
Citation: Kamada, Y.; Tateishi, H.;

Nakayamada, U.; Hinata, D.; Iwasaki,

A.; Zhu, J.; Fukuda, R.; Okiyoneda, T.

UBE3C Facilitates the ER-Associated

and Peripheral Degradation of

Misfolded CFTR. Cells 2023, 12, 2741.

https://doi.org/10.3390/

cells12232741

Academic Editors: Minsoo Kim,

Tsunehiro Mizushima and

Hideki Yashiroda

Received: 13 November 2023

Revised: 24 November 2023

Accepted: 28 November 2023

Published: 30 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Article

UBE3C Facilitates the ER-Associated and Peripheral
Degradation of Misfolded CFTR
Yuka Kamada , Hazuki Tateishi, Uta Nakayamada, Daichi Hinata , Ayuka Iwasaki , Jingxin Zhu,
Ryosuke Fukuda and Tsukasa Okiyoneda *

Department of Biomedical Sciences, School of Biological and Environmental Sciences, Kwansei Gakuin University,
Hyogo 669-1330, Japan; yuka.kamada@kwansei.ac.jp (Y.K.); gtn09441@kwansei.ac.jp (H.T.);
hvn03445@kwansei.ac.jp (U.N.); daichi.hinata@kwansei.ac.jp (D.H.); gst59800@kwansei.ac.jp (A.I.);
gps59816@kwansei.ac.jp (J.Z.); r.fukuda@kwansei.ac.jp (R.F.)
* Correspondence: t-okiyoneda@kwansei.ac.jp; Tel.: +81-79-565-7955

Abstract: The ubiquitin E3 ligase UBE3C promotes the proteasomal degradation of cytosolic proteins
and endoplasmic reticulum (ER) membrane proteins. UBE3C is proposed to function downstream of
the RNF185/MBRL ER-associated degradation (ERAD) branch, contributing to the ERAD of select
membrane proteins. Here, we report that UBE3C facilitates the ERAD of misfolded CFTR, even
in the absence of both RNF185 and its functional ortholog RNF5 (RNF5/185). Unlike RNF5/185,
UBE3C had a limited impact on the ubiquitination of misfolded CFTR. UBE3C knockdown (KD)
resulted in an additional increase in the functional ∆F508-CFTR channels on the plasma membrane
when combined with the RNF5/185 ablation, particularly in the presence of clinically used CFTR
modulators. Interestingly, although UBE3C KD failed to attenuate the ERAD of insig-1, it reduced the
ERAD of misfolded ∆Y490-ABCB1 and increased cell surface expression. UBE3C KD also stabilized
the mature form of ∆F508-CFTR and increased the cell surface level of T70-CFTR, a class VI CFTR
mutant. These results suggest that UBE3C plays a vital role in the ERAD of misfolded CFTR and
ABCB1, even within the RNF5/185-independent ERAD pathway, and it may also be involved in
maintaining the peripheral quality control of CFTR.

Keywords: UBE3C; CFTR; ABCB1; protein quality control; ERAD; ubiquitin; RNF185; RNF5

1. Introduction

Cystic fibrosis (CF) transmembrane conductance regulator (CFTR) is a cAMP-regulated
chloride (Cl−) channel expressed at the apical plasma membrane (PM) of epithelial cells [1].
Mutations in the CFTR gene lead to cystic fibrosis (CF), which stands as one of the most
prevalent inherited diseases among individuals of Caucasian descent [1–3]. The most
common mutant in CF patients is ∆F508-CFTR, in which phenylalanine at position 508 in
the cytosolic nucleotide-binding domain 1 (NBD1) is deleted [4,5]. The ∆F508 mutation
results in CFTR conformational instabilities, including the NBD1 and the domain interface
between the NBD1 and membrane-spanning domains (MSD1 and MSD2) [6–8]. Conse-
quently, ∆F508-CFTR fails to properly attain the native conformation at the ER, resulting
in premature degradation through the ubiquitin (Ub)-proteasome system, known as ER-
associated degradation (ERAD) [9,10]. Several Ub E3 ligases are involved in the CFTR
ERAD. A cytosolic chaperone-associated E3 ligase CHIP/STUB1 recognizes the cytoplas-
mic regions of CFTR, such as the unstable NBD1, and facilitates CFTR ubiquitination at
the late CFTR biosynthesis stage [11]. In parallel, the ER-embedded E3 ligase RNF5 [12]
and its paralog RNF185 [13] are involved in the misfolded CFTR ubiquitination at the
early biosynthesis stage. Furthermore, Gp78/AMFR acts as an E4 ligase to extend the
poly-Ub chains on misfolded CFTR initiated by RNF5 [14]. Recently, it has been shown
that RNF185 forms an ERAD complex along with membralin (MBRL/TMEM259) and
TMUB1/2. This ERAD complex plays a crucial role in removing misfolded membrane
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proteins, including CYP51A1 [15]. Moreover, it has been suggested that cytosolic E3 UBE3C
works downstream of the RNF185/MBRL ERAD branch [15]. The yeast UBE3C ortholog
Hul5 is believed to function on the proteasome as an E4 enzyme that elongates Ub chains
on the proteasome-bound substrates, thereby increasing their degradation [16]. UBE3C
also appears to enhance the degradation of misfolded cytosolic proteins, especially upon
heat shock [17].

While most ∆F508-CFTR is eliminated by the ERAD pathway, it is also eliminated by
the peripheral quality control (QC) mechanism when reaching the PM [18,19]. Cell surface
∆F508-CFTR, which is increased at low temperatures [20] and/or therapeutic agents such as
CFTR correctors [21], still has conformational defects, thereby eliminated by Ub-dependent
endo-lysosomal degradation [18,19]. The conformationally defective ∆F508-CFTR at the
PM is ubiquitinated by CHIP [19], RFFL [22], and RNF34 [23]. Inhibition of these E3 ligases
increases the functional ∆F508-CFTR channel at the PM by preventing rapid internalization
and lysosomal degradation [19,22]. The unidentified other E3 ligases may also participate
in the CFTR peripheral QC.

In this study, we demonstrate that UBE3C promotes the ERAD of misfolded CFTR
and ABCB1, even when both RNF185 and its functional ortholog RNF5 are absent. We
employed a recently established HiBiT degradation assay [24], along with knockdown
(KD) experiments, to illustrate that UBE3C KD delays the ERAD of misfolded ∆F508-CFTR,
N1303K-CFTR, and ∆Y490-ABCB1. Importantly, these effects were also observed in cells in
which both RNF5 and RNF185 had been ablated. Interestingly, unlike RNF5 and RNF185,
both of which contribute to the ubiquitination of CFTR, UBE3C had a minimal impact
on the ubiquitination of ∆F508-CFTR. The UBE3C KD resulted in an increase in the pool
of ∆F508-CFTR and ∆Y490-ABCB1 that can be properly folded within the ER. This, in
turn, led to a higher cell surface expression of these misfolded ABC transporters when
their folding correctors were present. These results indicate that UBE3C plays a critical
role in the ERAD of misfolded membrane proteins such as CFTR and ABCB1 through the
RNF5/185-independent ERAD mechanism. Additionally, our findings suggest that UBE3C
may be involved in maintaining the peripheral QC of CFTR.

2. Materials and Methods
2.1. Reagents and Antibodies

The following chemicals were used: DMSO (Sigma-Aldrich, St Louis, MO, USA, Cat#
D2650), MG-132 (Cayman Chemical, Ann Arbor, MI, USA, Cat# 10012628), VX-661 (Selleck
Chemicals, Houston, TX, USA, Cat# S7059), VX-445 (Selleck Chemicals, Cat# S8851), VX-
770 (Chemscene LLC, Monmouth Junction, NJ, USA, Cat# CS-0497), cycloheximide (CHX,
FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan, Cat# 3720991), doxycycline
(Dox, FUJIFILM Wako Pure Chemical Corporation, Cat# 049-31121), cyclosporin A (CLP-A,
FUJIFILM Wako Pure Chemical Corporation, Cat# 031-24931).

The following antibodies were used: mouse anti-HA (16B12, BioLegend, San Diego,
CA, USA, Cat# 901515), anti-K48-Ub (Apu2 ZooMAb, Sigma-Aldrich, Cat# ZRB2150),
anti-UBE3C (Abcepta, Inc., San Diego, CA, USA, Cat# AP20457c), anti-GST (clone 5A7,
FUJIFILM Wako Pure Chemical Corporation, Cat# 013-21851), anti-Ub (P4D1, Santa Cruz
Biotechnology, Santa Cruz, CA, USA, Cat# sc-8017), anti-DYKDDDDK (anti-FLAG, clone
1E6, FUJIFILM Wako Pure Chemical Corporation, Cat# 014-22383), anti-Myc (clone 9E10, JI-
FILM Wako Pure Chemical Corporation, Cat# 017-21871), RNF185 antiserum (anti-RNF185)
from rabbit [25], anti-HiBiT (Promega, Madison, WI, USA, Cat# N7200), Peroxidase
AffiniPure Goat Anti-Mouse IgG (H+L) Secondary Antibody (Jackson Immuno Research,
West Grove, PA, USA, Cat# 115–035-166), Peroxidase AffiniPure Donkey Anti-Rabbit IgG
(H+L) Secondary Antibody (Jackson Immuno Research, Cat# 711–035-152).

2.2. Plasmids

∆F508-CFTR-HiBiT(CT), N1303K-CFTR-HiBiT(CT), Insig-1-HiBiT(CT), ∆Y490-ABCB1-
HiBiT(CT), and ∆F508-CFTR-Nluc(Ex) were constructed previously [23–25]. pCold-GST-
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4xTR-TUBE (GST-TUBE) was constructed by in-fusion cloning (Takara Bio, Kusatsu, Japan)
using the pCold-GST plasmid [25] and pRSET-4xGST-TR-TUBE (Addgene #110312) as
templates. pNUT-∆F508-CFTR-3HA [19] and pCold-His-sumo-USP21 (196–565) were
kindly provided by Dr. Gergely Lukacs (McGill University) and Dr. Yusuke Sato (Tottori
University), respectively. T70-CFTR-HiBiT(Ex) was constructed by replacing the 3xHA
tag with the HiBiT tag in the 4th extracellular loop of CFTR as previously [25]. ∆Y490-
ABCB1-HiBiT(Ex) was constructed by inserting the HiBiT tag in the 1st extracellular loop
by PCR-based mutagenesis and inserted to pLX304 (Addgene #25890) via LR reaction
using LR clonase II enzyme mix (ThermoFisher Scientific, Waltham, MA, USA). pcDNA3-
FLAG-His-UBE3C was constructed by inserting UBE3C cDNA into the pcDNA3.2 vector
(ThermoFisher) by in-fusion cloning. The C1051A-UBE3C mutant was generated by PCR-
based mutagenesis. pcDNA3-Myc-Ub was constructed by inserting human ubiquitin C
cDNA into the pcDNA3.1 vector (ThermoFisher) by ligation. All constructs were verified
by DNA sequencing.

2.3. Cell Lines and Cell Culture

All the cells used in this study were cultured in 5% CO2 at 37 ◦C. 293MSR (Ther-
moFisher Scientific, Cat# R79507) and 293MSR-RNF5/185 DKO [24] cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM) (FUJIFILM Wako Pure Chemical Corpora-
tion) supplemented with 10% fetal bovine serum (FBS). 293MSR or 293MSR-RNF5/185
DKO cells stably expressing HBH-∆F508-CFTR-3HA were grown in DMEM supplemented
with 10% FBS, 0.5 mg/mL G418, and 5 µg/mL blasticidin S as previously [24]. CFBE41o-
Tet-on cells stably expressing ∆F508-CFTR-3HA and constitutive YFP-H148Q/I152L/F46
(obtained from Dr. Gergely Lukacs, McGill University) were grown in minimal essential
medium (MEM, FUJIFILM Wako Pure Chemical Corporation) supplemented with 10%
FBS, 2 mM L-glutamine, 10 mM HEPES, and 3 µg/mL puromycin (Sigma-Aldrich), as
previously mentioned [22]. For propagation, the CFBE cells were cultured in plastic dishes
coated with an extracellular matrix (ECM mix) consisting of 10 mg/mL human fibronectin,
30 mg/mL PureCol collagen preparation (Advanced Biomatrix, Carlsbad, CA, USA), and
100 mg/mL bovine serum albumin (Sigma-Aldrich). BHK and BHK cells stably express-
ing HBH-∆F508-CFTR were cultured as previously [22]. BEAS-2B cells stably expressing
∆F508-CFTR-Nluc(Ex) [25], ∆F508-CFTR-Nluc(CT) [24], T70-CFTR-HiBiT(Ex), or ∆Y490-
ABCB1-HiBiT(Ex) were grown in DMEM supplemented with 10% FBS, and 10 µg/mL
blasticidin S. The parental BEAS-2B cells (Cat# 95102433) were obtained from the European
Collection of Authenticated Cell Cultures (ECACC). Penicillin-streptomycin solution (FUJI-
FILM Wako Pure Chemical Corporation) was added to all cell culture mediums. For the
Tet-on cells, cells were treated with 1 mg/mL Dox for 2 days to induce CFTR expression.

2.4. Transfection

Transient expression of plasmids in 293MSR was accomplished using polyethylen-
imine Max (Polysciences Inc., Warrington, PA, USA). siRNA transfection in 293MSR, CFBE,
and BEAS-2B cells was accomplished using Lipofectamine RNAiMax transfection reagent
(ThermoFisher). When not indicated differently, siRNA-transfected cells were used for the
experiments 4 days post-transfection. The following siRNAs were used; UBE3A (siUBE3
#1: hs.Ri.UBE3C.13.1, siUBE3 #3: hs.Ri.UBE3C.13.3, Integrated DNA Technologies (IDT),
Coralville, IA, USA). As a negative control for siRNA from IDT, dsiNC (siNC, Integrated
DNA Technologies) was used. If not specified, siUBE3C #1 was used for UBE3C KD. For
RNF5 and RNF185 double KD, the pooled siRNF5 and siRNF185 were used. The pooled
siRNA was created by combining an equal quantity of individual siRNAs targeting RNF5
(siRNF5 #11, #6, #7, Qiagen, Hilden, Germany) and RNF185 (siRNF185 #2, #3, #8, Qiagen).
AllStars Negative Control siRNA (Qiagen) was also utilized as a negative control for siRNA
(siNT) from Qiagen.
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2.5. PM Density Measurement of CFTR

The PM level of ∆F508-CFTR-Nluc(Ex), T70-CFTR-HiBiT(Ex), or ∆Y490-ABCB1-HiBiT(Ex)
in 293MSR and BEAS-2B cells on 96 well plates was measured using the NanoGlo Extracellular
Nluc Substrate (Promega, Cat# CS313501) or Nano Glo HiBiT Extracellular system (Promega,
Cat# N2421), according to the manufacturer’s instructions as previously [23–25]. The lumi-
nescent signal was measured using the Varioskan Flash (ThermoFisher) and EnSpire Alpha
plate reader (PerkinElmer, Waltham, MA, USA). To induce the cell surface expression of ∆F508-
CFTR-Nluc(Ex) and ∆Y490-ABCB1-HiBiT(Ex), cells were treated with Trikafta (3 µM VX-661, 1
µM VX-445, 1 µM VX-770) and 10 µM cyclosporin A (CLP-A, FUJIFILM Wako Pure Chemical
Corporation, Cat# 031-24931), respectively, for 24 h at 37 ◦C.

2.6. Quantitative Real-Time PCR

Total RNA was extracted from cells two days post-transfection of siRNA using TRIzol®

(ThermoFisher) according to the manufacturer’s protocols. An amount of 500 ng of total
RNA was then used for the reverse transcription (RT) reaction using ReverTra Ace® qPCR
RT Master Mix (Toyobo, Japan). Quantitative RT-PCR was performed as previously [24].
The relative quantity of the target gene mRNA was normalized using human GAPDH as
the internal control. The sequences of primers used for quantitative RT-PCR are listed in
Table 1.

Table 1. Primers used for quantitative RT-PCR.

Primer Sequence

Human UBE3C-Forward 5′-TGGCCCCAACCTTACCCTT-3′

Human UBE3C-Reverse 5′-GCAGCAACCTGCAACAGAG-3′

Human GAPDH-Forward 5′-CATGAGAAGTATGACAACAGCCT-3′

Human GAPDH-Reverse 5′-AGTCCTTCCACGATACCAAAGT-3′

2.7. Western Blotting

Cells were solubilized in a RIPA buffer supplemented with 1 mM PMSF (FUJIFILM
Wako Pure Chemical Corporation), 5 µg/mL leupeptin (FUJIFILM Wako Pure Chemical
Corporation), and 5 µg/mL pepstatin A (Peptide Institute Inc., Osaka, Japan), where the
cell lysates were analyzed by a Western blot as done previously [22]. Western blots were vi-
sualized using a SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher
Scientific), ImmunoStar Zeta (FUJIFILM Wako Pure Chemical Corporation), or ImmunoStar
LD (FUJIFILM Wako Pure Chemical Corporation) and analyzed by FUSION Chemilumi-
nescence Imaging System (Vilber BioImaging, Paris, France). The staining of Ponceau S
(Sigma-Aldrich) was used as a loading control.

2.8. Halide-Sensitive YFP Quenching Assay

∆F508-CFTR function assay by halide-sensitive YFP fluorescence quenching was
performed as described [22,24–26]. CFBE cells expressing both inducible ∆F508-CFTR-3HA
and halide sensor YFP-F46L/H148Q/I152L were seeded onto black 96-well microplates
and transfected with siRNA (50 nM each) and dsiRNA (25 nM). Cells were treated with
1 µg/mL Dox for 4 days to induce the CFTR. Cell surface expression of ∆F508-CFTR was
induced by Trikafta treatment (3 µM VX-661, 1 µM VX-445, 1 µM VX-770) for 2 days
at 37 ◦C. CFTR inhibitor 172 (20 µM, CFTRinh-172, Selleck Chemicals, Cat# S7139) was
pre-treated before cAMP activation as previously [25]. Fluorescence measurements were
conducted using a VICTOR Nivo multimode microplate reader (Perkin Elmer) equipped
with a dual syringe pump (excitation/emission 500/535 nm). After normalizing the YFP
signals before PBS-iodide injection, the rate of iodide (I−) influx was determined by fitting
the YFP fluorescence decay curve using GraphPad Prism 8 software (GraphPad Software).
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2.9. HiBiT Degradation Assay

The HiBiT degradation assay was performed as previously [24]. Briefly, 293MSR and
RNF5/185 DKO cells in 6-well plates were subjected to siRNA treatment (25 nM). Following one
day of incubation, the cells were detached, transferred to new 6-well plates, and allowed to grow
for an additional day. Afterward, the cells underwent transfection with ∆F508-CFTR-HiBiT(CT),
Insig-1-HiBiT(CT), N1303K-CFTR-HiBiT(CT), or ∆Y490-ABCB1-HiBiT(CT) along with cytosolic
LgBiT (pBiT1.1-N [TK/LgBiT], Promega, Madison, WI, USA).

The following day, the cells were detached, seeded in a 96-well plate, and cultured
for 18–24 h. After loading Nano-Glo® Endurazine (Promega), luminescence was regularly
recorded at 5-min intervals utilizing a Luminoskan plate reader (ThermoFisher). The
luminescence signal from cells treated with CHX was standardized against the signal from
untreated cells to determine the residual ERAD substrates throughout the CHX chase. The
rate of ERAD was computed by fitting a curve using an exponential function.

To assess the stability of mature ∆F508-CFTR-Nluc(CT), BEAS-2B Tet-on cells stably
expressing ∆F508-CFTR-Nluc(CT) underwent transfection with siRNA (25 nM). Following
transfection, the cells were treated with 1 µg/mL Dox and Trikafta (3 µM VX-661, 1 µM
VX-445, 1 µM VX-770) at 37 ◦C for 2 days. The cellular stability of mature ∆F508-CFTR-
Nluc(CT) was measured using previously established methods [23]. The administration of
Trikafta was sustained throughout the CHX chase.

2.10. Pull-Down Experiments

In order to observe the interaction between HBH-∆F508-CFTR-3HA and FLAG-His-
UBE3C, 293MSR cells that consistently expressed HBH-∆F508-CFTR-3HA were subjected
to transfection with FLAG-His-UBE3C. Cells were treated with 2 mM sodium butyrate
(NaB) for 1 day. Two days post-transfection, the cells were exposed to 10 µM MG-132 for
1 h and subsequently dissolved in a mild lysis buffer (150 mM NaCl, 20 mM Tris, 0.1%
NP-40, pH 7.4) supplemented with 1 mM PMSF, 5 µg/mL leupeptin, and pepstatin. Next,
the cell lysates were mixed with NeutrAvidin agarose (ThermoFisher) and left to incubate
for 2 h at 4 ◦C. Following four washes with mild lysis buffer, the complex was separated
using urea elution buffer (8 M urea, 2% SDS, 3 mM biotin) at 30 ◦C for 30 min and analyzed
using Western blotting.

2.11. Protein Purification

His6-sumo-USP21 and GST-TUBE were expressed in the BL21 rosetta2 E. coli strain
(EMD Millipore, Billerica, MA, USA). Cells were lysed by incubation with 1 mg/mL
lysozyme for 30 min on ice, followed by sonication. The His-tagged proteins and GST-
tagged proteins were purified using Ni-affinity and glutathione-affinity chromatography,
respectively, as described [7,22].

2.12. Ub ELISA

CFTR ubiquitination levels in 293MSR cells were performed as previously [22,27].
293MSR WT or RNF5/185 DKO cells stably expressing HBH-∆F508-CFTR underwent
transfection with the specified siRNA. At 4 days post-transfection, cells were treated
with 10 µM MG-132 (Cayman Chemical, Ann Arbor, MI, USA) for 3 h before cell lysis
in RIPA buffer supplemented with supplemented with 5 µg/mL leupeptin, 5 µg/mL
pepstatin A, 1 mM PMSF, 10 µM MG-132, and 5 mM N-Ethylmaleimide (NEM, FUJIFILM
Wako Pure Chemical Corporation Cat# 054-02063). The HBH-∆F508-CFTR present in the
cell lysate was fixed onto NeutrAvidin-coated 96-well white plates and then exposed to
denaturation in 8 M urea at room temperature for 5 min. After 0.1% BSA blocking following
3 washes with 0.1% NP-40-PBS, the CFTR ubiquitination was detected by anti-K48 Ub (clone
Apu2 ZooMAb, Sigma-Aldrich) antibody and quantified with HRP-conjugated secondary
antibody. Alternatively, the ubiquitination was detected by using 10–50 µg/mL GST-TUBE
and anti-GST antibody (clone 5A7, FUJIFILM Wako Pure Chemical Corporation). The
CFTR ubiquitination levels were normalized for the CFTR level quantified by the anti-HA
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antibody (16B12, BioLegend, San Diego, CA, USA, Cat# 901515). For the USP21 digestion,
the immobilized HBH-∆F508-CFTR on the plate was incubated with 5 µM His6-sumo-
USP21 at 37 ◦C for 1 h before denaturation with 8 M urea. After the USP21 treatment, the
plate was washed four times with 0.1% NP40-PBS, and then the immobilized CFTR was
denatured in 8 M urea and used for the antibody reaction.

2.13. CFTR Ubiquitination Measurement by Western Blotting

CFTR ubiquitination levels in 293MSR cells were performed as previously [19,22].
293MSR WT and RNF5/185 DKO cells transfected with siRNA (25 nM) were treated with
10 µM MG-132 for 3 h at 37 ◦C at 4 days post-transfection. Cells were then lysed in
RIPA buffer supplemented with 5 µg/mL pepstatin, 5 µg/mL leupeptin, 1 mM PMSF,
10 µM MG-132, and 5 mM NEM, and HBH-∆F508-CFTR was purified using NeutrAvidin
agarose (ThermoFisher) under denaturing conditions and analyzed by Western blotting
with anti-Ub (P4D1) and anti-HA antibodies. The CFTR ubiquitination level was measured
by densitometry and normalized for the CFTR level in the precipitate.

To detect the CFTR ubiquitination upon the UBE3C OE, 293MSR cells stably expressing
HBH-∆F508-CFTR-3HA were transfected with Myc-Ub and FLAG-His-UBE3C. Cells were
treated with 10 µM MG-132 for 3 h at 37 ◦C for 2 days post-transfection. Cells were
then lysed in RIPA buffer supplemented with 5 µg/mL pepstatin, 5 µg/mL leupeptin,
1 mM PMSF, 10 µM MG-132, and 5 mM NEM, and HBH-∆F508-CFTR was purified using
NeutrAvidin agarose under denaturing conditions and analyzed by Western blotting with
anti-Myc and anti-HA antibodies.

2.14. Immunocytochemistry

293MSR cells stably expressing HBH-∆F508-CFTR grown on coverslips underwent
transfection with FLAG-His-UBE3C. The following day, the cells were fixed using 4%
paraformaldehyde for 20 min and then permeabilized with 0.1% Triton X-100 in PBS for
5 min. After blocking with 0.5% BSA in PBS for 30 min, the cells were incubated with anti-
HA (16B12, BioLegend) and anti-UBE3C (Abcepta, Inc.) antibodies in 0.5% BSA in PBS for
1 h. Subsequently, cells were incubated with Alexa Fluor® 488 AffiniPure Goat Anti-Mouse
IgG (H+L) (Jackson Immuno Research) and Alexa Fluor® 594 AffiniPure Goat Anti-Mouse
IgG (H+L) (Jackson Immuno Research) antibodies in 0.5% BSA for an additional 1 h. To
visualize the nuclei, cells were treated with Cellstain® DAPI solution (Dojindo Laboratories,
Kumamoto, Japan) for 5 min and then mounted using VECTASHIELD mounting medium
(VECTOR Laboratories, Newark, CA, USA). Single optical sections were captured using an
inverted laser confocal fluorescence microscope (SP8, Leica, Tokyo, Japan) equipped with
an HC PL APO 63×/NA 1.40 objective.

2.15. Statistical Analysis

For quantification, data from at least three independent experiments were used, where
the data are expressed as means ± standard error (SE). Statistical significance was assessed
by either a two-tailed unpaired Student’s t-test, a one-way analysis of variance (ANOVA)
with Dunnett’s multiple comparison test, or a two-way ANOVA with Holm-Sidak multiple
comparison tests performed using GraphPad Prism 8. A p value < 0.05 was defined as
statistically significant.

3. Results
3.1. UBE3C Limits Cell Surface Expression of ∆F508-CFTR

To investigate UBE3C’s involvement in CFTR protein QC, we assessed the impact
of UBE3C KD on the protein level of ∆F508-CFTR in 293MSR cells that stably expressed
HBH-∆F508-CFTR-3HA. This modified CFTR protein is fused with an N-terminal histidine-
biotin-histidine (HBH) tag, and it also has a 3xHA tag in the 4th extracellular loop [22]. In
our Western blot analysis, we observed that UBE3C KD, using siUBE3C #1 or siUBE3C #3,
led to a slight increase in immature ∆F508-CFTR (Figure 1A). We confirmed the reduction
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of endogenous UBE3C under these conditions through quantitative RT-PCR (Figure 1B).
To explore whether the increased levels of ∆F508-CFTR due to UBE3C KD could mature
into the fully functional form in post-ER compartments, we treated the cells with the CF
drug Trikafta, which consists of CFTR correctors VX-661 and VX-445, as well as the CFTR
potentiator VX-770 [28]. Western blot analysis revealed that Trikafta treatment led to the
appearance of mature ∆F508-CFTR, and this effect was slightly more pronounced when
UBE3C was knocked down, especially when using siUBE3C #3 (Figure 1A). These findings
suggest that UBE3C KD may increase the pool of ∆F508-CFTR in the ER, which can then
mature into the functional form at the Golgi apparatus.

Figure 1. UBE3C limits the abundance of ∆F508-CFTR. (A) Western blotting shows HBH-∆F508-
CFTR-3HA level in 293MSR cells transfected with 25 nM siNC, siUBE3C #1, or siUBE3C #3. Cells were
treated with or without Trikafta (3 µM VX-661, 1 µM VX-445, 1 µM VX-770) for 1 day. The quantities
of immature (B band) and mature (C band) ∆F508-CFTR were quantified using densitometry and
presented as a percentage relative to the control. Cell lysates were prepared 4 days post-transfection.
Ponceau staining was used as a loading control. (B) RT-qPCR measured UBE3C KD in 293MSR
cells at 2 days post-transfection of siRNA (25 nM). Statistical significance was evaluated using a
one-way repeated-measures (RM) ANOVA alongside Dunnett’s multiple comparison tests (n = 3).
(C) Western blotting shows HBH-∆F508-CFTR-3HA level in RNF5/185 DKO cells as performed as
A. Ablation of RNF5 and RNF185 was confirmed by an anti-RNF185 antibody that recognizes both
RNF5 and RNF185 and the lysate from 293MSR cells (WT) was employed to confirm the presence
of bands corresponding to RNF185 and RNF5. (D) PM level of ∆F508-CFTR-Nluc(Ex) in 293MSR
WT and RNF5/185 DKO cells with 25 nM siNC (-) or siUBE3C #1 (+) (n = 3). Cells were treated
with Trikafta (3 µM VX-661, 1 µM VX-445, 1 µM VX-770) for 1 day. A two-way RM ANOVA with
Holm-Sidak multiple comparison tests demonstrated a significant interaction between UBE3C KD
and RNF5/185 DKO (Pint < 0.05). (E) The channel function of ∆F508-CFTR-3HA in CFBE Teton
cells transfected with siRNA indicated and treated with Trikafta (3 µM VX-661, 1 µM VX-445, 1 µM
VX-770) for 2 days was evaluated using a YFP quenching assay. The rate of initial YFP quenching was



Cells 2023, 12, 2741 8 of 19

measured and quantified as the CFTR function (right, n = 10–12). The total siRNA concentration
was adjusted to 125 nM (25 nM siUBE3C #1, 50 nM siRNF5 pool, and 50 nM siRNF185 pool) for all
samples. The assay was conducted 4 days post-transfection. Statistical significance was assessed by a
one-way ANOVA with Dunnett’s multiple comparison tests. Data represent mean ± SE. * p < 0.05,
** p < 0.01, ns, not significant.

In a previous study, it was suggested that UBE3C operates downstream of the RNF185/
MBRL complex [15]. To investigate whether UBE3C regulates ∆F508-CFTR levels through
the RNF185-mediated ERAD pathway, we used 293MSR cells where both RNF185 and its
functional paralog, RNF5, were ablated [24]. As previously demonstrated, we observed a
significant reduction in the ERAD of ∆F508-CFTR in RNF5/185 double knockout (DKO)
cells [24]. Our Western blot analysis indicated that UBE3C KD using siUBE3C #1 or
siUBE3C #3 increased the levels of immature ∆F508-CFTR, even in the RNF5/185 DKO
cells (Figure 1C). After treatment with Trikafta, UBE3C KD also led to an increase in the
mature form of ∆F508-CFTR in RNF5/185 DKO cells (Figure 1C). These results suggest that
UBE3C may regulate the abundance of ∆F508-CFTR through a mechanism independent of
RNF5/185.

Subsequently, we determined whether UBE3C KD increased the cell surface expression
of ∆F508-CFTR. We quantified the cell surface level of ∆F508-CFTR-Nanoluc (Nluc)(Ex),
which had the Nluc tag inserted into the 4th extracellular loop of CFTR [23]. To stimulate
the PM expression of ∆F508-CFTR, we treated the cells with the CF drug Trikafta. The
cell surface level of ∆F508-CFTR-Nluc(Ex) was measured using a cell-impermeable Nluc
substrate. In our Nluc assay, we observed that UBE3C KD led to a marginal increase
in the cell surface ∆F508-CFTR-Nluc(Ex) in 293MSR WT cells (Figure 1D). However, in
the RNF5/185 DKO cells, UBE3C KD significantly enhanced the cell surface expression
of ∆F508-CFTR compared to the 293MSR WT cells (Figure 1D). To assess whether the
increased cell surface ∆F508-CFTR was functionally acting as a regulated Cl- channel, we
conducted a halide-sensitive YFP quenching assay in CFBE Tet-on cells that stably expressed
YFP-H148Q/I152L/F46 and inducible ∆F508-CFTR-3HA [22]. As expected, UBE3C KD
and RNF5/185 DKD had an additive effect on the channel function of ∆F508-CFTR-3HA
(Figure 1E). This enhanced YFP quenching was inhibited by a CFTR inhibitor-172 (CFTRinh-
172), confirming that the YFP quenching resulted from CFTR channel activity (Figure 1E).
In summary, these findings indicate that UBE3C restricts the presence of ∆F508-CFTR as
a functional Cl- channel on the PM, even in the absence of RNF5 and RNF185, especially
when triggered by Trikafta treatment.

3.2. UBE3C Facilitates ERAD of ∆F508-CFTR

To understand how UBE3C restricts ∆F508-CFTR levels, we examined the impact of
UBE3C KD on ERAD. We recently developed a HiBiT-based ERAD assay, allowing precise
measurement of the degradation kinetics of various ERAD substrates [24]. Using this novel
assay, we assessed the effect of UBE3C KD on the ERAD of ∆F508-CFTR-HiBiT(CT) in
293MSR cells. As anticipated, UBE3C KD modestly slowed down ERAD, but it additively
reduced the ERAD rate of ∆F508-CFTR in combination with RNF5/185 DKO (Figure 2A).
We verified that siUBE3C#1 effectively decreased UBE3C mRNA in both 293MSR WT
and RNF5/185 DKO cells (Figure 2B). In contrast, UBE3C KD did not affect the ERAD of
Insig-1-HiBiT(CT) in either WT or RNF5/185 DKO cells (Figure 2C). Rather, UBE3C KD,
along with RNF5/185 DKO, enhanced the ERAD of Insig-1, which is a similar phenotype
observed previously [25] (Figure 2C). We also explored the influence of UBE3C KD on the
ERAD of N1303K-CFTR, which is recognized for its NBD2 mutation causing the unfolding
of MSD1 and MSD2 [29]. As expected, UBE3C KD, combined with RNF5/185 DKO,
additively reduced the ERAD of N1303K-CFTR-HiBiT(CT) (Figure 2D). These results
suggest that UBE3C limits the levels of misfolded CFTR by promoting ERAD, and this
effect is maintained even in the absence of RNF5/185.
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Figure 2. UBE3C attenuates ∆F508-CFTR ERAD. (A) The degradation kinetics of ∆F508-CFTR-
HiBiT(CT) in 293MSR WT and RNF5/185 KO cells transfected with 25 nM siNC or siUBE3C #1.
Luminescence levels were consistently observed for 180 min while cells were exposed to 100 µg/mL
CHX. The data were plotted after normalization to the luminescence levels of untreated cells. The
ERAD rate of ∆F508-CFTR-HiBiT(CT) was determined by fitting individual kinetic degradation
curves (right, n = 3). Two-way ANOVA demonstrated a notable primary impact of UBE3C KD or
RNF5/185 DKO. However, it did not reveal any interaction between the two factors (Pint). (B) UBE3C
KD in 293MSR WT and RNF5/185 cells was validated using RT-qPCR (n = 3). Two-way ANOVA
demonstrated a significant main effect of UBE3C KD but not of RNF5/185 DKO, with no observed
interaction between the two factors (Pint). (C,D) Kinetic degradation of Insig-1-HiBiT(CT) ((C), n = 3)
and N1303K-CFTR-HiBiT(CT) ((D), n = 3) in 293MSR WT and RNF5/185 KO cells transfected with
25 nM siNC or siUBE3C #1. The ERAD rate was calculated by fitting each kinetic degradation curve
(right). Two-way ANOVA demonstrated a significant main effect of UBE3C KD or RNF5/185 DKO
but no interaction between the two factors (Pint). Each biological replicate (n) is color-coded: the
averages from 4 technical replicates are shown in triangles (A,C,D). Statistical significance was
assessed by a two-way RM ANOVA (A,C,D) or two-way ANOVA (B). Data represent mean ± SE.
* p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant.

3.3. UBE3C Reduces ∆F508-CFTR Independently of Its E3 Ligase Activity

To investigate whether UBE3C regulates ∆F508-CFTR through its E3 ligase activity,
we generated a catalytically inactive mutant, C1051A-UBE3C [30]. In Western blot analysis,
we observed that overexpression (OE) of FLAG-His-UBE3C reduced the abundance of
∆F508-CFTR-3HA in a dose-dependent manner (Figure 3A). Surprisingly, the OE of FLAG-
His-C1051A-UBE3C also reduced ∆F508-CFTR levels (Figure 3A). This finding implies that
UBE3C’s E3 ligase activity is not required for reducing ∆F508-CFTR levels.
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Figure 3. UBE3C OE reduces ∆F508-CFTR abundance independently of its E3 ligase activity. (A) West-
ern blotting shows ∆F508-CFTR-3HA level in 293MSR cells co-transfected with ∆F508-CFTR-3HA
and FLAG-His-UBE3C WT or C1051A (0.5, 0.25, or 0.125 µg). Cells were treated with 2 mM NaB for
1 day before cell lysis. The immature ∆F508-CFTR (B band) in cells transfected with 0.5 µg FLAG-His-
UBE3C WT or C1051A (CA) was quantified using densitometry (n = 3–4). Ponceau staining was used
as a loading control. Statistical significance was assessed by one-way ANOVA. Data represent mean
± SE. * p < 0.05, ** p < 0.01. (B) The interaction of FLAG-His-UBE3C WT or C1051A mutant with
HBH-∆F508-CFTR-3HA in 293MSR WT and RNF5/185 DKO cells was analyzed by NA pull-down
and Western blotting. Cells were treated with 2 mM NaB for 1 day and 10 µM MG-132 for 1 h before
cell lysis. The asterisk shows a non-specific band. (C) Cellular localization of HBH-∆F508-CFTR-3HA
and FLAG-His-UBE3C in 293MSR cells transfected with FLAG-His-UBE3C. Cells were treated with
10 µM MG-132 for 1 h before fixation. The nucleus was stained with DAPI.

Next, we explored the physical interaction between UBE3C and ∆F508-CFTR in
293MSR cells expressing HBH-∆F508-CFTR-3HA and FLAG-His-UBE3C. NeutrAvidin
(NA) pull-down experiments revealed that FLAG-His-UBE3C and its catalytically inactive
C1051A mutant interacted with HBH-∆F508-CFTR-3HA in 293MSR (Figure 3B). Similar
results were observed in the RNF5/185 DKO cells (Figure 3B). Thus, UBE3C appears to
interact with ∆F508-CFTR at the ER, independent of RNF5/185.

We further performed immunocytochemistry to examine the cellular localization of
UBE3C. We treated cells with a proteasome inhibitor, MG-132, to prevent the degradation of
∆F508-CFTR upon UBE3C OE. The transfected UBE3C was observed to be widely present
in the cytoplasm and was partially colocalized with ∆F508-CFTR at the perinuclear region,
supporting their interaction at the ER (Figure 3C).

3.4. UBE3C Has a Limited Impact on the Ubiquitination of ∆F508-CFTR

To determine the role of UBE3C in CFTR ubiquitination, we conducted a Ub ELISA
using an anti-K48-linked polyUb chains (K48-Ub) antibody [22,27]. Unlike the K48-Ub
(Apu2) antibody, which is no longer commercially available, we detected a faint signal of
∆F508-CFTR ubiquitination using the new K48-Ub (Apu2 ZooMAb) antibody (Figure 4A).
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Additionally, we utilized GST-TUBE (Tandem Ub Binding Entity) [31,32] to detect CFTR
ubiquitination. The GST-TUBE, derived from the UBA domain of UBQLN1, which serves
as a proteasome-shuttling factor, has been reported not to exhibit any preference for poly-
Ub chain linkage [33,34]. We successfully observed the specific binding of GST-TUBE to
the immobilized ∆F508-CFTR on the NeutrAvidin plate and obtained an approximately
three-fold stronger signal compared to that of the K48-Ub (Apu2 ZooMAb) antibody
(Figure 4A). The signal obtained with GST-TUBE significantly increased in the ∆F508-CFTR
treated with the proteasome inhibitor MG-132, which leads to the accumulation of CFTR
polyubiquitination [22] (Figure 4B). Furthermore, pretreatment with recombinant USP21, a
non-selective deubiquitinase (DUB) [35,36], substantially reduced the binding of GST-TUBE
to immobilized HBH-∆F508-CFTR (Figure 4C). These results indicate that the binding of
GST-TUBE to ∆F508-CFTR depends on ubiquitination, and, therefore, TUBE binding can
be used to quantify the level of CFTR ubiquitination. We employed the TUBE-ELISA we
established to assess the influence of UBE3C KD on the ubiquitination of HBH-∆F508-
CFTR in 293MSR cells. In line with our recent study [24], the RNF5/185 DKO led to a
substantial decrease in TUBE binding, indicating reduced ∆F508-CFTR ubiquitination at
the ER (Figure 4D). However, in contrast, UBE3C KD did not seem to have an impact on
TUBE binding in both WT and RNF5/185 DKO cells (Figure 4D).

Figure 4. The role of UBE3C in the ∆F508-CFTR ubiquitination. (A) Polyubiquitination of HBH-
∆F508-CFTR-3HA in BHK cells was detected by ELISA using an anti-K48-linked polyubiquitin
antibody (αK48-Ub, Apu2 ZooMAb) or GST-TUBE and an anti-GST antibody (n = 2). The CFTR
amount on the ELISA plate was also quantified using an anti-HA antibody (right). The signal from
the sample containing HBH-∆F508-CFTR-3HA was calculated relative to the BG signal obtained from
the sample derived from CFTR-non-expressing cells. The cells underwent treatment with 10 µM
MG-132 for a duration of 3 h before undergoing cell lysis. (B) The GST-TUBE binding signal exhibited
an increase in the case of HBH-∆F508-CFTR-3HA from BHK cells treated with 10 µM MG-132 for
3 h (n = 2). Cell lysates (150 µg) were used for analysis. (C) The signal detected by GST-TUBE was
reduced by in vitro digestion by 5 µM USP21 for 1 h at 37◦C prior to the GST-TUBE binding (n = 3).
Cell lysates (150 µg) were used for analysis. (D) The ubiquitination levels of HBH-∆F508-CFTR-3HA
in 293MSR WT and RNF5/185 DKO cells transfected with 25 nM siRNA indicated were measured by
ELISA using GST-TUBE (n = 4). The cells underwent treatment with 10 µM MG-132 for a duration
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of 3 h before undergoing cell lysis. A two-way ANOVA demonstrated a significant main effect of
RNF5/185 DKO but not of UBE3C KD, with no observed interaction between the two factors (Pint).
(E) The ubiquitination level of HBH-∆F508-CFTR-3HA in 293MSR WT and RNF5/185 DKO cells
transfected with 25 nM siNC (-) or siUBE3C #1 (+) was measured by NA pull-down and normalized
for CFTR in precipitates. The cells underwent treatment with 10 µM MG-132 for a duration of 3 h
before undergoing cell lysis. The levels of CFTR ubiquitination were assessed using densitometry and
presented as a percentage relative to the control group (right, n = 3). Two-way ANOVA demonstrated
a significant main effect of RNF5/185 DKO but not of UBE3C KD, with no observed interaction
between the two factors (Pint). (F) Ubiquitination level of HBH-∆F508-CFTR-3HA in 293MSR cells
transfected with Myc-Ub and FLAG-His-UBE3C WT or C1051A mutant was measured as E. Cells
were treated with 2 mM NaB for 1 day and 10 µM MG-132 for 3 h before cell lysis. The levels of
CFTR ubiquitination (Myc/HA) were quantified using densitometry and reported as a percentage
in comparison to the control. Data represent the mean (A,B) or mean ± SE (C,D,E). Statistical
significance was assessed by an unpaired t-test (C) or two-way ANOVA (D,E). ** p < 0.01, *** p < 0.001,
**** p < 0.0001, ns, not significant.

To further validate the involvement of UBE3C in CFTR ubiquitination, we conducted a
traditional Western blotting analysis on the isolated HBH-∆F508-CFTR-3HA from 293MSR
cells. Western blotting showed that consistent with the findings from the TUBE ELISA,
UBE3C KD failed to reduce the ubiquitination of ∆F508-CFTR in both WT and RNF5/185
DKO cells (Figure 4E). We observed reduced CFTR ubiquitination in the RNF5/185 DKO
cells compared to the WT cells, which aligns with the TUBE-ELISA results (Figure 4E).
These findings suggest that UBE3C may be involved in the ERAD of misfolded CFTR
through mechanisms other than CFTR ubiquitination. We also investigated the impact
of overexpressing UBE3C on the ubiquitination of HBH-∆F508-CFTR in 293MSR cells co-
expressing Myc-Ub. Our analysis revealed a slight increase in the ubiquitination of ∆F508-
CFTR upon OE of FLAG-His-UBE3C (Figure 4F). In contrast, the OE of the catalytically
inactive C1051A-UBE3C mutant did not increase ubiquitination (Figure 4F). These results
imply that UBE3C may possess the ability to increase the ubiquitination of misfolded CFTR
at the ER.

3.5. UBE3C Facilitates ERAD of Misfolded ABCB1

Given that ∆F508-CFTR is considered an ERAD-C substrate that has lesions in the
cytoplasm [37,38], UBE3C may facilitate the degradation of various ERAD-C substrates,
as previously reported [39]. To investigate this possibility, we employed ∆Y490-ABCB1,
which carries a deletion of Y490 in the cytosolic NBD1 and shares a similar mutation
pattern to the ∆F508 mutation in CFTR [40]. In our HiBiT degradation assay, we found
that UBE3C KD significantly slowed down the ERAD of ∆Y490-ABCB1-HiBiT(CT) in
293MSR WT cells, similar to the effect observed in RNF5/185 DKO cells [24] (Figure 5A).
Furthermore, UBE3C KD, in combination with RNF5/185 DKO, led to an even further
reduction in the ERAD rate of ∆Y490-ABCB1-HiBiT(CT) (Figure 5A). Consequently, ablation
of UBE3C or RNF5/185 increased the cell surface expression of ∆Y490-ABCB1-HiBiT(Ex),
where the HiBiT tag was inserted in the 1st extracellular loop of ABCB1 (Figure 5B).
Additionally, UBE3C KD enhanced the cell surface ∆Y490-ABCB1-HiBiT(Ex) even more
in RNF5/185 DKD cells (Figure 5B). These effects were also observed in the presence of
cyclosporin A (CLP-A), which is a ligand of ABCB1 and promotes the cell surface expression
of ∆Y490-ABCB1 [41] (Figure 5C). Western blotting further validated these findings, as
UBE3C KD or RNF5/185 DKD appeared to increase the ∆Y490-ABCB1-HiBiT(Ex), and their
combined effect was even more pronounced, especially in the absence of CLP-A (Figure 5D).
Additionally, we observed that UBE3C KD resulted in an increase in the mature form of
∆Y490-ABCB1-HiBiT(Ex) upon CLP-A treatment in both siNT- and siRNF5/185-transfected
cells (Figure 5D). These findings suggest that UBE3C might be involved in the ERAD of
∆Y490-ABCB1, even within the RNF5/185-independent ERAD pathway.
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Figure 5. UBE3C facilitates the ERAD of misfolded ABCB1. (A) The HiBiT degradation assay
quantified the ERAD of ∆Y490-ABCB1-HiBiT(CT) in 293MSR WT and RNF5/185 DKO cells after
transfection with either 25 nM siNC or siUBE3C #1. Luminescence was continually tracked for
420 min while CHX was present, and the data were graphed after normalization to the luminescence
levels of non-treated cells. The ERAD rate of ∆Y490-ABCB1-HiBiT(CT) was determined by fitting
individual kinetic degradation curves (right, n = 3). Each biological replicate (n) is color-coded;
the averages from 4 technical replicates are shown in triangles. Two-way ANOVA demonstrated
a significant effect of UBE3C KD or RNF5/185 DKO but no interaction between the two factors
(Pint). (B,C) PM levels of ∆Y490-ABCB1-HiBiT(Ex) in BEAS-2B cells transfected with 25 nM siUBE3C
#1 and/or 50 nM siRNF5 and 50 nM siRNF185 (RNF5/185 DKD) as indicated (n = 6). (C) Cells
were treated with 10 µM CLP-A for 24 h to facilitate cell surface expression. Two-way ANOVA
demonstrated a significant effect of UBE3C KD or RNF5/185 DKO, as well as an interaction between
the two factors (Pint). (D) Western blotting shows ∆Y490-ABCB1-HiBiT(Ex) level in BEAS-2B cells
transfected with 25 nM siNC (-) or siUBE3C #1 (+), 100 nM siNT, or 50 nM siRNF5 and siRNF185
(si5/185). Cells were subjected to a 24-h treatment with or without 10 µM CLP-A. Additionally, cells
were treated with 2 mM NaB for 24 h before cell lysis. The levels of immature (B band) and mature
(C band) ∆Y490-ABCB1 were quantified using densitometry and presented as a percentage relative to
the control. Cell lysates were prepared at 4 days post-transfection. Ponceau staining was employed
as a loading control. The asterisk shows a non-specific band. Statistical significance was evaluated
through a two-way RM ANOVA (A) or two-way ANOVA (B,C). Data represent mean ± SE. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, not significant.

3.6. UBE3C Participates in Peripheral CFTR Quality Control

Given that UBE3C is localized in the cytoplasm [42], it is plausible that UBE3C may
interact with misfolded CFTR not only at the ER but also at post-Golgi compartments,
including the PM. Furthermore, the elevated PM levels of ∆F508-CFTR observed upon
UBE3C KD in the presence of Trikafta, which does not fully stabilize ∆F508-CFTR on the
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PM due to a substantial portion of the mutant CFTR still being subject to ubiquitination
and degradation [23,43], may be indicative of its role in peripheral CFTR QC [19,22]. To
investigate whether UBE3C is associated with CFTR peripheral QC, we assessed the impact
of UBE3C KD on the stability of mature ∆F508-CFTR-Nluc [23]. We treated BEAS-2B
cells stably expressing ∆F508-CFTR-Nluc with Trikafta to stimulate the maturation of
∆F508-CFTR. Our continuous CFTR-Nluc luminescence measurements revealed that the
half-life of ∆F508-CFTR after Trikafta treatment was significantly longer, approximately
2 h (Figure 6A), compared to the immature ∆F508-CFTR located in the ER, which had a
half-life of approximately 0.5 h [23]. This suggests that the assay is specifically measuring
the degradation of mature ∆F508-CFTR located in post-Golgi compartments, as reported
previously [23]. Similar to RFFL KD [23], UBE3C KD led to a slight but significant reduction
in the degradation of mature ∆F508-CFTR-Nluc (Figure 6A). In line with this observation,
Western blot analysis using a CHX chase experiment demonstrated that UBE3C KD resulted
in increased stability of the mature form of ∆F508-CFTR-3HA induced by Trikafta treatment
(Figure 6B). This indicates that UBE3C plays a role in promoting the peripheral degradation
of mature ∆F508-CFTR. Furthermore, we examined the effect of UBE3C KD on T70-CFTR, a
class VI CFTR mutant known for accelerated PM turnover [18,44]. As expected, UBE3C KD
elevated the PM levels of T70-CFTR-HiBiT(Ex) in BEAS-2B cells (Figure 6C). These results
strongly suggest that cytoplasmic UBE3C contributes to the removal of conformationally
defective CFTR, even at post-Golgi compartments, and participates in CFTR peripheral QC.

Figure 6. UBE3C participates in peripheral CFTR quality control. (A) Representative traces of mature
∆F508-CFTR-Nluc(CT) elimination in BEAS-2B cells transfected with 25 nM siNC or siUBE3C #1.
Cells were pre-treated with 1 µg/mL Dox and Trikafta (3 µM VX-661, 1 µM VX-445, 1 µM VX-770)
at 37 ◦C for 2 days. During the CHX chase, Trikafta was also treated. The degradation rate of
∆F508-CFTR-Nluc(CT) was determined by fitting individual kinetic degradation curves (right, n = 4).
(B) Western blotting with CHX chase measured the stability of mature ∆F508-CFTR-3HA in 293MSR
cells transfected with 25 nM siNC or siUBE3C #3. Cells were pre-treated with Trikafta (3 µM VX-661,
1 µM VX-445, 1 µM VX-770) and 2 mM NaB at 37 ◦C for 24 h but did not during the 100 µg/mL
CHX chase. Levels of immature (B band) and mature (C band) ∆F508-CFTR were quantified using
densitometry and reported as a percentage relative to the control. Cell lysates were prepared 4 days
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post-transfection. Ponceau staining was employed as a loading control. The asterisk shows a non-
specific band. (C) PM levels of T70-CFTR-HiBiT(Ex) in BEAS-2B cells transfected with 25 nM siNC or
siUBE3C #1 (n = 6). Statistical significance was assessed by an unpaired t-test (A,C). Data represent
mean ± SE. * p < 0.05, **** p < 0.0001.

4. Discussion

In this study, we have unveiled the role of the cytosolic E3 ligase UBE3C in the ERAD
process, specifically in the degradation of misfolded CFTR and ABCB1. Furthermore,
UBE3C’s involvement extends to the RNF5/185-independent ERAD pathway. Notably, the
combined effect of UBE3C KD and RNF5/185 DKO/DKD results in a synergistic increase
in the levels of ∆F508-CFTR and ∆Y490-ABCB1 on the PM, further supporting UBE3C’s
role in the RNF5/185-independent ERAD process. However, in the presence of CLP-A, the
enhanced effect of UBE3C KD was slightly diminished in RNF5/185 DKD cells, suggesting
that the conformation of the ABCB1 mutant rescued by CLP-A and RNF5/185 DKD may
render it less susceptible to protein QC by UBE3C.

The function of UBE3C in the ERAD of misfolded membrane proteins shares sim-
ilarities with another E3 ligase, HERC3 [24]. Both UBE3C and HERC3 are HECT-type
E3 ligases primarily localized in the cytoplasm [45], and both contribute to the ERAD of
∆F508-CFTR in the RNF5/185-independent ERAD pathway [24]. In contrast to HERC3,
UBE3C has a broader range of action, as it is also involved in the ERAD of ∆Y490-ABCB1.
Although the specific mechanisms by which UBE3C and HERC3 recognize their substrates
are not yet clear, UBE3C seems to have a unique function distinct from HERC3. While
HERC3 is thought to sense the MSDs [24], UBE3C might detect conformational defects in
the cytoplasmic region of ER membrane proteins. This hypothesis aligns with previous
research suggesting that UBE3C is essential for the efficient degradation of certain ERAD-C
substrates [40]. Considering the observed conformational defects in the CFTR MSDs in the
case of ∆F508-CFTR [6,46,47] and the unfolding of MSDs triggered by the NBD2 mutant
N1303K-CFTR [29], we cannot exclude the possibility that UBE3C may also possess the
capability to identify conformational issues in the CFTR MSDs. Further research and
investigations may be needed to validate this possibility.

Based on our experimental findings, UBE3C’s role in ∆F508-CFTR ERAD appears to be
partial compared to RNF5/185, showing a similarity in contribution to the cytoplasmic E3
ligase HERC3 [24]. However, given UBE3C’s substantial impact on ∆Y490-ABCB1 ERAD, it
suggests that UBE3C’s involvement varies based on the misfolding region or characteristics
of the ERAD substrate. In forthcoming investigations, it is imperative to elucidate UBE3C’s
substrate recognition mechanism to discern the structural abnormalities it identifies. This
exploration may offer valuable insights into UBE3C’s role in ERAD.

Our OE experiments suggest that UBE3C has the potential to increase the ubiquitina-
tion of immature ∆F508-CFTR, depending on its catalytic activity. UBE3C is known to be
involved in the formation of K29- and K48-linked polyubiquitin chains [48,49] and acts as
an E4 enzyme [17]. This implies that UBE3C might modify and/or elongate the polyUb
chains on misfolded CFTR. However, it is improbable that UBE3C promotes ∆F508-CFTR
degradation through a mechanism dependent on ubiquitination, as its catalytically inactive
mutant was able to reduce ∆F508-CFTR levels similarly to its wild-type counterpart. More-
over, our KD experiments indicate that UBE3C had a minimal impact on the ubiquitination
of immature ∆F508-CFTR. The mechanism through which UBE3C promotes ERAD without
impacting CFTR ubiquitination differs significantly from that of HERC3, a HECT-type E3
ligase involved in ERAD independent of RNF5/185 [24]. It has been demonstrated that
UBE3C is recruited to the proteasome in response to the unfolding of cytosolic proteins [50]
and serves as a positive regulator of proteasomal processivity by facilitating the degra-
dation of partially degraded protein fragments that tend to accumulate [31]. Therefore,
UBE3C may be involved in efficiently transporting misfolded CFTR and ABCB1 to the
proteasome for degradation, even without relying on its E3 ligase activity. This mechanism
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aligns with a model in which certain Ub ligases directly present the substrate protein to the
20S proteasome, facilitating their degradation and essentially acting as ‘recruiters’ [51–53].

In this study, we have established the TUBE ELISA as a method for measuring CFTR
ubiquitination. In our previous work, we developed a Ub ELISA using the K48-Ub (Apu2)
antibody [22,27]. However, as the K48-Ub (Apu2) antibody became unavailable commer-
cially, we tested a new K48-Ub (Apu2 ZooMAb) antibody in this study. Unfortunately,
the new K48-Ub antibody did not provide satisfactory results for our Ub ELISA and only
produced a weak signal. Consequently, we opted to use TR-TUBE, derived from the UBA
domain of UBQLN1, as a probe for polyubiquitination [31,32]. Given the characteristics of
UBQLN1’s UBA domain [34], GST-TUBE is likely to bind all types of Ub chains, including
K63- and K48-linked chains, as observed in previous studies [32,54]. The TUBE ELISA we
introduced in this study may prove valuable for detecting specific types of polyUb chains
using the K63 chain-specific TUBE [55], as well as for investigating proteins that interact
with the K29 chains [56].

Our results suggest the possibility that UBE3C is involved in the peripheral QC of
CFTR. Several cytosolic E3 ligases, including CHIP [19], RFFL [22], and RNF34 [23] have
been reported to participate in peripheral QC. Given that UBE3C directly interacts with
its substrate and facilitates its substrate ubiquitination in vitro [42], it may directly interact
with the cytosolic regions of misfolded CFTR at post-Golgi compartments. While more
investigations are necessary, UBE3C may function as part of the chaperone-independent
peripheral QC mechanism [22]. A previous study demonstrated that proteasome inhibitors
reduced the removal of cell surface ∆F508-CFTR [57]. While the exact function of the
proteasome in peripheral QC is not fully understood, it is possible that UBE3C plays a
role in promoting proteasomal involvement in the degradation of misfolded CFTR in the
post-Golgi compartments, including the PM. Although further investigation is needed to
explore the potential adverse effects resulting from UBE3C inhibition, it’s evident that such
inhibition suppresses ERAD and peripheral degradation of ∆F508-CFTR, consequently
leading to an increase in functional CFTR channels. This observation suggests that targeting
UBE3C could be a viable strategy in CF treatment, addressing both ER and peripheral
CFTR QC mechanisms. This study reveals a new role for the UBE3C E3 ligase in the QC
of membrane proteins, providing insights into previously unexplored aspects of UBE3C’s
mechanism of action.
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