE — Bk S e el AE , R I
WEMFT, COPLE GYMANEN R kAT R4
HPLsh . HAFEEMNE, £LEPROT DKOH &
E— R GOLPH3, X RS B S EE 52
TATAT PR — A d] (& 3b) . Xl A1 B & Jin 42
7~, LEPROTs 5 GOLPH3 7E JH#% COPI AH & i # it
GNP | O S N 125 1 5 S S (TS 1 PO
Sy APLEI L R 2 izl R R R

R T X S B ST, R B
[ & (ER exit sites, ERES) #raE% SEC31A i#
T TN T " 53 B8, #£ LEPROT DKO
A, A SR v R B E A2 ) B-COP (R 5 5
SEC31A RIMB E M HEf, (El3e), H Manders
FERBEE S T4 (K3), COPIS SAY
[ 325 5 2 Y0 A 21K TR P T I L g P JB IR 28] 3K A7
(ER arrival sites, ERAS), [fif ERAS il 5 N i ¥
AR TES L mER G, X R B-COP 5
SEC31A 11 = £ g v 3 4 $ 75 COPI 41 47 7F ER-
Golgi ZE A K KA T 5 LR 1910k — 4 |k
B, 7 LEPROTs 2 GOLPH3 Bk i1 T, COPI
2 3 FEHRIR P9 5T I S5 A B R AU B AR [l e R JE AR
T8 CHAE ERAS/ERES FUii & 4= i & B . X
Tl 418 24 11 BEL ¥ 1T 68— 20 i) T e R SR A IX 5
COPLIE MM = o
24 BRHEHS B RCOPIFE L RESHE R T
EHRE5EE

R 1 DA 285 2 T i A e JR B A5 A2 4
By 3L Al , % xR 4H . LEPROT KO. LEPROTLI
KO. LEPROT DKO L) J¢ GOLPH3 i fik HeLa 4fi Jfd
AT TEM 0¥ . 5986 WA T AR B 1) i /R 3
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Fig. 4 Ultrastructural analysis reveals altered Golgi cisternal architecture upon LEPROTSs or GOLPH3 loss

(a) Confocal images of Golgi structures labeled with GM130 and corresponding transmission electron microscopy images in wild-type, LEPROT KO,
LEPROTL1 KO, GOLPH3 KO, and LEPROT DKO HeLa cells. Golgi stacks are indicated by “G”. Nuclei were labeled with DAPI (blue).
(b) Representative TEM image illustrating the measurement of Golgi cisternal length and thickness. (¢, d) Quantification of Golgi cisternal length (c)
and thickness (d) based on TEM images shown in (a). Each dot represents one Golgi stack; n=50 stacks per condition. (¢) Quantification of the
number of cisternae per Golgi stack. Each dot represents one Golgi stack; n=30 stacks per condition. (f) Representative TEM images showing Golgi-
associated vesicles in wild-type and LEPROT DKO HeLa cells. (g) Quantification of the number of COPI-like vesicles in the vicinity of Golgi stacks.
Each dot represents one Golgi apparatus; n=50. **P<0.01, ***P<0.001, ****P<0.000 1, ns: not significant.
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Abstract Objective The Golgi apparatus serves as a central hub in the eukaryotic secretory pathway,
responsible for the processing, sorting, and trafficking of proteins and lipids. In mammalian cells, the Golgi
typically forms a perinuclear ribbon-like structure composed of laterally connected cisternae stacks. The
maintenance of Golgi ribbon structure depends on the balance of membrane flux across multiple intracellular
trafficking pathways, yet the specific contributions of distinct trafficking branches to Golgi macroscopic
morphology remain elusive. In mammalian cells, the Golgi ribbon is typically organized as a perinuclear, laterally
connected structure composed of stacked cisternae, and its integrity is highly dynamic and sensitive to
perturbations in membrane trafficking. This study aims to elucidate the role of coat protein complex I (COPI)-
mediated retrograde transport in maintaining the Golgi ribbon and to dissect the functional relationship between
the transmembrane cargo receptors LEPROT/LEPROTL1 (LEPROTs) and the COPI adaptor GOLPH3.
Methods Using siRNA interference and gene-deficient cell lines, we selectively perturbed COPI- or adaptor
protein complex 1 (AP-1) -mediated trafficking pathways in HeLa cells. To quantitatively evaluate Golgi

morphology, we employed a “Golgi Angle”-based measurement to assess its circumferential distribution around
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the nucleus. The spatial distribution of the Golgi ribbon was quantitatively analyzed using confocal microscopy,
while Golgi ultrastructure and vesicle density were examined via transmission electron microscopy. Additionally,
the subcellular distribution of COPI components was assessed by immunofluorescence co-localization.
Results  Selective inhibition of COPI retrograde transport significantly induced the circumferential extension of
the Golgi ribbon around the nucleus, whereas blocking AP-1-mediated anterograde transport resulted in Golgi
compaction, indicating opposing roles. These results suggest that different trafficking branches downstream of
ARF1 exert distinct and even antagonistic effects on Golgi morphology. LEPROTs-deficient cells exhibited a
Golgi extension phenotype highly consistent with COPI impairment. Furthermore, knockdown of GOLPH3 in a
LEPROTs double-knockout background produced a significant additive effect on Golgi extension, suggesting that
LEPROTs and GOLPH3 play non-redundant roles in regulating COPI-related trafficking processes.
Mechanistically, loss of either LEPROTs or GOLPH3 led to the aberrant accumulation of COPI components at
endoplasmic reticulum exit sites, accompanied by a reduction in COPI-like vesicles around the Golgi. This
redistribution indicates a defect in COPI recycling between the ER-Golgi interface and the Golgi apparatus.
Ultrastructural analysis revealed that Golgi cisternae in defective cells became shorter and thicker while
maintaining a stable number of stacks. In parallel, the density of Golgi-associated vesicles was markedly
decreased, further supporting an impairment in COPI vesicle formation or budding processes. Conclusion This
study demonstrates that active COPI retrograde transport is a critical factor in restricting the over-connection of
the Golgi ribbon and maintaining its compactness. Rather than causing fragmentation, partial disruption of COPI
function leads to a distinct morphological outcome characterized by Golgi ribbon extension at the light
microscopy level and cisternal remodeling at the ultrastructural level. LEPROTs and GOLPH3 cooperatively
promote the recycling and vesiculation of COPI components, thereby imposing a structural constraint on the Golgi
periphery. Our findings support a model in which multiple adaptor proteins act in parallel to sustain efficient
COPI cycling, thereby maintaining Golgi structural homeostasis. These findings provide new cell biological

evidence for the membrane trafficking basis of Golgi morphological homeostasis.
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