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CME: clathrin-mediated endocytosis  

CIE: clathrin-independent endocytosis  

EE: early endosome  

LE: late endosome  

LY: lysosomes  

TGN: trans-Golgi network  

RE: recycling endosome  

PM: plasma membrane  

ERC: endocytic recycling compartment 

MVBs: multivesicular bodies  

ILVs: intraluminal vesicles  

EHDs: eps15 homology domain containing proteins 

Rab11-FIPs: Rab11-family interacting proteins 

Arf6: ADP-ribosylation factor 6 

SNX4: sorting nexin 4 

MICALL1: MICAL-like protein1 

Ub : ubiquitin  

Eps15: epidermal growth factor receptor substrate 15 

ESCRT: endosomal sorting complex required for transport 

EGFR: Epidermal Growth Factor Receptor  

UBD: ubiquitin-binding domains 

EEA1: Early endosome antigen 1 

Hrs: hepatocyte growth factor regulated tyrosine kinase substrate 

v-SNARE: vesicular-soluble N-etylmaleimide sensitive fusion protein attachment 

protein receptor 

Snc1: SNAP receptor SNC1 

COPI: coat protein I 

WASH: Wiskott–Aldrich syndrome protein and SCAR homolog complex 

CF: Cystic fibrosis  



 
 

CFTR: Cystic Fibrosis Transmembrane conductance Regulator 

∆F508: delta F508 

ERQC: ER quality control  

ERAD: ER associated degradation  

PMQC: plasma membrane quality control  

CFBE: human CF bronchial epithelial cell CF  

RFFL: ring finger and FYVE like domain containing E3 ubiquitin protein ligase 

DN: dominant-negative 

BioID: Proximity dependent biotin identification  

WT: wild type 

GFP: green fluorescent protein 

PCC: Pearson Correlation Coefficient 

Lamp1: lysosomal associated membrane protein 1 

GM130: Golgi matrix protein 130 kD 

CI-M6PR: cation-independent mannose 6-phosphate receptor -6-

 

TEM: Transmission Electron Microscope  

SEM: Scanning Electron Microscope  

MCC: Mander’s correlation coefficient 

TfR: transferrin receptor  

NT: Non-transfected 

GPI: glycosylphosphatidylinositol 

NA: NeutrAvidin 

CID: chemical-induced protein dimerization assay 

MB: Myc-Biotin 

HB: histidine-biotin 

GST: glutathione-S-transferase 

LC-MS/MS : liquid chromatography coupled to tandem mass spectrometry 

KO: knockout 

KD: knockdown 

MYO1B: myosin IB  

MYO6: myosin VI 

MYO1E: myosin IE 



 
 

KIF5B: kinesin family member 5B 

KIF16B: kinesin family member 16B 
RNF34: ring finger protein 34 (known as CARP1: caspases‑8/10 associated RING 

proteins 1) 

XIAP: X-linked inhibitor of apoptosis 

SH3RF1: SH3 domain containing ring finger 1 (known as POSH: Plenty of SH3s) 

DTX3L: deltex E3 ubiquitin ligase 3L 

DUB: Deubiquitinating enzymes  

VCPIP1: valosin containing protein interacting protein 1 (kown as VCIP135) 

USP15: ubiquitin specific peptidase 15 

USP43: ubiquitin specific peptidase 43 

SQSTM1: sequestosome 1 

FBS: Fetal bovine serum 

DMEM: Dulbecco's modified Eagle's medium 

MEM: minimum essential medium 

PEI: Polyethylenimine  

PBS (-): Ca2+, Mg2+ free Phosphate Buffered Saline 

PBS: Phosphate Buffered Saline 

BSA: Bovine serum albumin 

BCA : bicinchoninic acid assay 

SDS: Sodium dodecyl sulfate 

PAGE: polyacrylamide gel electrophoresis 

HRP: Horseradish peroxidase 

EDTA: ethylenediaminetetraacetic acid 

gRNA: guide RNA 

PCR: Polymerase Chain Reaction 

PMSF: phenylmethylsulfonyl fluoride 

Tris: tris(hydroxymethyl)aminomethane 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  
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Figure 1. The endosome/lysosome pathway 

Endocytosed cargo is usually delivered to the EE that receives incoming material 

from primary vesicles generated by CME and CIE. 

Cargoes are delivered from the EE to the LE and LY for lysosomal degradation. 

Cargoes are delivered from the EE to the TGN or to RE that brings the cargo back to 

the PM. 

Sorting of membrane proteins from EE leads to the entry of cargoes into fast 
recycling pathways. 

Cargoes are trafficked via slow recycling pathway, which involves traffic through a 
juxtanuclear endocytic recycling compartment (ERC) and then via the RE before 

return to the PM. 
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Figure 2.  Molecular mechanisms of the endosome/lysosome pathway 
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Figure 3. Role of Ub in endosomal sorting 

Ubiquitination of cargo stimulates the lysosomal degradation by ESCRT complex. 

Reversible poly-ubiquitination of WASH, an actin-nucleating protein essential for 

recycling, promotes endosomal protein recycling. 

 
Figure 4. Degradation mechanism of ∆F508-CFTR 
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Figure 5. RFFL catalytic inactive mutants induce condensed endosomes. 
(A) Predicted function of RFFL domains. (B) Fluorescence micrographs of HeLa F508-CFTR-3HA 

cells expressing RFFL-GFP variants.  
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Figure 6. RFFL catalytic inactive mutants are localized to recycling endosomes. 
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Figure 6. RFFL catalytic inactive mutants are localized to recycling endosomes. 
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Figure 6. RFFL catalytic inactive mutants are localized to recycling endosomes. 
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Figure 6. RFFL catalytic inactive mutants are localized to recycling endosomes. 
(A) Cellular localization of RFFL-GFP and RFFL-H333A-GFP in HeLa- F508 CFTR-3HA cells was 

analyzed with the co-transfected organelle markers indicated. Circled regions were further deconvoluted 

(HyVolution). Boxed regions are enlarged (Zoom). Line scans show profiles of fluorescence intensity 

against line distance. Bars, 10 m. The nucleus was stained by DAPI. Colocalization of RFFL variants 
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and organelle markers was measured by Pearson’s correlation coefficient (PCC). (B) Cellular localization 

of RFFL-GFP and RFFL-H333A-GFP in HeLa F508-CFTR-3HA cells was analyzed with organelle 

markers indicated. Circled regions were further deconvoluted (HyVolution). Boxed regions are enlarged 

(Zoom). Line scans show profiles of fluorescence intensity against line distance. Bars, 10 m. The 

nucleus was stained by DAPI. Colocalization of RFFL variants and organelle markers was measured by 

PCC. 
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Figure 7. Ultrastructure of RFFL-H333A induced condensed recycling endosomes. 
(A) Super-resolution confocal micrograph (HyVolution) of the condensed tubular structures induced by 

RFFL-H333A-GFP in HeLa F508-CFTR-3HA cells. Circled regions were further deconvoluted 

(HyVolution). Boxed regions are enlarged (Zoom). Bars, 10 m. (B-E) Transmission electron microscopy 

of HeLa F508-CFTR-3HA cells transfected with RFFL-H333A-GFP. Higher magnification views of 

the section are shown (C-E). Arrow and arrowhead show EE and the clustered ERC, respectively. N, 

nucleus. Bars, 10 m (B), 2 m (C), 1 m (D, E). (F-H) Scanning electron microscopy of HeLa 

F508-CFTR-3HA cells transfected with RFFL-H333A-GFP. Clusters of ERC (blue, arrowhead) are 

observed around the nucleus (red). Lysosomes (yellow) are located around the clustered ERC in the 

cytoplasm (purple). Higher magnification views of the section are shown (G-H). Bars, 1 m. 
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Figure 8. RFFL-H333A inhibits segregation of EE and RE. 
(A) Cellular localization of mTagBFP2-Rab5 and mRFP-Rab7 or DsRed-Rab11 in HeLa- F508 

CFTR-3HA cells transfected with RFFL-GFP variants or empty vector (mock). Circled regions were 

further deconvoluted (HyVolution). Boxed regions are enlarged (Zoom). Bars, 10 m. (B) Mander’s 

correlation coefficient (MCC) values quantify the mRFP-Rab7 or DsRed-Rab11 overlapped with 

mTagBFP2-Rab5 in the transfected HeLa cells shown in A. Data represent means ± SE (n=20 cells per 

each condition). n.s., not significant, ∗∗p < 0.01. 
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC (-continued).. 
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC (-continued). 
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC (-continued). 
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC. 
(A, B) Time-lapse images of internalized TfR labeled with Alexa Fluor-647 conjugated Tf (A647-Tf) in 

Hela- F508 CFTR-3HA cells non-transfected (NT) or transfected with GFP-fused RFFL variants. Cells 

were loaded with A647-Tf for 2.5 hours at 37°C (T-0 h) and chased 1 hour at 37°C (T-1 h) to monitor the 

TfR recycling. Images of same cells at T-0 h and T-1 h were shown in A. Broken lines indicate contour of 

cell and nucleus. The intracellular A647-Tf intensity was quantified at the indicated time points (B). (C, 

D) Indirect immunostaining of WT-CFTR-3HA (C) and CD59-Flag (D) in HeLa cells transfected with 

GFP fused RFFL variants. Internalized WT-CFTR-3HA was labeled with anti-HA antibody for 2.5 hours 

at 37°C and cell surface CD59-Flag was labeled with anti-Flag antibody for 1 hour at 4°C. Immediately 

after the labeling (0 h) or after 4 hours chase at 37°C (4 h), cells were fixed and immunostained with 

secondary antibody. Asterisks and arrowheads indicate the NT cells and the condensed ERC, respectively. 

(E) Indirect immunostaining of rescued ∆F508-CFTR-3HA (r∆F508) in HeLa-∆F508-CFTR-3HA cells 

transfected with RFFL-GFP or RFFL-H333A-GFP. Internalized r∆F508-CFTR-3HA was labeled with 

anti-HA antibodies for 2.5 h at 37°C (T-0 h) and chased for 4 hours. Asterisks and arrowheads indicate 

the NT cells and the condensed ERC, respectively. (F, G) Lysosomal delivery of TRITC-Dextran loaded 

at 37°C for 1 hour and chased for 3 hours in HeLa cells transfected with GFP-fused RFFL variants.. 

Lamp1 was used as a lysosome marker. Colocalization of TRITC-Dextran with Lamp1 was quantified by 

calculating PCC (G). (H) Indirect immunostaining of EGFR in HeLa cells after EGF treatment at the 

indicated concentration for 1 hour. Line scans show profiles of fluorescence intensity against line distance. 

Colocalization of RFFL variants and EGFR was measured by PCC. Asterisks and arrowheads indicate the 

NT cells and the condensed ERC, respectively. (I, K) EGFR endocytic trafficking in HeLa cells 

transfected with RFFL-GFP or RFFL-H333A-GFP was monitored by Alexa Fluor-568 conjugated EGF 

(A568-EGF) loading for 15 min (left) or 60 min (right) with EEA1 (I) or Lamp1 (K) immunostaining. 

Asterisks and arrowheads indicate the NT cells and the condensed ERC, respectively. (J, L) 

Colocalization of A568-EGF with EEA1 (J) or Lamp1 (L) in HeLa cells transfected with RFFL-GFP 

variants was quantified by PCC. The number of cells from at least two independent experiments is 

indicated in parentheses. Data represent means ± SE. Bars, 10 m.  

 



 

 
 

26 

4 ERC  
 

1  

 

RFFL-DN RFFL r∆F508-CFTR 34

RFFL-DN ERC

ERC

RFFL

ERC  

 

2 BioID RFFL  

 

BioID
43

C BirA* HA RFFL RFFL- BirA*-HA

CFBE 50 M

RFFL-BirA*-HA Fig. 10A

RFFL-H333A-BirA*-HA CFBE ERC

RFFL

Fig. 10A

RFFL-BirA*-HA RFFL-H333A-BirA*-HA

Fig.10B NeutrAvidin

Fig.10C

RFFL 100

RFFL

class I Rab11-FIPs (Rab11-FIP1 Rab11-FIP2 Rab11-FIP5) MICALL1 MICALL2

JRAB EHD1 30 RE Fig.10D 7

Fig.10E 6 E3-ligase Fig.10F 3 DUB Fig.10F

RE RFFL

MICALL2 class I Rab11-FIPs MICALL1 EHD1 TfR
44-51

RFFL-DN ERC  

 



 

 
 

27 

 

 

 
Figure 10. RFFL interactome analysis by BioID (-continued). 
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Figure 10. RFFL interactome analysis by BioID. 
(A) Fluorescence micrographs of CFBE cells stably expressing RFFL-BirA*-HA or 

RFFL-H333A-BirA*-HA with or without 50 M biotin treatment. The RFFL variants and proximal 

biotinylated proteins were stained with anti-HA antibody and streptavidin-Alexa Fluor 568 (SA-A568). 

The non-transfected CFBE cells (NT) were used as a negative control. Bars, 50 m. (B) Western blotting 

confirmed the proximal biotinylated proteins and expression of RFFL-BirA*-HA or 

RFFL-H333A-BirA*-HA. Biotinylated proteins were detected with NeutrAvidin (NA)-HRP. (C) 

SDS-PAGE analysis of the BioID pull-down using the CFBE cells stably expressing RFFL-BirA*-HA or 

RFFL-H333A-BirA*-HA after 50 M biotin treatment. (D) Comparison of the 30 RE-associated proteins 

identified with high confidence in RFFL-BirA* BioID. Heat maps represent total spectral counts of 

individual proteins per condition. (E, F) Comparison of the 7 motor proteins (E), 6 Ub ligase and 3 DUB 

(F) identified with high confidence in RFFL-BirA* BioID. The non-transfected (NT) CFBE cells were 

used for as a negative control. Heat maps represent total spectral counts of individual proteins per 

condition. 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 

ERC (-continued). 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 

ERC (-continued). 
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Figure. 11. Prolonged RFFL association with Rab11 effectors induces the clustered 

ERC (-continued). 
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Figure. 11. Prolonged RFFL association with Rab11 effectors induces the clustered 

ERC (-continued). 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 

ERC (-continued). 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 

ERC (-continued). 
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered 

ERC. 
(A) Cellular localization of the transfected GFP-fused Rab11 effectors in HeLa- F508 CFTR-3HA cells 

was analyzed with the co-transfected RFFL-mCherry or RFFL-H333A-mCherry. Circled regions were 

further deconvoluted (HyVolution). Boxed regions are enlarged (Zoom). Line scans show profiles of 
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fluorescence intensity against line distance. Colocalization of RFFL variants and Rab11 effectors was 

measured by PCC. (B, C) Interaction of Myc-Biotin (MB) tagged Rab11 effectors with RFFL-V5 or 

RFFL-H333A-V5 is shown by NA pull-down in 293MSR cells. (D-H) Interaction of histidine-biotin 

(HB) tagged RFFL or RFFL-H333A with GFP-Rab11 effectors is shown by NA pull-down in 293MSR 

cells. (I) Cellular localization of endogenous Rab11 effectors was analyzed by immunostaining with the 

indicated antibodies in HeLa- F508 CFTR-3HA cells transfected with RFFL-H333A-GFP. (J) 

Fluorescence imaging of the clustered ERC formation after forced RFFL-FKBP-mCherry association 

with Rab11 effectors-FRB-GFP in HeLa- F508 CFTR-3HA cells with or without 500 nM rapamycin 

(+Rap) treatment for 5 min followed by 16 hours chase after rapamycin washout. Broken lines indicate 

contour of cell and nucleus. (K) Negative control experiments of CID technique in HeLa- F508 

CFTR-3HA cells transfected with Rab11 effectors-FRB-GFP and CFP-FKBP with or without 500 nM 

rapamycin (+Rap) treatment for 5 min followed by 16 hours chase after rapamycin washout. (L) 

Internalized WT-CFTR was accumulated in the clustered ERC induced by the CID in HeLa-CFTR-3HA 

cells expressing EHD1-FRB-GFP, GFP-FRB-MICALL1, Rab11-FIP1C-FRB-GFP, 

GFP-FRB-Rab11-FIP2 or Rab11-FIP5-FRB-GFP and RFFL-FKBP-mCherry with rapamycin treatment. 

Internalized WT-CFTR was labeled with anti-HA antibody as Fig. 9C. Bars, 10 m. 
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Figure 12. RFFL-H333A inhibits ubiquitination of Rab11 effectors. 
(A, B) Ubiquitination level of MB-EHD1, MB-MICALL1, MB-Rab11-FIP1C, MB-Rab11-FIP2 and 

MB-Rab11-FIP5 in 293MSR cells transfected with HA-Ub and RFFL-H333A-V5 was measured by NA 

pull-down (A). Ubiquitination level of Rab11 effector proteins were quantified. At least 4 independent 

experiments were performed for quantification. Sample number was indicated in parentheses. Data 

represent means ± SE. *P<0.05, ***P<0.001 (B). (C-F) Ubiquitination level of MB-MICALL1 (C), 

MB-EHD1 (D), MB-Rab11-FIP1C (E) or MB-Rab11-FIP2 (F) in 293MSR cells transfected with HA-Ub 

or HA-Ub-K0 and RFFL-V5 or RFFL-H333A-V5 was measured by NA pull-down. (G) Ubiquitination 

sites of MB-MICALL1, MB-EHD1, MB-Rab11-FIP1C, and MB-Rab11-FIP2 in 293MSR cells 

transfected with HA-Ub were analyzed by LC-MS/MS. Three, five, ten and five ubiquitination sites were 

identified in the MICALL1, EHD1, Rab11-FIP1C, and Rab11-FIP2 respectively. 
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Figure 13. RFFL regulates ubiquitination of the Rab11 effectors in cell 

(-continued). 
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Figure 13. RFFL regulates ubiquitination of the Rab11 effectors in cell. 
(A) Western blotting confirms the RFFL KO in 293MSR cells. (B) PCR analysis confirmed the RFFL 

KO. Schematic of the RFFL gene with the sgRNA-targeted sites, the start codon (ATG), and the PCR 

primers for genotyping are indicated. (C) RFFL KO in 293MSR cells was confirmed by DNA sequencing 

of the genomic locus. The guide sequences, PAM sequences, and the RFFL start codon are indicated. (D) 

Ubiquitination level of MB-Rab11-FIP1C in 293MSR (WT) and RFFL KO cells transfected with HA-Ub 

and RFFL-V5 or RFFL-H333A-V5 was measured by NA pull-down. (E) Ubiquitination level of the 

Rab11 effector proteins was quantified. At least 3 independent experiments were performed for 
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quantification. Sample number was indicated in parentheses. Data represent means ± SE. *P<0.05. (F-H) 

Ubiquitination level of MB-MICALL1 (F), MB-EHD1 (G), and MB-Rab11-FIP2 (H) were measured as 

in panel D. (I) TfR recycling was measured in 293MSR (WT) and RFFL KO cells as the disappearance of 

internalized Biotin-Tf after 4 hours chase. (J) Fluorescent micrograph of internalized TfR in 293MSR 

(WT) or RFFL KO cells transfected with RFFL-H333A-GFP. TfR were labeled with A647-Tf for 2.5 

hours at 37°C (T-0 h) and further chased for 2 hours (T-2 h). 
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Figure 14. RFFL regulates ubiquitination of the Rab11 effectors in vitro. 

(A) Recombinant GST-EHD1 or GST-Rab11-FIP1C was affinity purified and analyzed by SDS-PAGE 

with Coomassie Brilliant Blue (CBB) staining. Arrowheads indicate the full-length proteins. (B, C) In 

vitro ubiquitination of GST-EHD1 (B), GST-Rab11-FIP1C (C) by RFFL was measured by Western 

blotting after elution from the affinity beads. After the ubiquitination, total sample (B) or supernatant (C) 
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including E1, E2, RFFL, and Ub was analyzed for auto-ubiquitination to confirm their activity. (D) 

Schematic diagram of in vitro ubiquitination assay of MB-MICALL1 and MB-RAB11-FIP2 purified 

from mammalian cells. After the ubiquitination, supernatant (Sup) including E1, E2, RFFL, and HA-Ub 

is analyzed for auto-ubiquitination. The pellet containing MB-MICALL1 or MB-RAB11-FIP2 was 

washed, and their ubiquitination was analyzed by Western blotting after elution from NA-beads. (E, F) In 

vitro ubiquitination of purified MB-Rab11-FIP2 (E) or MB-MICALL1 (F) from 293MSR cells by 

recombinant RFFL was analyzed by Western blotting following the protocol shown in D. 
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RFFL KO Rab11-FIP2 Ub

RFFL Rab11-FIP2 Ub

Rab11-FIP2 EHD1 Rab11-FIP1 Rab11-FIP5 MYO5B
57,61,84 LC-MS/MS

Rab11-FIP2 MYO5B 85 Ub

RFFL Rab11-FIP1C FIP2 Ub

ERC

RE PM
78 RFFL ERC

Rab11-effector Ub

 

 

6 Rab11-effector Ub  

 

BioID RFFL DUB: 

Deubiquitinating enzymes VCPIP1 (valosin containing protein interacting protein 1) 

(kown as VCIP135 USP15 (ubiquitin specific peptidase 15) USP43 (ubiquitin 

specific peptidase 43) Fig.10F VCPIP1 syntaxin 5 mono-Ub

SNARE
86 USP15 SQSTM1 (sequestosome 1) 

87 RFFL

DUB Rab11-effector 
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7  
 

Ub

Ub Ub

Ub EE LY

EE

Ub

Rab11-effector ERC

Ub  

 

RFFL E3-ligase

2 EE LE

RFFL ∆F508-CFTR EE

RE PM RFFL-DN ERC

 

 

RFFL-DN ERC

3 RFFL E3-ligase

RFFL Rab11-effector

RFFL-DN Rab11-effector Ub

RFFL Rab11-effector Rab11-effector Ub

ERC  

 

RFFL-DN Rab11-effector

Rab11-effector RFFL Ub

RFFL Rab11-effector Ub 4

 RFFL KO Rab11-effecor Rab11-FIP1C Ub

RFFL Rab11-FIP2 Ub in vitro Ub

Rab11-effector Ub RFFL

Rab11-effector RFFL Ub

RFFL KO Rab11-FIP1C Rab11-effector Ub
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BioID RFFL

E3-ligase  

 

RFFL E3 Ub

Rab11-effector Ub

 Ub

Fig. 15

Rab11-effector Ub

Ub

 

 
Figure 15.  Molecular mechanisms of RFFL-mediated ubiquitination of Rab11 

effectors 
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8  
 

1  

 

 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

CI-M6PR (D3V8C) Cell Signaling Technology Cat#143364 

GM130 (5G8) MBL Cat#M179-3 

EEA1 (3C10) MBL Cat#M176-3 

Lamp1 (D2D11) Cell Signaling Technology Cat#9091P 

Flag (1E6) Wako Cat#018-22381 

HA (16B12) BioLegend Cat#901515 

EGFR (6F1) MBL Cat#MI-12-1 

MICALL1 Abnova Cat#H00085377-B01P 

EHD1 abcam Cat#ab75886 

Rab11FIP1 (N1N2) GeneTex Cat#GTX117197 

Rab11FIP5 NOVUS Biologicals Cat#NBP1-57009 

V5 (6F5) Wako Cat#011-23591 

Myc (9E10) Wako Cat#017-21871 

GFP (mFX75) Wako Cat#012-22541 

RFFL SIGMA Cat#HPA019492 

GST (5A7) Wako Cat#013-21851  

Ubiquitin (FK2) Enzo Life Sciences Cot#302-06751 

Alexa Fluor® 594 AffiniPure Donkey 

Anti-Mouse IgG (H+L) 
JACKSON IMMUNO RESEARCH Cat#715-585-150 

Alexa Fluor® 647 AffiniPure Goat 

Anti-Mouse IgG (H+L)  
JACKSON IMMUNO RESEARCH Cat#115-605-146 

Alexa Fluor® 488 AffiniPure Donkey 

Anti-Mouse IgG (H+L) 
JACKSON IMMUNO RESEARCH  Cat#715-545-150 

Chemicals, Peptides, and Recombinant Proteins 
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DAPI Wako Cat#340-07971 

Alexa Fluor 647-Transferrin Thermo Fisher Cat#T23366 

TRITC–Dextran SIGMA Cat#T1162 

Biotin-EGF Thermo Fisher Cat#E3477 

Biotin Wako Cat#023-08716 

NeutrAvidin agarose Thermo Fisher Cat#29200 

Alexa Fluor 568-Streptavidin Thermo Fisher Cat#S-11226 

HRP-NeutrAvidin Thermo Fisher Cat#31001 

SuperSignal West Pico 

Chemiluminescent Substrate 
Thermo Fisher Cat#34080 

ImmunoStar Zeta Wako Cat#297-72403 

rapamycin Tokyo Chemical Industry Co., Ltd. Cat#R0097  

recombinant Ub Boston Biochem Cat#U-100H 

recombinant HA-Ub Boston Biochem Cat#U-110-01M 

Experimental Models: Cell Lines 

HeLa-ΔF508 CFTR-3HA 33 N/A 

HeLa-CFTR-3HA 33 N/A 

CFBE-teton-ΔF508 CFTR-3HA 34 N/A 

CFBE-teton-ΔF508 CFTR-3HA, 

RFFL-WT-BirA*-HA 
This paper N/A 

CFBE-teton-ΔF508 CFTR-3HA, 

RFFL-H333A-BirA*-HA 
This paper N/A 

293MSR Thermo Fisher Cat#R79507 

293MSR-RFFL KO  This paper N/A 

Recombinant DNA 

pDest-eGFP-N1 88 addgene #31796 

pDest-RFFL-GFP 34 N/A 

pDest-RFFL-∆2-44-GFP This paper N/A 

pDest-RFFL-∆2-10-GFP This paper N/A 

pDest-RFFL-∆313-363-GFP 34 N/A 

pDest-RFFL-H333A-GFP This paper N/A 

pDest-RFFL-C316A, C319A-GFP This paper N/A 
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pDest-RFFL-C5A, C6A, C10A, C316A, 

C319A-GFP 
This paper N/A 

pDest-RFFL-∆2-44, C316A, 

C319A-GFP 
This paper N/A 

pDest-RFFL-∆2-10, C316A, 

C319A-GFP 
This paper N/A 

mRFP-Rab5 38  addgene #14437 

mRFP-Rab7 38 addgene #14436 

DsRed-Rab11 89 addgene #12679 

Lamp1-RFP 90  addgene #1817 

mTagBFP2-Rab5 This paper N/A 

mCherry-Sec61 91 addgene #49155 

mCherry-TGN46 Michael Davidson, unpublished addgene #55145 

pME-mCherry-FLAG-CD59-GPI  92 addgene #50378 

pLX304-V5 93  addgene #25890 

pLX304-BirA(R118G)-HA This paper N/A 

pLX304-RFFL-BirA(R118G)-HA This paper N/A 

pLX304-RFFL-H333A-BirA(R118G)-HA This paper N/A 

pLX304-RFFL-V5 34 N/A 

pLX304-RFFL-H333A-V5 This paper N/A 

pLX304-HB 34 N/A 

pLX304-RFFL-HB 34 N/A 

pLX304-RFFL-H333A-HB 34 N/A 

pEZY-eGFP 94 addgene #18671 

pEZY-eGFP-EHD1 This paper N/A 

pEZY-eGFP-MICALL1 This paper N/A 

pEZY-eGFP-Rab11FIP1 This paper N/A 

pEZY-eGFP-Rab11FIP2 This paper N/A 

pEZY-eGFP-Rab11FIP5 This paper N/A 

EGFR-GFP  95  addgene #32751 

pDest-mCherry-N1 88 addgene #31907 

pDest-RFFL-mCherry 34 N/A 
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pDest-RFFL-H333A-mCherry This paper N/A 

pcDNA-Myc-Bio This paper N/A 

pcDNA-Myc-Bio-EHD1 This paper N/A 

pcDNA-Myc-Bio-MICALL1 This paper N/A 

pcDNA-Myc-Bio-Rab11FIP1 This paper N/A 

pcDNA-Myc-Bio-Rab11FIP2 This paper N/A 

pcDNA-Myc-Bio-Rab11FIP5 This paper N/A 

YFP-tagged FRB (YR) 52 addgene #20148 

pDest-EHD1-FRB-GFP This paper N/A 

pDest-Rab11-FIP1C-FRB-GFP This paper N/A 

pDestRab11-FIP5-FRB-GFP This paper N/A 

pEZY-GFP-FRB-MICALL This paper N/A 

CFP-FKBP (CF) 52 addgene #20160 

pDest-RFFL-FKBP-mCherry This paper N/A 

pcDNA3.1(-) HA-Ub This paper N/A 

pcDNA3.1 (-) HA-Ub K0 This paper N/A 

GST-EHD1 This paper N/A 

GST-Rab11-FIP1C This paper N/A 

His-Ube1/PET21d 96 addgene #34965 

His6-sumo-UbcH5c 34 N/A 

His6-sumo-RFFL 34 N/A 
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2   

 

1  

 

GripTite 293 MSR cells (293MSR, ThermoFisher) RFFL KO 293MSR cells

DMEM (Wako: Cat#4330085) 10% FBS SIGMA: Cat#F7524 500 μg/ml G418

Wako: Cat#077-06433 Penicillin 100 units/ml -Streptomtcin 100 μg/ml (Wako: 

Cat#16823191) . 

WT-CFTR-3HA (HeLa-CFTR)  F508-CFTR-3HA (HeLa- F508) 

HeLa cells DMEM 10% FBS 2 μg/ml puromycin Sigma: 

Cat#P9620-10ML 100 units/ml Penicillin-100 μg/ml Streptomtcin

. 

RFFL-BirA*-HA RFFL-H333A-BirA*-HA CFBE41o- cells

MEM (Wako: Cat#5107615) 10% FBS, 200 μg/ml G418, 3 μg/ml puromycin, 10 

μg/ml blasticidin Cat#KK-400

. 10 μg/ml Fibronectin (Wako: Cat#6305591)

 

10 cm dish (Thermo Fisher: 

Cat#172958)  

 

2  

 

, Polyethylenimine (PEI) Max (Polysciences Inc, Warrington, PA) 

Plasmid 1 μg 1μg /μl

PEI 3 μl .  (Opti-MEM) PEI 20

 (Sol A). Sol A 20

 (Sol B). 60-80% confluent ,   

(Opti-MEM) . Sol B , 37°C 5% CO2 24-48

. 
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3  

 

: Cat#83-0200 , PBS (-) 

2 , 4% paraformaldehyde in PBS (-) 1ml , 20

, . 0.1% Triton-X100 in PBS (-) 1ml , 

5 , . PBS (-) 3 , 0.5% BSA in PBS (-) 

(BSA-PBS) 1ml , 30 , . 

, BSA-PBS , 1  . 

, PBS (-) 3 , BSA-PBS

1 , . , PBS (-) 3

, PBS (-) 5000 DAPI 500 μl , PBS (-) 3 , 

VECTASHIELD mounting medium (VECTOR Laboratories)  ProLong 

Diamond Antifade Mountant (Thermo Fisher) , 

. 

Lamp1, CI-M6PR, Rab11-FIP1, Rab11-FIP5 0.1% saponin 1ml

15 , . EHD1 0.2% saponin 1ml 15

, . 

mRFP-Rab5 (addgene #14437), mRFP-Rab7 

(addgene #14436), DsRed-Rab11 (addgene #12679), mCherry-TGN46 (addgene 

#55145), Lamp1-RFP (addgene #1817), mCherry-Sec61 (addgene #49155) PEI Max

. 

HC PL APO 63X/NA 1.40  (SP8, Leica) 

Photoshop CS6 (Adobe) 

Pearson’s correlation coefficient  Mander’s correlation coefficient

Volocity 5 (PerkinElmer) . 

 (SP8, Leica) 

HyVolution  (Leica Microsystems) x-y-z 0.5 Airy 

unit pinhole, voxel sizes 43 nm/pixel (x, y axes), 130 nm/pixel (z axis) 

Huygens Essential software (Scientific Volume Image, Hilversum, The 

Netherlands) .

No.1S : Cat#CS00802  
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CI-M6PR (D3V8C) 1:400 

GM130 (5G8) 1:200 

EEA1 (3C10) 1:500 

Lamp1 (D2D11) 1:200 

Flag (1E6) 1:500 

HA (16B12) 1:500 

EGFR (6F1) 1:100 

MICALL1 1:500 

EHD1 1:500 

Rab11FIP1 (N1N2) 1:500 

Rab11FIP5 1:500 

Alexa Fluor® 594 AffiniPure Donkey Anti-Mouse IgG (H+L) 1:500 

Alexa Fluor® 647 AffiniPure Goat Anti-Mouse IgG (H+L) 1:500 

Alexa Fluor® 488 AffiniPure Donkey Anti-Mouse IgG (H+L) 1:500 

DAPI 1:5000 

Alexa Fluor 568-Streptavidin 1:2000 

 

4 Transferrin uptake assay 
 

HeLa-∆F508 cells serum-free medium 45 37 C

25 g/ml Alexa Fluor 647-Tf (Thermo Fisher) pre-warmed medium

2.5 37 C PBS

full medium 37 C

 (SP8, Leica)  

 

5 Time-lapse imaging of TfR recycling 

 

HeLa-∆F508 cells serum-free medium 45 37 C

25 g/ml Alexa Fluor 647-Tf (Thermo Fisher) pre-warmed medium
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2.5 37 C PBS full medium

1 37 C T-0 NaKH solution (140 mM 

NaCl, 5 mM KCl, 10 mM HEPES, 10 mM glucose, 1 mM CaCl2, 0.1 mM MgCl2, pH 

7.3) 37°C Time-lapse imaging Time-lapse imaging

HC PL APO 63X/NA 1.40  (SP8, Leica) 

z-section 2 Alexa Fluor 

647-Tf fluorescence intensities LAS X software Microsoft Excel

 

 

6 CFTR uptake assay 
 

HeLa-CFTR HeLa- F508 cells anti-HA antibody (16B12, BioLegend) 

pre-warmed medium 2.5 37˚C T-0

PBS full medium 37 C

0.1% Triton-X100 in PBS (-) Alexa Fluor 

594-conjugated anti-mouse IgG (Thermo Fisher) Rescued 

ΔF508-CFTR anti-HA antibody 26°C 36-48

 (SP8, Leica)  

 

 

7 CD59 uptake assay 

 

CD59-Flag (addgene #50378) HeLa- F508 cells BSA-PBS 

anti-Flag antibody (1E6, Wako) in BSA-PBS 1 4˚C

T-0 PBS full medium 37

C 0.1% Triton-X100 in PBS (-) 

Alexa Fluor. 647-conjugated anti-mouse IgG (Thermo Fisher) 

 

 

8 Dextran uptake assay 

 

HeLa-∆F508 cells 1 mg/ml TRITC-Dextran (Sigma) pre-warmed 
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medium 1 37˚C T-0 PBS full 

medium 3 37 C 0.1% saponin

Dextrant LY

anti-Lamp1 (D2D11, Cell Signaling Technology) antibody

 (SP8, Leica)  

 

9 EGF uptake assay 
 

HeLa-∆F508 cells serum-free medium overnight 37 C

10 100 ng/ml EGF (PeproTech) 200 ng/ml EGF-Biotin (ThermoFisher) 

and streptavidin-Alexa Fluor 594 complex pre-warmed medium

37 C EGFR anti-EGFR (6F1, 

MBL) EGF anti-EEA1 (3C10, 

MBL) anti-Lamp1 (D2D11, Cell Signaling Technology) antibody

Lamp1 0.1% saponin  (SP8, 

Leica)  

 

10 Pull-down assay 

 

293MSR cells 10 cm dish (Thermo Fisher: Cat# 172958) 60 % confluent

RFFL Rab11 effectors transfection Transfection

40 1 ml Mild lysis buffer (150 mM NaCl, 20 mM Tris, 

0.1% NP-40, pH 8.0, supplemented with 1 mM PMSF, 5 μg/ml leupeptin and pepstatin) 

60 μl NeutrAvidin agarose (Thermo Fisher)  2 4°C

. 500 μl Mild lysis buffer 4 Wash 10% 

-mercaptoethanol 3 mM biotin 100 μl 2X Laemmli sample buffer

10 98 C Elution 6000 rpm, 1 supernatant

SDS-PAGE Western blotting  

 

11 Western blotting 

 

Western blotting . , . , 
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, Lysis buffer , cell lysate , BCA

, . SDS-PAGE

,  (100 V, 2 h) . 

5% 30 1  . 0.1 % 

PBS-Tween , PBS-Tween , 1 , 

, 0.1 % 

PBS-Tween , 1 , . 

2 , , Chemiluminescence solution 

A 500 μl Chemiluminescence solution B 500 μl (/1 ) [ImmunoStar Zeta 

(Wako)] , , ,  

LAS-4000miniPR (FUJIFILM)  . 

HRP-streptavidin

2.5  BSA in PBS-Tween  

 

Western blotting  

 

  

V5 (6F5) 1:1000 

Myc (9E10) 1:1000 

GFP (mFX75) 1:1000 

HA (16B12) 1:1000 

RFFL 1:200 (Canget) 

GST 1:1000 

Ub (FK2) 1:200 (Canget) 

HRP-NeutrAvidin 1:5000 

 

12 In cell Ubiquitin assay 
 

293MSR cells 10 cm dish (Thermo Fisher: Cat# 172958) 60 % confluent

HA-Ub, RFFL-V5 Myc-Bio (MB)-EHD1, MB-MICALL1, 

MB-Rab11-FIP1C, MB-Rab11-FIP2, MB-Rab11-FIP5 transfection 500 μl lysis 

buffer (20 mM Tris-HCl pH7.4, 150 mM NaCl, 1% SDS, 1 mM EDTA) 
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10 98˚C cell lysates 27-gauge needle

1.5 ml 1.33% Triton-X100 buffer SDS

0.25% 60 μl NeutrAvidin agarose (Thermo Fisher)  

overnight  4°C .  2 M urea RIPA buffer

500 μl 5 Wash 10% -mercaptoethanol 3 mM biotin 2X 

Laemmli sample buffer 100 μl 10 98 C Elution

6000 rpm, 1 supernatant SDS-PAGE Western blotting

 

 

13 CID assay 
 

HeLa-CFTR HeLa- F508 cells YFP-FRB, EHD1-FRB-GFP, 

GFP-FRB-MICALL1, Rab11-FIP1C-FRB-GFP, Rab11-FIP2-FRB-GFP, 

Rab11-FIP5-FRB-GFP, CFP-FKBP, RFFL-FKBP-mCherry 500 nM 

Rapamycin medium 5 37˚C full 

medium 16 37 C  

(SP8, Leica)  

 

14 Cellular localization analysis of biotinylated proteins 
 

RFFL-BirA*-HA RFFL-H333A-BirA*-HA CFBE41o- cells 50 

μM biotin medium overnight 37˚C

0.1% Triton-X100 in PBS (-) . Alexa Fluor 

568-conjugated streptavidin (Invitrogen) anti-HA antibody Alexa Fluor 

488-conjugated secondary antibody  (SP8, 

Leica)  

 

15 BioID assay 
 

RFFL-BirA*-HA RFFL-H333A-BirA*-HA CFBE41o- cells

Fibronectin 10 cm dish 50 μM biotin medium

overnight 37˚C 1 ml RIPA buffer (20 mM Tris, 150 mM 
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NaCl, 0.1 % SDS, 1 % Triton-X100, 0.5 % Sodium Deoxycholate)

50 μl NeutrAvidin agarose (Thermo Fisher)  overnight  4°C

1 ml Wash buffer 1 (1% SDS) 2 1 ml Wash buffer 

2 (0.1% deoxycholic acid, 1% Triton-X100, 1m M EDTA, 500 mM NaCl, 50 mM 

HEPES) , 1 ml Wash buffer 3 (0.5% deoxycholic acid, 0.5% NP-40, 1mM EDTA, 

250 mM LiCl, 10 mM Tris-HCl pH7.4) Wash 50 μl 2X Laemmli sample 

buffer (containing 10% β-mercaptoethanol) 10 98 C

Elution 6000 rpm, 1 supernatant SDS-PAGE Western blotting

Silver stain  

 

16 Silver stain 
 

Silver stain EzStain Silver (ATTO: AE-1360) 

100 ml 40 ml + 50 ml + 10 ml + S-1

1 ml overnight 100 ml 30%

2 10 10

100 ml 100 ml + S-2 1 ml 10

100 ml 30 100 ml

200 ml + S-3 1 ml + S-4 1 ml 30

100 ml

100 ml 100 ml + 

1 ml 10 100 ml 5

 

 

17 Establishment of RFFL KO cells by CRISPR/CAS9 system 
 

RFFL guide RNA (gRNA) CRISPRdirect 

(https://crispr.dbcls.jp/) 20-bp guide sequence RFFL gRNA #1 

(5’-GGCTCCGAACACTTCTTAAT-3’)  RFFL gRNA #2 (5’-CACAATGCT 

TAGAATGTCGT-3’) pSpCas9(BB)-2A-Puro (PX459) V2.0 (addgene #62988) 

BbsI restriction enzyme site RFFL sgRNA expression vectors

RFFL KO 293MSR cells 293MSR cells 2 RFFL sgRNA expression 
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vectors co-transfection 3 g/ml puromycin 1 

cell 96 well plate 1 well RFFL KO

Western blotting DNA RFFL

PCR (FW primer (5’-GTCCCCAGTACCTGCATTTGATATG-3’), RV 

primer (5’-GGGAGGGTGCACACCTAGACACCAT-3’)) PCR product

pMD20-T Mighty TA-cloning Kit (Takara Bio) 

 

 

18 TfR recycling assay 

 

293MSR (WT) RFFL KO cells 24 well plate serum-free 

medium 45 37 C 25 μg/ml Transferrin Biotin-XX 

conjugate (Tf-Biotin, Thermo Fisher) pre-warmed medium 2.5

37 C T-0 PBS full medium 4

37 C T-4 0.1% Triton-X100 in 

PBS (-) 0.5% BSA-PBS HRP-NeutrAvidin 

(Thermo Fisher) in 0.5% BSA-PBS 1 PBS

6 Amplex Red (Thermo Fisher) 20 HRP

plate reader (Varioskan, Thermo Fisher) 544-nm excitation, 

590-nm emission wavelengths   

 

19 Protein purification 
 

His6-E1 (UBE1, addgene #34965), His6-sumo-UbcH5c, His6-sumo-RFFL, 

GST-EHD1, and GST-Rab11-FIP1C BL21 rosetta2 E. coli strain (Merck Millipore)

E. coli 1 mg/ml lysozyme on ice 30

sonication His-tagged proteins GST-tagged 

proteins Ni-affinity Glutathione-affinity  

 

20 In vitro ubiquitination assay 

 

GST-EHD1 (1.5 g) 0.2 M His6-E1, 4 M His6-sumo-UbcH5c, 2 M 
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His6-sumo-RFFL, 20 M Ub 45 l reaction buffer (20 mM HEPES pH 7.5, 

50 mM NaCl, 5 mM MgCl2, 2.5 mM ATP, 2 mM DTT, and 20 M MG-132) 

2 37°C 5 l Western blotting RFFL

40 l Glutathione Sepharose 

4B (GE Healthcare Life Sciences) GST-EHD1 EHD1

Ub Western blotting anti-Ub antibody

Rab11-FIP1C Ub GST-Rab11-FIP1C (2 g) Glutathione Sepharose 4B

0.2 M His6-E1, 4 M His6-sumo-UbcH5c, 2 M His6-sumo-RFFL, 20 M 

Ub 20 l reaction buffer 2 37°C Western 

blotting RFFL Glutathione 

Sepharose 4B GST-Rab11-FIP1C GST-Rab11-FIP1C Ub

Western blotting anti-Ub antibody  

 

MICALL1 Rab11-FIP2 MB-MICALL1 MB-Rab11-FIP2

transfection 293MSR cells mild lysis buffer (150 mM NaCl, 20 mM Tris, 0.1% 

NP-40, pH 8.0, supplemented with 1 mM PMSF, 5 μg/ml leupeptin and pepstatin) 

NeutrAvidin agarose (Thermo Fisher)  2 4°C

mild lysis buffer 4 agarose beads agarose 

beads MB-MICALL1 MB-Rab11-FIP2 0.2 μM His6-E1, 

4 μM His6-sumo-UbcH5c, 4 μM His6-sumo-RFFL, 20 μM HA-Ub (BostonBiochem) 

reaction buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 5 mM MgCl2, 2.5 mM ATP, 2 

mM DTT, 20 μM MG-132) 2 37°C Western 

blotting RFFL Agarose beads mild 

lysis buffer 3 1% SDS buffer 3 high salt buffer (20 mM Tris-HCl, pH 7.4, 

0.5 M NaCl) 3 2 M urea in RIPA buffer 2 37˚C

5 mixing shaker Wash MB-MICALL1

MB-Rab11-FIP2 Ub 10% -mercaptoethanol 3 mM biotin

2X Laemmli sample buffer 10 98 C Western 

blotting anti-HA antibody  
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21 Statistical analysis 
 

2   

SEM Excel software (Microsoft) 

two-tailed paired Student’s t-test  

 

22 Transmission electron microscopy (TEM) 
 

TEM      

 

 

23 Scanning electron microscopy (SEM) 

 

SEM        

 

 

24 Liquid chromatography coupled to tandem mass spectrometry 
 

EHD1, MICALL1, Rab11-FIP1C, Rab11-FIP2 Ub

LC-MS/MS     ,   ,   

 

BioID assay RFFL LC-MS/MS   CLST  
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