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The cystic fibrosis transmembrane conductance regulator
(CFTR), a member of the ABC transporter superfamily, is a
cyclic AMP-regulated chloride channel and a regulator of other
ion channels and transporters. In epithelial cells CFTR is rapidly
endocytosed from the apical plasma membrane and efficiently
recycles back to the plasma membrane. Because ubiquitination
targets endocytosedCFTR for degradation in the lysosome, deu-
biquitinating enzymes (DUBs) are likely to facilitate CFTR recy-
cling. Accordingly, the aim of this study was to identify DUBs
that regulate the post-endocytic sorting of CFTR. Using an
activity-based chemical screen to identify activeDUBs inhuman
airway epithelial cells, we demonstrated that Ubiquitin Specific
Protease-10 (USP10) is located in early endosomes and regu-
lates the deubiquitination of CFTR and its trafficking in the
post-endocytic compartment. small interference RNA-medi-
ated knockdown of USP10 increased the amount of ubiquiti-
natedCFTR and its degradation in lysosomes, and reduced both
apicalmembraneCFTRandCFTR-mediated chloride secretion.
Moreover, a dominant negative USP10 (USP10-C424A)
increased the amount of ubiquitinated CFTR and its degrada-
tion, whereas overexpression of wt-USP10 decreased the
amount of ubiquitinated CFTR and increased the abundance of
CFTR. These studies demonstrate a novel function forUSP10 in
facilitating the deubiquitination of CFTR in early endosomes
and thereby enhancing the endocytic recycling of CFTR.

The endocytosis, endocytic recycling, and endosomal sorting
of numerous transport proteins and receptors are regulated by
ubiquitination (1–6). Ubiquitin, an 8-kDa protein, is conju-
gated to target proteins via a series of steps that includes ubiq-
uitin-activating enzymes (E1),2 ubiquitin-conjugating enzymes
(E2), and ubiquitin ligases (E3) (1). Proteins that are ubiquiti-
nated in the plasma membrane are internalized and are either

deubiquitinated and recycle back to the plasma membrane or,
via interactions with the endosomal sorting complexes
required for transportmachinery, are delivered to the lysosome
for degradation (1–7). Sorting of ubiquitinated plasma mem-
brane proteins for either the lysosomal pathway or for the recy-
cling pathway is regulated, in part, by the removal of ubiquitin
by deubiquitinating enzymes (DUBs) (1–6). Thus, the balance
between ubiquitination and deubiquitination regulates the
plasma membrane abundance of several membrane proteins,
including the epithelial sodium channel (ENaC), the epidermal
growth factor receptor, the transforming growth factor-�
receptor, and the cytokine receptor �-c (8–14).
CFTR is rapidly endocytosed from the plasma membrane

and undergoes rapid and efficient recycling back to the plasma
membrane in human airway epithelial cells, with �75% of
endocytosed wild-type CFTR recycling back to the plasma
membrane (15–18). A study published several years ago dem-
onstrated that, although ubiquitination did not regulate CFTR
endocytosis, ubiquitination reduced the plasma membrane
abundance of CFTR in BHK cells by redirecting CFTR from
recycling endosomes to lysosomes for degradation (19). How-
ever, neither the E3 ubiquitin ligase(s) responsible for the ubiq-
uitination of CFTR nor the DUB(s) responsible for the deubiq-
uitination of CFTR in the endocytic pathway have been
identified in any cell type. Moreover, the effect of the ubiquitin
status of CFTR on its endocytic sorting in human airway epi-
thelial cells has not been reported. Thus, the goals of this study
were to determine if the ubiquitin status regulates the post-
endocytic sorting of CFTR in polarized airway epithelial cells,
and to identify the DUBs that deubiquitinate CFTR.
Approximately 100 DUBs have been identified in the human

genome and are classified into five families based on sequence
similarity and mechanism of action (1–6, 20, 21). To identify
DUBs that regulate the deubiquitination of CFTR from this
large class of enzymes, we chose an activity-based, chemical
probe screening approach developed by Dr. Hidde Ploegh (4,
21, 22). This approach utilizes a hemagglutinin (HA)-tagged
ubiquitin probe engineered with a C-terminal modification
incorporating a thiol-reactive group that forms an irreversible,
covalent bond with active DUBs. Using this approach we dem-
onstrated in polarized human airway epithelial cells that ubiq-
uitin-specific protease-10 (USP10) is located in early endo-
somes and regulates the deubiquitination of CFTR and thus its
trafficking in the post-endocytic compartment. These studies
demonstrate a novel function for USP10 in promoting the deu-
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biquitination of CFTR in early endosomes and thereby enhanc-
ing the endocytic recycling of CFTR.

EXPERIMENTAL PROCEDURES

Cell Culture—The role of DUBs in the intracellular traffick-
ing of CFTR was studied in human airway epithelial cells
(CFBE41o� cells, homozygous for the �F508 mutation) stably
expressing wt-CFTR. Details on the stable transfection and
characterization of CFBE41o� cells expressing wt-CFTR
(hereafter called CFBE cells) have been described in detail by
several laboratories (17, 18, 23). CFBE cells between passages 18
and 27 were maintained in minimal essential medium supple-
mented with 50 �g/ml penicillin, 50 �g/ml streptomycin, 2mM

L-glutamine, 10% fetal bovine serum, 2�g/ml puromycin, and 5
�g/ml plasmocin in a 5% CO2-95% air incubator at 37 °C. To
establish confluent, polarized monolayers, 1 � 106 cells were
seeded onto 24-mm Transwell permeable supports (0.4-�m
pore size, Corning, Corning, NY) coated with Vitrogen plating
medium containing human fibronectin (10 �g/ml, Collabora-
tive Biomedical Products, Bedford, MA), Vitrogen 100 (1%,
Collagen, PaloAlto, CA), and bovine serum albumin (10�g/ml,
Sigma-Aldrich) and grown in an air-liquid interface culture at
37 °C for 6–9 days, as described (17).
Identification of Active DUBs—To identify active DUBs in

CFBE cells we used a chemical probe screening approach
described in detail byDr.HiddePloegh (4, 21, 22). The chemical
structure of the probe utilized in this study is presented in Fig. 1
by Borodovsky et al. (22). Briefly, cells were lysed in radioim-
munoprecipitation assay buffer (25 mM Tris-HCl, pH 7.6, 10
mM NaCl, 1% Nonidet P-40 (IGEPAL), 1% sodium deoxy-
cholate, 0.1% SDS), and 0.1 �g of the HA-UbVME probe was
added to 20�g of the post-nuclear supernatant obtained by low
speed (10,000 � g) centrifugation of cell lysates or to early
endosomal fractions (isolated as described below) isolated
from CFBE cells. The HA-UbVME probe forms an irrevers-
ible, covalent bond with active DUBs. Identification of DUBs
covalently linked to the HA-UbVME probe was achieved by
immunoprecipitation of the HA-UbVME�DUB complex(s)
using an anti-HA monoclonal antibody (Santa Cruz Biotech-
nology) followed by SDS-PAGE and Western blot analysis
using specific anti-DUB antibodies (see “Antibodies and
Reagents”). The specificity of the HA-UbVME probe for active
DUBs was confirmed with the addition of N-ethylmaleimide
(10 �M), which inhibits cysteine protease DUBs, during the
labeling reaction (4, 21, 22).
Isolation of Early Endosomes—To determine if USP10 is

expressed in early endosomes, differential centrifugation and
fractionation techniques were used to isolate early endosomes
from CFBE cells using a protocol adapted from Butterworth et
al. (9). Briefly, polarized CFBE cells, grown on 24-mm permea-
ble membrane supports, were scraped into phosphate-buffered
saline, pelleted, and resuspended in 600 �l of HEPES buffer
(250 mM sucrose, 10 mM HEPES, 0.5 mM EDTA at pH 7.4 con-
taining protease inhibitors (Roche Applied Science)). The cells
were homogenized with a Dounce homogenizer and passed
through a 22-gauge needle 20 times. Following a low speed spin
(3000 � g), the post-nuclear supernatant was diluted 1:1 with
62% sucrose in HEPES buffer and placed at the bottom of a

4.4-ml ultracentrifuge tube (Sorvall, Ashville, NC). 1.5 ml of
35% sucrose inHEPES buffer was layered on top followed by 1.5
ml of 25% sucrose in HEPES buffer and 0.5 ml of HEPES buffer.
The gradients were centrifuged in a TH-660 rotor at 167,000 �
g for 75 min at 4 °C, and the interfaces were collected to isolate
the early endosomal fractions.Western blot analysis for various
RabGTPaseswas used to confirmpurity of the early endosomal
fraction. Rab5a and early endosome antigen-1 served as mark-
ers for the early endosomal fraction, whereas LAMP-1 and
actin served as negative controls.
Ubiquitination Assay—To assess the amount of ubiquiti-

nated CFTR in CFBE cells, a protocol was adapted fromUrbe et
al. (24). Briefly, polarized CFBE cells were lysed in boiling lysis
buffer (2% SDS, 1mMEDTA, 50mM sodium fluoride, andCom-
plete Protease InhibitorMixture (Roche Applied Science)) pre-
heated to 100 °C. The lysates were transferred to screw-cap
tubes, incubated for 10 min at 100 °C, and cooled to room tem-
perature, and the lysates were diluted by the addition of four
volumes of the dilution buffer (2.5% Triton X-100, 12.5 mM

Tris, pH 7.5, 187.5 mM NaCl, and Complete Protease Inhibitor
Mixture (RocheApplied Science)). After pelleting cell debris by
low speed centrifugation (3000 � g), the lysates were immuno-
precipitated overnight at 4 °C with 5 �g of anti-CFTR antibody
(clone M3A7, Upstate Biotechnology) complexed with Protein
G-agarose. Immunoprecipitated complexes were washed three
times with dilution buffer (2% Triton X-100, 0.4% SDS, 10 mM

Tris, pH 7.5, 150 mM NaCl), once with a high salt wash buffer
(200 mM NaCl, 400 mM NaOAc), and once more with the dilu-
tion buffer before preparation for SDS-PAGE andWestern blot
analysis using a ubiquitin antibody that recognizes mono-,
multi-, and polyubiquitin additions (FK2 ubiquitin clone,
Biomol) or a ubiquitin antibody that recognizes only polyubiq-
uitin additions (FK1 ubiquitin clone, Biomol). The quantitation
of ubiquitinated CFTR was calculated as the signal obtained
with the ubiquitin antibody normalized for immunoprecipi-
tatedCFTRdetectedwith theCFTR antibody (clone 24-1, R&D
Systems).
Immunoprecipitation—To determine if CFTR interacts with

USP10 in the early endosomal fractions, USP10 was immuno-
precipitated from early endosomal fractions isolated from the
CFBE cell lysate by methods described previously in detail (18).
Briefly, CFBE cells were lysed in immunoprecipitation buffer
containing 150 mM NaCl, 50 mM Tris (pH 7.2), 0.1% IGEPAL
(Sigma), 5 mMMgCl2, 5 mM EDTA, 1 mM EGTA, 30mMNaF, 1
mMNa3VO4, and Complete Protease InhibitorMixture (Roche
Applied Science), andUSP10was immunoprecipitated by incu-
bation with 5 �g of a polyclonal USP10 antibody (Bethyl Labo-
ratories) and protein A-agarose complex. Immunoprecipitated
proteins were eluted from the protein A-agarose complexes by
incubation at 100 °C for 3 min in Laemmli sample buffer (Bio-
Rad) containing 80 mM dithiothreitol. Immunoprecipitated
proteins were separated by SDS-PAGE using 15% gels (Bio-
Rad) and analyzed by Western blot analysis.
Biochemical Determination of the Apical Membrane CFTR—

The biochemical determination of apical membrane CFTRwas
performed by domain selective cell surface biotinylation using
EZ-LinkTM Sulfo-NHS-LC-Biotin (Pierce), as described previ-
ously in detail (25, 26).
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RNA Isolation and Reverse Transcription-PCR—Reverse
transcription (RT)-PCR studies were conducted to examine the
endogenous expression of USP10 in CFBE cells, as previously
described in detail (18, 27). For USP10, triplicate reactions of
each cDNAsamplewere incubated at 95° C for 10min, followed
by 35 cycles of 15 s at 95° C and 1 min at 60° C using TaqMan
Gene Expression Assay primers (Applied Biosystems) for
human USP10. RT-PCR products were run on an low melting
point agarose gel to confirm product size, subcloned into
pCR4-TOPO (Invitrogen), and submitted for sequence analysis
to confirm the identity of the products.
Q-RT-PCR—Q-RT-PCR studies were conducted to examine

the effect of siUSP10 on USP10 mRNA expression using a pro-
tocol published previously in detail (18). Predesigned TaqMan
Gene Expression Assay Q-RT-PCR primers (Applied Biosys-
tems) for human USP10 were employed. The cDNA generated
during RT was quantified (NanoDrop, NanoDrop Technolo-
gies), and data were expressed as percent change in USP10
mRNA expression.
Plasmids and Transient Transfections—Plasmids containing

GFP-wt-USP10 and GFP-USP10 (C424A) were a generous gift
from Dr. Susanna Chiocca (European Institute of Oncology,
IFOM-IEO campus (28)). All constructs were sequence verified
upon receipt by ABI PRISM dye terminator cycle sequencing
(Applied Biosystems, Foster City, CA). Transient transfections
of CFBE cells with GFP-wt-USP10 and USP10-C424A were
conducted using Effectene (Qiagen, Valencia, CA) according to
the manufacturer’s instructions.
RNA-mediated Interference—USP10 expression was selec-

tively reduced using siRNA forUSP10 purchased fromQiagen, by
methods described previously (18, 29). In brief, CFBE cells were
seeded at 0.1 � 106 on 24-mm Transwell permeable membrane
supports andcultured for3days.Onday4,post-seeding, cellswere
transfected with either 5, 15, or 50 nM siRNA for USP10 or a
scrambled, control siRNA with HiPerfect transfection reagent
according to themanufacturer’s protocol (Qiagen). Sequences for
siRNAs are: siUSP10 sense (5�-CACAGCUUCUGUUGACUC-
UTT-3�) and antisense (5�-AGAGUCAACAGAAGCUGUGTT-
3�), and siNegative scrambled sense (5�-UUCUCCGAACGUG-
UCACGU-3�) and antisense (5�-ACGUGACACGUUCGGAG-
AA-3�). Cells were studied on day 8 post-seeding (i.e. 4 days
after transfection with siRNA).
ConfocalMicroscopy—Co-localization studieswere conducted

to confirmWestern blot studies demonstrating that endogenous
USP10 is expressed in early endosomes. Briefly, CFBE cells seeded
at 0.1 � 106 on collagen-coated, glass-bottom Mat-Tek dishes,
were infected 24 h after seeding with a baculovirus expressing a
eGFP-Rab5a-eGFP plasmid (Organelle LightsTM Endosomes-
GFP,MolecularProbes, Invitrogen), according to themanufactur-
er’s instructions, and fixed for immunolabeling 96 h post-infec-
tion, as described previously (30). USP10 was visualized by
indirect immunofluorescence using a polyclonal antibody for
USP10 (Bethyl Laboratories, Montgomery, TX) followed by an
Alexa 586-labeled secondary antibody. Z-stack images (0.4-�m
sections) of labeled cells were acquired with aNikon Sweptfield
confocal microscope (Apo TIRF 100� oil immersion 1.49
numerical aperture objective) fitted with a QuantEM:512sc
camera (Photometrics, Tucson, AZ) and Elements 2.2 software

(Nikon, Inc.) to reconstruct and render three-dimensional
images. Experiments were repeated three times, with five fields
imaged for each experiment.

FIGURE 1. Ubiquitinated CFTR is present in early endosomes. CFBE cells
were lysed, early endosomes were purified, CFTR was immunoprecipitated
using a monoclonal CFTR antibody (clone M3A7, Upstate Biotechnology), and
ubiquitinated CFTR was detected via Western blot analysis (IB) using either an
anti-ubiquitin antibody that recognizes: mono-, multi-, and polyubiquitin
additions (FK2) (A) or polyubiquitin additions (FK1) (B). LYSATE, early endoso-
mal lysate; CFTR IP, immunoprecipitated CFTR; IgG, immunoprecipitation
using a non-immune IgG antibody. In the bottom panels of A and B, immuno-
precipitated CFTR was blotted with a CFTR monoclonal antibody (clone 24-1,
R&D Systems). Similar amounts of CFTR were immunoprecipitated in all cases:
thus, differences in the amount of polyubiquitinated CFTR detected was not
due to differences in the efficiency of the immunoprecipitation step for CFTR.
Gels were cut between the stacking and running gel interface. Experiments
performed three times. Representative blots are shown.

FIGURE 2. USP10 is expressed and active in airway epithelial cells. CFBE cells
were lysed and incubated with the HA-UbVME probe in the presence and
absence of N-ethylmaleimide (10 �M) to identify active DUBs. N-Ethylmaleimide
(NEM) inhibits cysteine proteases and therefore eliminates the covalent linkage
between DUBs and the HA-UbVME probe. The HA-UbVME�DUB complex was
immunoprecipitated with an anti-HA antibody, and the immunoprecipitated
complex was analyzed by SDS-PAGE followed by Western blot analysis (IB) using
an anti-HA antibody (A) or an anti-USP10 antibody (B). A, the anti-HA antibody
identified an N-ethylmaleimide-sensitive band at a molecular mass of 110 kDa.
IgG, immunoprecipitation using a non-immune IgG was used as a negative con-
trol. B, the anti-USP10 antibody detected a 110-kDa protein in cell lysates (LYSATE)
and in the lane containing the immunoprecipitated HA-UbVME�DUB. The molec-
ular mass of HA-UbVME is �9 kDa, thus USP10 detected in the center lane (i.e.
HA-UbVME-USP10) runs �9 kDa larger than the USP10 in the lane on the left (i.e.
most of the USP10 detected in cell lysates is most likely not covalently attached to
HA-UbVME). A non-immune IgG was used as a negative control. C, RT-PCR detec-
tion of USP10 mRNA expression in polarized CFBE cells. Experiments were per-
formed three times. Representative blots or gels are shown.
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Ussing Chamber Measurements—Ussing chamber measure-
ments of CFTR-mediated chloride secretionwere performed as
described previously (31).
Endocytosis and Recycling Assays—Endocytic and recycling

assays were performed in CFBE cells as described previously
(17, 18, 31). For both assays, the plasma membrane proteins
were first biotinylated at 4 °C using EZ-LinkTM Sulfo-NHS-SS-
Biotin (Pierce). For the endocytic assay, cells were warmed to
37 °C for 5min after biotinylation, and GSHwas applied at 4 °C
to reduce the disulfide bonds between proteins labeled with
Sulfo-NHS-SS-Biotin in the plasma membrane. Biotinylated
proteins that were endocytosed during the 5-min period at
37 °C are not reduced by GSH, which is impermeant to the
plasma membrane, and thus reside in the endosomal compart-
ment. Cells were lysed, and biotinylated proteins were isolated
using streptavidin-agarose beads, eluted into SDS sample
buffer, and separated by 7.5% SDS-PAGE. For recycling assays,
cells were warmed to 37 °C for 5 min after biotinylation to load
endocytic vesicles with biotinylated proteins. Cells were then
cooled immediately to 4 °C, and the disulfide bonds on Sulfo-
NHS-SS-Biotin-labeled proteins remaining in the plasma

membrane were reduced by GSH at 4 °C. Subsequently, cells
were either lysed or warmed again to 37 °C for 5 min (to allow
endocytosed and biotinylated CFTR to recycle to the plasma
membrane). Cells were then cooled again to 4 °C, and the disul-
fide bonds on the proteins biotinylated with Sulfo-NHS-SS-
Biotin remaining in the plasma membrane were reduced with
GSH. The recycling of endocytosed CFTRwas calculated as the
difference between the amount of biotinylated CFTR after the
first and second GSH treatments.
Antibodies and Reagents—The antibodies used were: mouse

anti-human CFTR C terminus antibody (clone 24-1, R&D sys-
tems, Minneapolis, MN); mouse anti-CFTR antibody (clone
M3A7, Upstate Biotechnology, Lake Placid, NY); mouse anti-
EEA1 antibody, mouse anti-ezrin antibody, mouse anti-Rab5
antibody,mouse anti-LAMP-1 antibody,mouse anti-actin anti-
body,mouse anti-GFP antibody (BDBiosciences, San Jose, CA);
mouse anti-HA antibody (Santa Cruz Biotechnology, Santa
Cruz, CA); mouse anti-ubiquitin (clones FK2 and FK1) anti-
bodies (Biomol, Plymouth Meeting, PA); rabbit anti-USP10
antibody, rabbit anti-USP34 antibody, and rabbit anti-USP8
(Bethyl Laboratories, Montgomery, TX); and horseradish per-

FIGURE 3. USP10 is active and expressed in early endosomes of airway epithelial cells. A, early endosomes were isolated from CFBE cells using a sucrose
gradient. The isolation and purification of early endosomes was confirmed by Western blot analysis. The isolated fractions contained the early endosomal
antigen-1 (EEA-1) and Rab5a, which are located in early endosomes, but did not contain LAMP-1, a lysosomal protein, or actin, a cytoplasmic protein. The early
endosome fraction was positive for USP10. Lysates (LYSATE), which contain cytoplasm, lysosomes, and early endosomes, were positive for USP10, early
endosome antigen-1, Rab5, LAMP-1, and actin. Rab11a and Rab7 protein were not detected in the early endosomal fraction (data not shown). B, representative
confocal images of CFBE cells infected with a baculovirus Rab5a-eGFP construct, which is expressed in early endosomes (green). USP10 was immunolocalized
using an anti-USP10 antibody and an Alexa-568 secondary antibody (red). DIC, differential interference contrast image of cells imaged for Rab5a and USP10. A
single cell is outlined in white in the polarized monolayer of airway cells. Infection with the baculovirus expressing the empty vector had no effect on cellular
morphology, and fluorescence in the green channel in cells infected with this baculovirus was similar to background (data not shown). Scale bar, equals 10 �m.
C, early endosomes were isolated and incubated with the HA-UbVME probe to identify active DUBs. The HA-UbVME�DUB complex was immunoprecipitated
with an anti-HA antibody, and the immunoprecipitated complex was analyzed by SDS-PAGE followed by Western blot analysis using an anti-USP10 antibody,
an anti-USP8 antibody or an anti-HA antibody (lane labeled HA-IP). The lane labeled LYSATE represent lysates of early endosomes blotted with the anti-USP10,
the anti-USP8, or the anti-HA antibody. Although USP10 and USP8 were expressed in early endosomes, only USP10 was active as determined by the chemical
probe technique. The non-immune IgG did not immunoprecipitate USP10-, USP8-, or HA-labeled complexes, and thus served as a negative control. Experi-
ments were performed three times. Representative blots are shown.
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oxidase-conjugated goat anti-mouse and goat anti-rabbit sec-
ondary antibodies (Bio-Rad). All antibodies and reagents were
used at the concentrations recommended by themanufacturers
or as indicated in the figure legends.
Data Analysis and Statistics—Statistical analysis of the data

was performed using Prism version 4.0a forMacintosh (Graph-
Pad, San Diego, CA). Means were compared using a t test or
analysis of variance followed by a Tukey test, as appropriate.
p � 0.05 was considered significant. Data are expressed as the
mean � S.E.

RESULTS

Ubiquitinated CFTR Is Located in Early Endosomes—If ubiq-
uitination regulates CFTR sorting in the endocytic pathway in
human airway epithelial cells, we reasoned that CFTR in early
endosomes should be ubiquitinated. Thus, early endosomes
were isolated from polarized human bronchial epithelial cells
(CFBEs), CFTR was immunoprecipitated and probed using an
antibody that detects mono-, multi-, and polyubiquitinated
proteins (FK2). SDS-PAGE followed by Western blotting with
the FK2 antibody revealed that ubiquitinated CFTR is present
in early endosomes (Fig. 1A). However, an antibody specific for
polyubiquitinated proteins (FK1) did not detect polyubiquiti-
nated CFTR in early endosomes (Fig. 1B). Thus, CFTR in early
endosomes is mono- and/or multiubiquitinated. Because most
of the ubiquitinated CFTR was �200 kDa (Fig. 1A), and CFTR
detected by Western blot was �180 kDa (Fig. 1A), and a single
ubiquitin has a molecular mass of 8 kDa, we infer that most of
the ubiquitinated CFTR in early endosomes is multiubiquiti-
nated, a signal that targets proteins in early endosomes for lyso-
somal degradation (32–35).
The DUB USP10 Is Active in Airway Epithelial Cells—To

identify active DUBs in polarized airway epithelial cells we

used a chemical probe screening
approach developed by Dr. Hidde
Ploegh (4, 21, 22). CFBE cells were
lysed, and an HA-tagged ubiq-
uitin-vinyl methyl ester probe
(HA-UbVME) was added to the
lysates. The HA-UbVME probe
forms an irreversible, covalent
bond with active DUBs. Sub-
sequently one or more HA-
UbVME�DUB complexes were im-
munoprecipitated with an anti-HA
antibody, and one or more immuno-
precipitated complexes were ana-
lyzed by SDS-PAGE followed by
Western blotting using an anti-HA
antibody (Fig. 2A). Using this chem-
ical approachwe identified an active
DUBwith amolecularmass of�110
kDa. N-Ethylmaleimide, which
inhibits cysteine proteases (i.e.
DUBs), significantly reduced the
interaction between HA-UbVME
and the 110-kDa DUB (Fig. 2A).
A search of the literature revealed

that USP10 has a molecular mass of 110 kDa (28). Thus, to
determine if the 110-kDa protein is USP10, the HA-
UbVME�DUB complex was immunoprecipitated with an
anti-HA antibody, and the immunoprecipitated complex was
analyzed by SDS-PAGE followed by Western blotting using an
anti-USP10 antibody (Fig. 2B). The 110-kDa complex was rec-
ognized by the USP10 antibody. In addition, RT-PCR and
sequencing of the amplicon verified mRNA expression of
USP10 in CFBE cells (Fig. 2C). Taken together, these studies
identify USP10 as an active DUB in human airway epithelial
cells. Additional studies, described below, were conducted to
determine if USP10 is expressed and active in early endosomes
and regulates the deubiquitination of CFTR.
USP10 Is Located in Early Endosomes—The presence of

USP10 in early endosomes was established by two independent
methods: biochemical and confocal microscopy. First, early
endosomes were isolated as described under “Experimental
Procedures,” and USP10 was identified in the early endosomal
fraction by SDS-PAGE followed by Western blot analysis (Fig.
3A). The isolation of early endosomes was confirmed by the
presence of early endosome antigen-1 and Rab5a (Fig. 3A), and
by the absence of actin and lysosome-associated protein-1
(LAMP-1), which served as negative controls (Fig. 3A). In addi-
tion, immunofluorescence microscopy confirmed the expres-
sion of USP10 in early endosomes (Fig. 3B). The co-localization
between USP10 and eGFP-labeled Rab5a, an early endosomal
protein, was quantified by intensity correlation analysis using
Nikon Elements Software. Pearson’s correlation and Mander’s
overlap coefficients, measured on images obtained on a confo-
cal microscope, confirmed a high degree of co-localization of
USP10 with early endosomes. Pearson’s correlation coefficient
is a number between �1 and 	1 that measures the degree of
pattern similarity between two fluorochromes (	1 indicates a

FIGURE 4. USP10 immunoprecipitates CFTR. A, CFBE cells were lysed, USP10 was immunoprecipitated using an
anti-USP10 antibody, and Western blot analysis was performed for USP10 and CFTR. LYSATE, cell lysates (2.5% of
lysate run on gel). USP10 IP indicates proteins that were immunoprecipitated using the USP10 antibody. The non-
immune IgG did not immunoprecipitate USP10 or CFTR, and thus served as a negative control. *, denotes ezrin, a
protein used to quantitate protein loading. B, USP8 does not immunoprecipitate with CFTR. CFBE cells were lysed,
USP8 was immunoprecipitated using an anti-USP8 antibody, and Western blot analysis was performed for USP8 and
CFTR. LYSATE, cell lysates (2.5% of lysate run on gel). USP8 IP indicates proteins that were immunoprecipitated using
the USP8 antibody. The non-immune IgG did not immunoprecipitate USP8 or CFTR, and thus served as a negative
control. Experiments were performed three times. Representative blots are shown.
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complete positive correlation and �1 for a negative correla-
tion, with 0 indicating no correlation). A value of 	0.654 �
0.021 indicates a strong positive correlation between USP10
(red channel) and Rab5a (green channel). Mander’s overlap
coefficient ranges from 0 to 1, with 0 indicating low co-local-
ization and 1 indicating high co-localization. Mander’s coeffi-
cient values are independent of the pixel intensities within
respective channels. A Mander’s overlap coefficient of
	0.862� 0.019 indicates a high level of overlap betweenUSP10
(red channel) and Rab5a (green channel). Most of the USP10
was localized to early endosomes, although a very small amount

also appeared to be localized to other subcellular compart-
ments. Taken together, our biochemical and immunolocaliza-
tion studies demonstrate that USP10 is localized primarily to
early endosomes in human airway epithelial cells.
USP10 Is Active in Early Endosomes—Todetermine if USP10

is active in early endosomeswe used the chemical probe screen-
ing approach described above. Early endosomes were isolated
as described above, the HA-UbVME probe was added to early
endosomes, the HA-UbVME�DUB complex was immunopre-
cipitated with an anti-HA antibody, and Western blots of the
immunoprecipitated complex were blotted with an anti-USP10

FIGURE 5. siRNA-mediated knockdown of USP10 increases ubiquitinated CFTR. CFBE cells were transfected with scrambled, negative control siRNA (siNeg)
or siRNA specific for USP10 (siUSP10). A, Western blot analysis was performed to examine the effect of siUSP10 on the expression of USP10, USP8, and ezrin.
siUSP10 (5 nM) reduced USP10 protein abundance by 76 � 4% (p � 0.05), but had no effect on USP8 or ezrin abundance. 5 nM siUSP10 reduced USP10 mRNA
by 54 � 5%. B, CFBE cells were transfected with scrambled, negative control siRNA (siNeg), or siUSP10 (5 nM). CFTR was immunoprecipitated from whole cell
lysate using a monoclonal CFTR antibody (clone M3A7, Upstate Biotechnology), and ubiquitinated CFTR was detected via Western blot analysis (IB) using an
anti-ubiquitin antibody (FK2, Biomol). C, CFBE cells were transfected with scrambled, negative control siRNA (siNeg), or siUSP10 (5 nM). CFTR was immunopre-
cipitated from the early endosome fraction using a monoclonal CFTR antibody (clone M3A7, Upstate Biotechnology), and ubiquitinated CFTR was detected via
Western blot analysis (IB) using an anti-ubiquitin antibody (FK2, Biomol). LYSATE, cell lysates. EE LYSATE, lysate from early endosomal preparation. CFTR IP,
immunoprecipitated CFTR. IgG, immunoprecipitation using a non-immune IgG antibody as a negative control. In the bottom panels (B and C) immunoprecipi-
tated CFTR was blotted (IB) with a CFTR monoclonal antibody: similar amounts of CFTR were immunoprecipitated in all cases: thus, differences in the amount
of ubiquitinated CFTR detected were not due to differences in the efficiency of the immunoprecipitation step for CFTR. Representative blots are shown. The
panel on the right is a quantitation of ubiquitinated CFTR in siNeg and siUSP10 experiments. Data normalized for the amount of CFTR immunoprecipitated.
Experiments were performed four times. *, p � 0.05 versus siNeg.
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antibody. The USP10 antibody detected a 110-kDa protein in
the early endosomal fraction, demonstrating that USP10 is
active in early endosomes (Fig. 3C). Although USP8 (also
known as UBPY) was also identified in lysates of early endo-
somes, USP8 was not active as determined by the chemical
probe assay and Western blotting (Fig. 3C). The possibility
exists that lysis of airway epithelial cells releases an inhibitor of
USP10 activity, resulting in the activation of USP10 activity, as
determined using the chemical probe assay. However, experi-
ments described later in this manuscript using siRNA knock-
down andmutantUSP10 constructs demonstrate thatUSP10 is
active in intact cells.
USP10 Interacts with CFTR in Early Endosomes—The ability

of USP10 to deubiquitinate proteins has been shown to require
interaction between USP10 and its substrate (8, 28). Thus, if
USP10 regulates the deubiquitination of CFTR, we predict that

USP10 will interact with CFTR in CFBE cells. Accordingly,
USP10 was immunoprecipitated from the early endosomal
fraction isolated fromCFBE cells, the immunoprecipitated pro-
teins were separated by SDS-PAGE, and Western blots were
probed for CFTR. Western blot analysis demonstrated that
CFTR immunoprecipitates with USP10, but not with USP8
(Fig. 4, A and B). Thus, USP10 and CFTR interact in the early
endosomal compartment of polarized human airway epithelial
cells.
siRNA-mediated Silencing of USP10 Increases the Amount of

Ubiquitinated CFTR and Its Degradation in the Lysosome—
The abundance of many ubiquitinated proteins is determined
by the balance between the rate of ubiquitination, mediated by
an E3 ligase, and the rate of deubiquitination, mediated by a
DUB. If USP10 deubiquitinates CFTR, then siRNA-mediated
knockdown of USP10 should increase the amount of ubiquiti-

FIGURE 6. siUSP10 reduces CFTR abundance and CFTR-mediated chloride currents. Polarized CFBE cells were transfected with scrambled siRNA (siNeg) or
siUSP10. A, the effect of siUSP10 on the amount of CFTR in the apical plasma membrane was determined by cell surface biotinylation and Western blot analysis
as a function of time after cycloheximide (CHX, 5 �g/ml), to inhibit CFTR translation. *, p � 0.05 versus siNeg at the same time point. B, the effect of siUSP10 on
the amount of CFTR in cell lysates was determined by Western blot analysis as a function of time after cycloheximide (CHX, 5 �g/ml), which inhibits CFTR
translation. *, p � 0.05 versus siNeg at the same time point. C, the effect of siUSP10 on CFTR-mediated chloride currents across CFBE cells. Polarized CFBE cells
were transfected with scrambled siRNA (siNeg) or siUSP10 and treated with vehicle or cycloheximide (CHX, 5 �g/ml for 4 h before Ussing chamber studies) to
inhibit CFTR translation. Data reported as the short circuit current inhibited by the CFTR channel blocker CFTR-172 in forskolin (10 �M) treated cells (�Isc).
Experiments performed four times; representative blots are shown. *, p � 0.05 versus siNeg and siNeg 	 CHX.
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nated CFTR and increase the degradation of ubiquitinated
CFTR in the lysosome. Preliminary studies were conducted to
reduce USP10 protein abundance in polarized CFBE cells using
a siRNA approach. All concentrations of siUSP10 used (5, 15,
and 50 nM) reducedUSP10 protein abundance, without altering
the abundance of USP8 and ezrin (Fig. 5A) and decreased
USP10mRNA levels. The lowest siRNAconcentration tested (5
nM) reduced USP10 protein abundance by 76 � 4% (p � 0.05)
and mRNA levels by 54 � 5% (p � 0.05). Thus, 5 nM was used
for the remainder of the siUSP10 studies. The effect of siUSP10
on the amount of ubiquitinated CFTR is illustrated in Fig. 5B.
Immunoprecipitation of CFTR, followed by SDS-PAGE and
Western blot analysis of ubiquitinatedCFTRwith the FK2 anti-
body, revealed that siUSP10 increased the amount of ubiquiti-
nated CFTR by 258 � 17% (Fig. 5B). The siUSP10-mediated
increase in CFTR ubiquitination was confirmed in an early
endosomal fraction from CFBE cells with USP10 knockdown
(Fig. 5C).
An increase in the amount of ubiquitinated CFTR, induced

by siUSP10, would be expected to enhance the trafficking of
CFTR to lysosomes for degradation, and thereby decrease the
recycling of CFTR from early endosomes to the plasma mem-
brane and subsequently decrease the plasma membrane abun-
dance of CFTR. To specifically assess the effect of USP10 on
CFTR trafficking, the following experiments were performed in
the presence of cycloheximide. Fig. 6A demonstrates that
siUSP10, but not a control siRNA (siNeg), produced a time-de-
pendent decrease in apical plasma membrane CFTR. The
siUSP10-mediated reduction in apical membrane CFTR was
accompanied by a decrease in the abundance of CFTR in the
cell lysate (Fig. 6B). siUSP10 also reduced CFTR-mediated
chloride secretion across polarized CFBE cells (Fig. 6C).
To assess if the reduction in apical membrane CFTR abun-

dance and function in the presence of USP10 knockdown was
due to an alteration in the endocytic recycling of CFTR, we
performed endocytosis and recycling assays on CFBE cells in
the presence and absence of USP10 knockdown. Fig. 7 demon-
strates that siRNA-mediated reduction in USP10 expression
did not alter the endocytosis of CFTR in CFBE cells (Fig. 7B),
but dramatically inhibited the endocytic recycling of CFTR
(Fig. 7A). Therefore, USP10 enhances the expression and func-
tion of CFTR at the apical membrane by increasing the post-
endocytic recycling of the chloride channel.
To determine if siRNA knockdown of USP10 reduced the

abundance of CFTR by enhancing its targeting and degradation
in lysosomes or proteasomes, cells were treated with siRNA for
USP10 and either chloroquine, a lysosomal inhibitor, or
MG132, a proteasomal inhibitor. siUSP10 reducedCFTR in cell
lysates, and chloroquine, but notMG132, blocked the siUSP10-
mediated decrease in CFTR (Fig. 8). These studies are consist-
ent with the view that siUSP10, by reducing USP10, increases
the amount of ubiquitinated CFTR, which is degraded in the
lysosome.
siRNA-mediated Knockdown of USP10 Redirects CFTR from

the Recycling Pathway to the Lysosomal Pathway—To provide
additional support for the view that knockdown of USP10
increases the ubiquitination of CFTR and redirects CFTR from
recycling endosomes to lysosomes, studies were conducted to

examine the effect of siUSP10 on the subcellular distribution of
CFTR. Previous studies have shown that co-immunoprecipita-
tion of CFTR with a variety of Rab GTPases can be used to

FIGURE 7. siUSP10 inhibits the endocytic recycling of CFTR. Polarized CFBE
cells were transfected with scrambled siRNA (siNeg) or siUSP10 and endocy-
tosis and endocytic recycling of CFTR were measured as described under
“Experimental Procedures.” A, siRNA-mediated knockdown of USP10 inhibits
the endocytic recycling of CFTR. B, USP10 knockdown by siRNA does not alter
the endocytosis of CFTR. C, representative blots from endocytic and recycling
assays. Cells from all four lanes were cooled to 4 °C and biotinylated. The
amount of biotinylated CFTR remaining in the plasma membrane after GSH
treatment at 4 °C (lane 2) was subtracted from the amount of CFTR remaining
biotinylated after warming to 37 °C and GSH treatment (lane 3) to determine
the amount of endocytosed CFTR. Cells from lane 3 were then warmed at
37 °C to allow recycling of endocytosed CFTR before a second GSH treatment.
CFTR recycling was calculated as the difference between the amount of bio-
tinylated CFTR after the first (lane 3) and second (lane 4) GSH treatments.
Experiments performed three times. *, p � 0.05.
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identify the subcellular localization of transporters and ion
channels, including CFTR (16–18, 36, 37). In control cells
(siNeg), CFTR immunoprecipitated with Rab5a, a marker of
early endosomes, and Rab11a, a marker for recycling endo-
somes, but not Rab7a, a marker for late endosomes, and
LAMP-1, a marker for lysosomes (16, 17, 19) (Fig. 9A). These
observations are consistent with previous studies demonstrat-
ing that CFTR is efficiently recycled from early endosomes to
recycling endosomes, to the plasmamembrane (15–18). siRNA
knockdown of USP10 decreased CFTR immunoprecipitation

with Rab11a, increased CFTR immunoprecipitation with
Rab7a and LAMP-1, and had no effect on CFTR immunopre-
cipitation with Rab5a (Fig. 9B). These results are consistent
with the view that siUSP10, by increasing the amount of ubiq-
uitinated CFTR, redirects CFTR from recycling endosomes to
late endosomes and lysosomes.
wt-USP10 Decreases, and a Dominant Negative USP10

Increases, the Ubiquitination and Degradation of CFTR—To
provide additional support for a role of USP10 in regulating the
deubiquitination status of CFTR, CFBE cells were transfected
with either wt-CFTR or a dominant negative, catalytically inac-
tive USP10 (USP10-C424A), and the amount of ubiquitinated
CFTR was measured as described above. We predicted that
overexpression of wt-USP10 would decrease the amount of
ubiquitinated CFTR, and that expression of a dominant-nega-
tive USP10 would increase the amount of ubiquitinated CFTR.
Western blot analysis confirmed that transfection increased the
amount of wt-USP10 and USP10-C424A in CFBE cells by
�9-fold compared with endogenous USP10 (Fig. 10A). Whereas
overexpression of wt-USP10 decreased the amount of ubiquiti-
nated CFTR by 58 � 7% (Fig. 10B), USP10-C424A increased the
amount of ubiquitinated CFTR by 231 � 3% (Fig. 10B). Overex-
pression of wt-USP10 also increased the amount of CFTR in cell
lysates (Fig. 10C), whereas USP10-C424A reduced the amount
of CFTR in cells lysates (Fig. 10C). These results support the
conclusion that USP10 deubiquitinates CFTR.

DISCUSSION

The studies in this report demonstrate that ubiquitination
regulates the endocytic sorting of CFTR in human airway epi-
thelial cells and identifies a novel function for USP10 in facili-
tating the deubiquitination of CFTR in early endosomes, an
effect that enhances the endocytic recycling of CFTR back to
the plasma membrane, and thereby increases the cell surface

expression of CFTR. Using an activ-
ity-based chemical screen to iden-
tify active DUBs in human airway
epithelial cells, we demonstrated
that USP10 is located in early endo-
somes and regulates the deubiquiti-
nation of CFTR and trafficking in
the post-endocytic compartment.
siRNA-mediated knockdown of
USP10 increased the amount of
ubiquitinated CFTR and its degra-
dation in lysosomes, and reduced
both apical membrane CFTR and
CFTR-mediated chloride secretion.
Moreover, a dominant negative
USP10 (USP10-C424A) increased
the amount of ubiquitinated CFTR
and its degradation, while overex-
pression of wt-USP10 decreased the
amount of ubiquitinated CFTR and
increased the abundance of CFTR.
We offer a model that incorporates
the data in the preset study with
data in the literature on CFTR traf-

FIGURE 8. siUSP10 enhances the lysosomal degradation of CFTR. CFBE
cells were transfected with siNeg or siUSP10 and CFTR in cell lysates was
detected by Western blot analysis. siUSP10 reduced the amount of CFTR,
confirming studies reported in Fig. 7B. Chloroquine (CHQ: 200 �M), an inhibi-
tor of the lysosomal degradation of proteins, blocked the siUSP10-induced
decrease in CFTR abundance. By contrast, MG132 (50 �M), an inhibitor of the
proteasomal degradation of proteins, had no effect on the siUSP10-induced
decrease in CFTR abundance. Experiments performed four times; represent-
ative blots are shown. *, p � 0.05 versus Control (siNeg) and siUSP10 	 CHQ.

FIGURE 9. siUSP10 redirects CFTR from the recycling pathway to the lysosomal pathway. CFBE cells were
transfected with siNeg or siUSP10. Subsequently, co-immunoprecipitation studies were conducted to deter-
mine the subcellular location of CFTR in cells treated with siNeg (A) and with siUSP10 (B). C, summary of data for
Rab GTPase immunoprecipitation with CFTR in the presence and absence of siUSP10, normalized for the
amount of CFTR immunoprecipitation. *, p � 0.05 versus control (100%). CFTR was immunoprecipitated using
a monoclonal CFTR antibody (clone M3A7, Upstate) and interacting proteins were determined by SDS-PAGE
and Western blot analysis. Rab5a, a marker of early endosomes; Rab11a, a marker of recycling endosomes;
Rab7a, a marker of late endosomes; and LAMP-1, a marker of lysosomes. Comparison of panels A and B reveals
that siUSP10 reduced CFTR-Rab11a interaction, and increased CFTR and Rab7a and LAMP-1 interaction. By
contrast siUSP10 had no effect on CFTR-Rab5a interaction. These experiments indicate that siUSP10 redirects
CFTR from recycling endosomes to lysosomes and that siUSP10 has no effect on the amount of CFTR in early
endosomes. Experiments performed three times; representative blots are shown.
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ficking, and the role of ubiquitination in regulating the endo-
cytic trafficking of cell surface receptors (1–6, 15–18, 26). We
propose that CFTR is ubiquitinated by an unidentified E3 ligase
and that ubiquitinated CFTR is removed from the plasma
membrane by endocytosis (19). The majority of endocytosed
CFTR is deubiquitinated by USP10 in early endosomes, and
deubiquitinated CFTR recycles back to the plasma membrane.
The CFTR that is not deubiquitinated in early endosomes is
sorted to multivesicular bodies, to late endosomes, and ulti-
mately, to lysosomes for degradation. Thehighly efficient endo-

cytic recycling of CFTR, as a result of the deubiquitination of
CFTR by USP10, accounts for the long half-life of CFTR
(�3–24 h in polarized human airway cells) in the plasmamem-
brane (15–17, 38).Outstanding issues that need to be addressed
by additional studies include the identification of the E3
ligase(s) that ubiquitinate CFTR, and the identification of other
DUBS in the endocytic pathway thatmay deubiquitinate CFTR.
Several years ago Sharma et al. (19) demonstrated that ubiq-

uitination reduced the plasma membrane abundance of CFTR
in cells heterologously expressing CFTR (i.e. baby hamster kid-

FIGURE 10. wt-USP10 reduces, and USP10-C424A increases, the amount of ubiquitinated CFTR and the amount of CFTR that is degraded. CFBE cells
were transiently transfected with either wild-type GFP-USP10 or a dominant-negative GFP-USP10 (USP-C424A). A, USP10 expression in control cells and in cells
transfected with GFP-USP10 and GFP-USP10-C424A was determined by Western blot analysis using either an anti-USP10 antibody or an anti-GFP antibody.
B, cells were incubated in 200 �M chloroquine for 4 h and lysed, and CFTR was immunoprecipitated (IP) using a monoclonal CFTR antibody (clone M3A7,
Upstate). Ubiquitinated CFTR was detected via Western blot analysis (IB) using an anti-ubiquitin antibody (FK2). LYSATE, cell lysates. CFTR IP, immunoprecipi-
tated CFTR using an anti-CFTR monoclonal antibody (M3A7). IgG, immunoprecipitation using a non-immune IgG antibody. In the bottom panels immunopre-
cipitated CFTR was blotted with a CFTR monoclonal antibody (clone 24-1, R&D Systems): similar amounts of CFTR were immunoprecipitated in all cases; thus,
differences in the amount of ubiquitinated CFTR were not due to differences in the efficiency of the immunoprecipitation step for CFTR. Experiments
performed three times. Representative blots are shown. The panel on the right is a summary of the data in Control, USP10, and USP10-C424A experiments. Data
normalized for the amount of CFTR immunoprecipitated. *, p � 0.05 versus control. C, Western blot analysis of CFTR and ezrin demonstrating the effect
wt-USP10 and USP10-C424A on CFTR in cell lysates. The top panel is a representative blot with quantitation of the results in the bottom panel. Experiments
performed four times. Representative blots are shown. *, p � 0.05; **, p � 0.01.
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ney cells) by redirecting CFTR from recycling endosomes to
lysosomes for degradation. Our studies are in agreement with
those of Sharma et al. and extend their observations by demon-
strating that the ubiquitination of CFTR also redirects CFTR
from recycling endosomes to lysosomes for degradation in
polarized human airway epithelial cells. In addition, the present
studies provide the novel observation that USP10 deubiquiti-
nates CFTR in early endosomes, thereby facilitating the endo-
cytic recycling of CFTR. Although we did not characterize all
DUBs identified using the HA-UbVME probe, we did detect
other active DUBs in the airway epithelial cells. It is possible
that some of theseDUBsmay also regulate the deubiquitination
of CFTR. Identification and characterization of these DUBs, as
well as the identification of DUBS from other classes, require
further study and the use of different chemical probes that react
with other classes of DUBs in this large family (�100) of
enzymes (4).
In kidney cortical collecting duct cells vasopressin up-regu-

lates the expression of USP10, which deubiquitinates and sta-
bilizes sorting nexin3 that, by an unknown mechanism,
increases the cell surface expression of ENaC (8). Interestingly,
vasopressin also stimulates CFTR-mediated chloride secretion
by dog kidney (Madin-Darby canine kidney) epithelial cells (39,
40), raising the possibility that vasopressin-mediated stimula-
tion of CFTR chloride secretion may be mediated by up-regu-
lation of USP10, deubiquitination of CFTR, and enhanced
endocytic recycling of CFTR to the cell surface. Additional
studies, beyond the scope of this study, are required to examine
this hypothesis.
Our biochemical and imaging studies revealed that in airway

epithelial cells UPS10 is localized primarily in early endosomes,
consistent with our data identifying USP10 in regulating the
post-endocytic sorting of CFTR. A recent study identified
USP10 in a diffuse intracellular location (8), consistent with the
expression in early endosomes. Although our studies clearly
demonstrate that USP10 deubiquitinates CFTR in early endo-
somes, it is possible that USP10 may deubiquitinate CFTR in
other subcellular compartments, as well. Each DUB is typically
expressed in several subcellular sites and has multiple sub-
strates/binding partners, thus a single DUB may regulate the
function of several different proteins or the same protein in
several different subcellular sites, depending on the substrates/
binding partners. For example, the observation that USP10 reg-
ulates trafficking between the endoplasmic reticulumandGolgi
in yeast (41, 42) raises the interesting possibility that USP10
may also regulate CFTR trafficking between the endoplasmic
reticulum and the Golgi in epithelial cells. However, our obser-
vation that the proteasomal inhibitor MG132 did not affect
CFTR degradation in cells treated with siUSP10 (see Fig. 8)
suggests that USP10 does not regulate CFTR deubiquitination
in the endoplasmic reticulum.
Several other DUBs, in addition to USP10, have been shown

to deubiquitinate receptors and channels. Deubiquitination of
the epidermal growth factor receptor and the yeast ABC trans-
porter Ste6, by AMSH and Ubp1, respectively, increase their
cell surface expression (12, 43, 44). UCH-L3 andUSP2–45 deu-
biquitinate ENaC in a cortical collecting duct cell line and
enhance ENaC cell surface expression (9, 10). Thus, it is becom-

ing increasingly clear that DUB-mediated deubiquitination of
ion channels is an important mechanism regulating channel
cell surface expression.
In conclusion, our data provide direct evidence that, in polar-

ized human airway epithelial cells, deubiquitination ofCFTRby
USP10 regulates CFTR-dependent chloride secretion by facili-
tating the endocytic recycling of CFTR from early endosomes
to the apical plasma membrane.
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