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Background: The proteins that control CEFTR endocytosis in epithelial cells have only been partially explored.
Results: In human airway epithelial cells Disabled-2 mediates recruitment of CFTR to clathrin-coated vesicles (CCVs) inde-

pendent of the assembly polypeptide-2 (AP-2).

Conclusion: AP-2 is not essential for CFTR recruitment to CCVs in these cells.
Significance: Regulating CFTR interaction with Dab2 may stabilize CFTR in the plasma membrane.

Cystic fibrosis transmembrane conductance regulator
(CFTR) is a cAMP-activated Cl~ channel expressed in the apical
plasma membrane of fluid-transporting epithelia, where the
plasma membrane abundance of CFTR is in part controlled by
clathrin-mediated endocytosis. The protein networks that con-
trol CFTR endocytosis in epithelial cells have only been partially
explored. The assembly polypeptide-2 complex (AP-2) is the
prototypical endocytic adaptor critical for optimal clathrin coat
formation. AP-2 is essential for recruitment of cargo proteins
bearing the YXX® motif. Although AP-2 interacts directly with
CFTR in vitro and facilitates CFTR endocytosis in some cell
types, it remains unknown whether it is critical for CFTR uptake
into clathrin-coated vesicles (CCVs). Disabled-2 (Dab2) is a
clathrin-associated sorting protein (CLASP) that contributes to
clathrin recruitment, vesicle formation, and cargo selection. In
intestinal epithelial cells Dab2 was not found to play a direct role
in CFTR endocytosis. By contrast, AP-2 and Dab2 were shown to
facilitate CFTR endocytosis in human airway epithelial cells,
although the specific mechanism remains unknown. Our data
demonstrate that Dab2 mediates AP-2 independent recruit-
ment of CFTR to CCVs in polarized human airway epithelial
cells. As a result, it facilitates CFTR endocytosis and reduces
CFTR abundance and stability in the plasma membrane. These
effects are mediated by the DAB homology domain. Moreover,
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we show that in human airway epithelial cells AP-2 is not essen-
tial for CFTR recruitment to CCVs.

The cystic fibrosis transmembrane conductance regulator
(CFTR)® belongs to the family of ATP binding cassette (ABC)
transporters but forms a cAMP-activated Cl~ channel that
mediates transepithelial Cl™ secretion in various fluid-trans-
porting epithelia (1-3). In the airway CFTR plays a critical role
in regulating mucociliary clearance by maintaining the airway
surface liquid (4, 5). CFTR-mediated Cl~ secretion across
polarized epithelial cells is modulated at the level of both chan-
nel activity and abundance in the plasma membrane (for
review, see Refs. 6 and 7). The plasma membrane abundance of
CFTR depends on its biosynthetic processing and post-matu-
rational trafficking (for review, see Ref. 8). The long plasma
membrane stability of CFTR stands in contrast to its inefficient
biosynthetic processing and depends primarily on efficient
recycling to compensate for rapid endocytosis, which occurs in
clathrin-coated vesicles (CCV) (9, 10).

In addition to defective processing, post-maturational traf-
ficking is also critically affected by the most common disease-
associated mutation in the CFTR gene. In 70% of patient alleles,
loss of Phe-508 (AF508) leads to a temperature-sensitive pro-
cessing defect in the CFTR protein (for review, see Ref. 8). The
temperature-rescued AF508-CFTR is partially functional as a
Cl™ channel, but it is unstable in the plasma membrane due to
altered endocytic trafficking (11, 12). Hence, understanding
regulation of CFTR stability in the plasma membrane is critical

3 The abbreviations used are: CFTR, cystic fibrosis transmembrane conduct-
ance regulator; CCV, clathrin-coated vesicle; Dab2, Disabled-2; AP-2,
assembly polypeptide-2; LDLR, low density lipoprotein receptor; DH, DAB
homology; EGFR, epidermal growth factor receptor; IBMX, isobutylmeth-
ylxanthine; F*-, N-terminal fluorescein; APP, amyloid precursor protein;
PNS, post-nuclear supernatant.
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FIGURE 1.Schematicillustration of domain organization in Dab2. DH, DAB
homology domain. Different regions in the DH domain interact directly with
the plasma membrane phosphatidylinositol 4,5-diphosphate and the NPXY
motif in cargo proteins. The NPF repeats bind clathrin and assist in clathrin
assembly. The DPF motif interacts with the a-adaptin of AP-2. PRD, proline-
rich region. The SYF motif interacts with myosin VI and recruits myosin VI to
endocytic sites at the plasma membrane.

to learn how to correct the endocytic trafficking defects of res-
cued AF508-CFTR.

Complex protein networks control the post-maturational
trafficking of CFTR, which involves endocytic uptake followed
either by recycling to the plasma membrane or by lysosomal
degradation (7). Recent studies have shown that the plasma-
membrane half-life and cell-surface abundance of CFTR can be
stabilized by inhibition of the CFTR-associated ligand CAL or
by depletion of the ubiquitin ligase c-Cbl (13, 14). Although
several proteins involved in the uptake process have been iden-
tified (15), their roles are incompletely defined in polarized air-
way epithelial cells. As a result, selective trafficking processes of
CFTR remain elusive.

Clathrin-mediated endocytic uptake requires two closely
related but distinct processes. The first involves the assembly of
the clathrin coat, and the second requires recruitment of cargo
proteins to the site of endocytosis for incorporation into CCVs.
The assembly polypeptide-2 (AP-2), a heterotetrameric com-
plex of the «, 2, 02, and w2 adaptins, is the prototypical endo-
cytic adaptor with key roles in both processes (for review, see
Ref. 16). Three of the AP-2 adaptins (e, B2, and 02) participate
directly in clathrin coat assembly. The u2 adaptin binds directly
to the YXX® motifs in transmembrane cargo proteins. As a
result, depletion of AP-2 by more than 90% results in a 10-fold
reduction of CCV number. This profoundly inhibits the endo-
cytic uptake of cargo proteins that rely entirely on the YXX®
motif, such as the transferin receptor (TfR), but has very little
effect on the uptake of other clathrin cargo proteins, such as the
low density lipoprotein receptor (LDLR) (17). Alternative adap-
tor proteins mediate privileged cargo recruitment independent
of w2, enabling proteins such as LDLR to maintain efficient
internalization even when the number of CCVs is strongly
depleted (17).

AP-2 has clearly been shown to play a role in CFTR endocy-
tosis in cells that endogenously express the channel (14, 18, 19).
In non-epithelial cells, AP-2 is necessary for efficient CFTR
endocytosis, and the p2 adaptin interacts directly with the
CFTR YDSI motif in vitro (10, 20, 21). Thus, in HEK293 cells,
even a modest 64% knockdown of a-AP-2 caused a 2-fold
reduction in the endocytic uptake of CFTR (18). In comparison,
the situation in airway epithelial cells is less clear. The w2
knockdown by more than 90% resulted in only a 2-fold reduc-
tion in CFTR endocytosis compared with the dramatic reduc-
tion seen for purely YXX®-mediated uptake (17, 19). Further-
more, several distinct endocytic motifs were found in the
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C-terminal tail of CFTR (22), suggesting that AP-2 may not be
obligatory for CFTR recruitment to CCVs in airway epithelia.

Disabled-2 (Dab2) is a clathrin-associated sorting protein
(CLASP) that, like AP-2, facilitates endocytosis by organizing
clathrin assembly and by recruiting cargo and other adaptor
proteins (for review, see Ref. 16). The Dab2 DAB homology
(DH) domain binds to the plasma membrane phosphatidyli-
nositol 4,5-diphosphate, whereas the Dab2 NPF sequence
repeats assist in clathrin assembly (Fig. 1). Moreover, the DH
domain binds cargo proteins containing the NPXY motif. Thus,
Dab2 can sustain endocytosis of NPXY-containing proteins,
such as LDLR even when CCV number is limiting (17). Dab2
can also promote endocytosis by binding directly via its DPF
domain to the a-adaptin and working in concert with AP-2 (Fig.
1).

Three published studies have implicated Dab2 in CFTR
endocytosis. CFTR co-immunoprecipitated with Dab2 and
myosin VI in human airway epithelial cells (23) and colocalized
with Dab2, AP-2, and myosin VI in rat enterocytes (18). CFTR
abundance was increased in the intestines of Dab2 KO mice,
and CFTR endocytosis was inhibited after Dab2 depletion in
human airway epithelial cells (18, 19). However, little is known
about the specific mechanism whereby Dab2 facilitates CFTR
endocytosis. CFTR does not contain a canonical NPXY motif,
and it has thus been proposed that its role is dependent on
interactions with AP-2 and/or other endocytic adaptors, such
as myosin VI (18, 19). No published studies addressed directly
whether Dab2 can recruit CFTR to clathrin coats independent
of AP-2 and thus facilitate CFTR endocytosis in airway epithe-
lial cells. Moreover, it remains to be determined whether AP-2
controls CFTR endocytosis primarily by clathrin coat assembly
or whether it is also critical for CFTR recruitment to CCVs.

The goal of this study was to answer these questions. We
report that in polarized human airway epithelial cells
(CFBE410-), Dab2 recruits CFTR to CCVs and mediates CFTR
endocytosis by an AP-2 independent mechanism that requires
the Dab2 DH domain. This is the first report that Dab2 controls
CFTR endocytic recruitment by an AP-2-independent mecha-
nism. Moreover, our data demonstrate that AP-2 is not essen-
tial for CFTR recruitment to CCVs in human airway epithelial
cells. Because rescued AF508-CFTR has decreased plasma
membrane stability, our data indicate that regulating the
CFTR-Dab2 interaction may provide useful biochemical tools
and a future pharmacological approach to stabilize the AF508-
CFTR in the plasma membrane.

MATERIALS AND METHODS

Cell Lines and Cell Culture—CFBE410- cells stably express-
ing wild type (WT)-CFTR and parental CFBE410- cells were a
generous gift from Dr. J. P. Clancy, Department of Pediatrics,
University of Alabama at Birmingham, Birmingham, AL (24).
WT-CFTR expressing CFBE41o- cells were seeded on Tran-
swell (4.67 or 44 cm?) or Snapwell (1.12 cm?, 0.4-um pore size;
Corning Corp.) permeable supports coated with plating
medium containing Dulbecco’s modified Eagle’s medium
(Invitrogen) and 10% purified collagen (PureCol™"; Advanced
Biomatrix, San Diego, CA) and maintained as polarized mono-
layers in air-liquid interface culture as described previously
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(14). CFBE4lo- cells transfected with plasmid DNA were
seeded on collagen-coated plastic tissue culture plates (Corning
Corp.) and cultured for 72 h. FBS and the selection antibiotic
were removed from the media 18 h before experiments to aug-
ment cell polarization and cell cycle synchronization (25, 26).
The parental CFBE41o0- cells were maintained under the same
culture conditions but without puromycin (12).

RNA-mediated Interference—Transfection of CFBE4lo-
cells with siRNA (Qiagen, Valencia, CA) was conducted using
HiPerFect Transfection Reagent (Qiagen) according to the
manufacturer’s instructions. The following human genes were
targeted: Dab2 (siDab2; Hs_Dab2_6 siRNA), the u2 adaptin
(Hs_AP2M1_5, Hs_AP2M1_7, and Hs_AP2MI1_8), the
a-adaptin (Hs_AP2A2_4), ARH (Hs_ARH_1), or siRNA nega-
tive control (AllStars, non-silencing siRNA; siCTRL). A second
siRNA, targeting another non-conserved region of the human
Dab2 gene purchased from Qiagen (Hs_Dab2_5), also silenced
the expression of Dab2 with similar efficiency. The Hs_Dab2_6
siRNA was used in subsequent experiments. CFBE41o- cells
(1.0 X 10°) were plated on tissue culture plates and incubated
with the optimized transfection mixture containing 50 nm
siRNA at 37 °C. After 24 h, cells were trypsinized and plated on
collagen-coated Transwell or Snapwell-permeable supports
and cultured for an additional 6 days to establish polarized
monolayers (total 7 days in culture). All experiments were done
under the same cell culture conditions to assure similar cellular
polarization as well as protein expression and trafficking.
Silencing the target genes under these conditions resulted in
the corresponding protein depletion by ~60%. We aimed at
such a level of silencing for two reasons; first, to allow sufficient
clathrin coat formation to better differentiate the adaptors role
in clathrin coat formation versus cargo recruitment, and sec-
ond, to avoid off-target effects that may occur with more dra-
matic gene silencing.

Plasmids and Transient Transfection—The cDNAs encoding
human full-length WT-CFTR and the CFTR Y1424A mutant in
pS65T-C1 vector (GFP-CFTR WT and GFP-CFTR Y1424A,
respectively) were generous gifts from Dr. Bruce A. Stanton,
Department of Physiology, Dartmouth Medical School, Hano-
ver, NH. Human Dab2 (Uniprot accession number P98082-1)
was obtained from Origene (SC321375) Technologies, Inc.,
Rockville, MD). The Dab2 fragments expressing the DH
domain were subcloned by PCR into the pEGFP-C1 vector
(Clontech Laboratories, Inc., Mountain View, CA) using prim-
ers (IDT) encoding BsrGI and HindlII restriction enzyme sites
(GFP-Dab2 DH). To construct the GFP-Dab2 DH S122T/
H144F mutant (GFP-Dab2 DH 122/144) previously described
(27), the GFP-Dab2 DH cDNA was mutated using the
QuikChange™ II XL site-directed mutagenesis kit (Stratagene;
LaJolla, CA). Constructs were sequence verified by ABI PRISM
dye terminator cycle sequencing (Applied Biosystems, Foster
City, CA). Transfection of cells with plasmids was performed
using FUGENE 6 (Roche Diagnostics) according to the manu-
facturer’s instructions.

Antibodies and Reagents—The following antibodies were
used: anti-human CFTR (mouse monoclonal clone 596 (Cystic
Fibrosis Foundation Therapeutics, Inc., Chapel Hill, NC (or
M3A7 (Millipore, Billerica, MA)), anti-Dab2 (mouse monoclo-
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nal p96 (BD Biosciences)), rabbit monoclonal (Epitomics, Bur-
lingame, CA), anti-GFP (mouse monoclonal JL8 or rabbit
polyclonal (Clontech)), anti-clathrin heavy chain (mouse
monoclonal (BD Biosciences)), anti- w2 adaptin (mouse mono-
clonal AP50 (BD Biosciences)), chicken polyclonal AP2M1
(ProSci Inc., Powy, CA)), anti-a-adaptin (mouse monoclonal
AP6; Thermo-Fisher), anti-autosomal recessive hypercholes-
terolemia protein (ARH; Abnova, Taipei, Taiwan), anti-epider-
mal growth factor receptor (EGFR) D38B1 (rabbit monoclonal
(Cell Signaling Technology, Danvers, MA)) and anti-LDLR
(rabbit monoclonal (Abcam, Cambridge, MA)), anti-ezrin
(mouse monoclonal (BD Transduction Laboratories)), and
anti-actin (mouse monoclonal AC-15 or rabbit polyclonal
(Sigma)). Horseradish peroxidase-conjugated goat anti-mouse
and goat anti-rabbit (Bio-Rad) secondary antibodies were used.
All antibodies were used at the concentrations recommended
by the manufacturer or as indicated in the figure legends.

Density Gradient Separation and Differential Centrifugation
of CCV—To isolate CCVs, subcellular fractionation was per-
formed by density gradient and differential centrifugation as
described previously (28). After washing with ice-cold PBS at
4 °C, CFBE41o0- cells were scraped in buffer A, pH 6.5, contain-
ing 1 M MES, 10 mm EGTA, and 0.5 M MgCl, and homogenized
in a glass-Teflon homogenizer using 20 strokes at 1500 rpm. To
prepare the microsomal fraction (P2)-containing CCVs, the
homogenates were centrifuged at 17,000 X g for 20 min in a
Sorvall Biofuge at 4 °C, and the resultant supernatant (S1) was
centrifuged at 56,000 X g for 60 min at4 °Cina Sorvall swinging
bucket rotor TH641 in Sorvall WX 80 Ultra. The resultant pel-
let (P2) was resuspended in buffer A, homogenized with 5
strokes at 1500 rpm, fresh buffer A was added, and the suspen-
sion was passed through a syringe barrel equipped with a
27-gauge 5/8 in needle. To pellet CCVs through the sucrose
cushion, the P2 suspension was collected in 12.2-ml polyal-
lomer tubes (Sorvall, 14 mm diameter), and the D,O-sucrose
solution (8% w/v final) was injected at the bottom of the tube
underneath the P2 suspension and centrifuged at 120,000 X g
for 2 h at 4°C in a Sorvall swinging bucket rotor TH641 in
Sorvall WX 80 Ultra. After discarding the supernatant, the pel-
leted CCVs were resuspended in a small volume of buffer A and
collected.

Immunogold Labeling—Copper grids (200 mesh) were
coated with 0.125% Formvar (Ted Pella, Redding, CA) in chlo-
roform. Washed CCVs (1-10 ul of suspension) were loaded
onto grids for adsorption. Excess sample solution was wicked
away with filter paper. For immunostaining, vesicles were fixed
with 2% paraformaldehyde in PBS for 5 min. The vesicles were
washed 3 times with PBS and then 3 more times with PBG (PBS
with 0.5% BSA, 0.15% glycine). Samples were blocked by 30 min
of incubation with 5% normal donkey serum in PBG. CCVs
were labeled with rabbit anti-Dab2 (1:25), mouse anti-CFTR
clone 596 (1:50), and chicken anti-u2 AP2M1 (1:100) for 1 h at
room temperature. Samples were washed 4 times with PBG and
then labeled with secondary antibodies conjugated to colloidal
gold (donkey anti-mouse 6 nm, donkey anti-chicken 12 nm, and
donkey anti-rabbit 18 nm) all at 1:25 dilution at room temper-
ature for 1 h. Sections were washed 3 times in PBG and three
times in PBS. The sections were fixed in 2.5% glutaraldehyde in
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PBS for 5 min, washed 2 times in PBS, and then washed 6 times
in double distilled H,O. Sections were post-stained in 2% neu-
tral uranyl acetate for 7 min, washed 3 times in sterile H,O,
stained 2 min in 4% uranyl acetate, then embedded in 1.25%
methyl cellulose. Labeling was observed on a JEOL JEM 1011
electron microscope (Peabody, MA) at 80 kV.

Biochemical Determination of Plasma Membrane CFTR—The
biochemical determination of plasma membrane CFTR was
performed by domain-selective plasma membrane biotinyla-
tion of cells grown on permeable growth supports or by cell-
surface biotinylation of cells grown in tissue culture dishes.
Treatment with EZ-Link™ Sulfo-NHS-LC-Biotin (Pierce) was
followed by cell lysis in buffer containing 25 mm HEPES, pH 8.0,
1% Triton, 10% glycerol, 1 mm Na;VO,, and Complete Protease
Inhibitor Mixture (Roche Applied Science) as described previ-
ously in detail (14, 29). Incubation of cells with cycloheximide
(Sigma; 20 ug/ml), a protein synthesis inhibitor, was performed
at 37 °C, and the disappearance of CFTR from the plasma mem-
brane was monitored over time, as previously described (12).
Biotinylated CFTR was visualized by Western blotting with
mouse monoclonal antibody, clone 596, and an anti-mouse
horseradish peroxidase antibody using the Western Light-
ning"™ Plus-ECL detection system (PerkinElmer Life Sciences)
followed by chemiluminescence. Quantification of biotinylated
CFTR was performed by densitometry using exposures within
the linear dynamic range of the film.

Endocytic Assay—Endocytic assays were performed in
CFBE41o- cells as described previously (30, 31). Briefly, the
plasma membrane proteins were first biotinylated at 4 °C using
EZ-Link™ Sulfo-NHS-SS-Biotin (Pierce). Cells were rapidly
warmed to 37 °Cfor 2.5, 5,7.5, or 10 min after biotinylation, and
subsequently the disulfide bonds on Sulfo-NHS-SS-biotiny-
lated proteins remaining in the plasma membrane were
reduced by l-glutathione (GSH; Sigma) at 4 °C. At this point in
the protocol, biotinylated proteins reside within the endosomal
compartment. Subsequently, cells were lysed, and biotinylated
proteins were isolated by streptavidin-agarose beads, eluted
into SDS sample buffer, and separated by 7.5% SDS-PAGE. The
amount of biotinylated CFTR at 4 °C and without the 37 °C
warming was considered 100%. The amount of biotinylated
CFTR remaining in the plasma membrane after GSH treatment
at 4 °C and without the 37 °C warming was considered back-
ground (5.6 £ 1.1% compared with the amount of biotinylated
CFTR at 4 °C without GSH treatment) and was subtracted from
the CFTR biotinylated after warming to 37 °C at each time
point. CFTR endocytosis was calculated after subtraction of the
background and was expressed as the percent of biotinylated
CFTR at each time point after warming to 37 °C compared with
the amount of biotinylated CFTR present before warming to
37°C.

Ussing Chamber Measurements—Ussing chamber measure-
ments were performed as previously described (32). Monolay-
ers of airway cells grown on Snapwell-permeable supports were
mounted in an Ussing-type chamber (Physiologic Instruments;
San Diego, CA) and bathed in solutions (see below) maintained
at 37 °C and stirred by bubbling with 5% CO,, 95% air. Short
circuit current (/sc) was measured by voltage-clamping the
transepithelial voltage across the monolayers to 0 mV with a
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voltage/current clamp (model VCC MCS8, Physiologic Instru-
ments) as described previously (32). Data collection and analy-
sis were done with Acquire & Analyze Data Acquisition System
(Physiologic Instruments). CFBE410- cells were bathed in solu-
tions with an apical-to-basolateral Cl ™ gradient in the presence
of amiloride (100 uMm) in the apical bath solution to inhibit Na™
absorption. The apical bath solution contained 115 mM sodium
gluconate, 5 mm NaCl, 25 mm NaHCO;, 3.3 mm KH,PO,, 0.8
mm K,HPO,, 1.2 mm MgCl,, 4 mm calcium gluconate, 10 mm
mannitol, pH 7.4. The basolateral bath solution contained 120
mw NaCl, 25 mm NaHCO,, 3.3 mm KH,PO,, 0.8 mum K,HPO,,
1.2 mm MgCl,, 1.2 mm CaCl,, 10.0 mm glucose, pH 7.4. A low
Cl~, high-Na™, high gluconate, apical bath solution was used to
prevent cell swelling due to the increased apical Cl~ permeabil-
ity under these conditions, as previously described (32). Isc was
stimulated with 20 um forskolin, and 50 um IBMX added to the
apical and basolateral bath solution. Thiazolidinone CFTR,, ;-
172 (20 u™m; Tocris Bioscience, Ellisville, MO) was added to the
apical bath solution to inhibit CFTR-mediated /sc. Data are
expressed as forskolin/IBMX stimulated Isc, calculated by sub-
tracting the base-line /sc from the peak stimulated Isc.

Immunoprecipitation and Immunoblotting—CFTR was
immunoprecipitated from cell lysates by methods described
previously (12, 23). Briefly, cultured cells were lysed in an
immunoprecipitation buffer containing 150 mm NaCl, 50 mm
Tris, pH 7.4, 1% IGEPAL (Sigma), 5 mm MgCl,, 5 mm EDTA, 1
mMm EGTA, 30 mm NaF, 1 mm NazVO,, Complete Protease
Inhibitor Mixture and PhosSTOP (Roche Applied Sciences).
After centrifugation at 14,000 X g for 15 min to pellet insoluble
material, the soluble lysates referred to as post-nuclear super-
natants (PNS) were precleared by incubation with protein
G-Sepharose beads conjugated with the non-immune mouse
IgG, (DAKO North America, Inc., Carpinteria, CA) (Pierce) at
4. °C. The pre-cleared lysates were added to the protein G-Sep-
harose bead antibody complexes. CFTR was immunoprecipi-
tated by incubation with the mouse M3A7 antibody (IgG,).
After washing the protein G-Sepharose bead-antibody com-
plexes with the immunoprecipitation buffer, immunoprecipi-
tated proteins were eluted by incubation at 85 °C for 5 min in
sample buffer (Bio-Rad) containing 100 mM DTT. Immunopre-
cipitated proteins were separated by SDS-PAGE using 7.5% gels
(Bio-Rad) and analyzed by Western blotting. The immunoreac-
tive bands were visualized with the Western Lightning™™ Plus-
ECL detection system.

Recombinant Dab?2 Binding Assays—Human Dab2 (Uniprot
accession number P98082-1) was obtained from Origene
(SC321375) and subcloned by PCR into pET16b (Novagen)
using the Xhol and BamHI restriction enzyme sites. Primers
(IDT) were designed to include a 3C protease cleavage site
(LEVLFQ | GP) immediately after the Xhol recognition
sequence and fused directly to residues 1-205 of the native
protein containing the DH domain. The construct was verified
by DNA sequencing. Protein was expressed in Escherichia coli
BL21(DE3)RIL cells grown overnight at 20 °C in lysogeny broth
after induction (0.1 mm isopropyl 1-thio-S-p-galactopyrano-
side) and purified using immobilized metal ion affinity (10-ml
Ni-NTA Superflow; Qiagen) and size-exclusion (HiLoad
Superdex 75 26/60 column; GE Healthcare) chromatography.
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The polyhistidine tag was removed by 20 h incubation at 4 °C
with human rhinovirus 3C protease (Novagen) at a 1:100 mass
ratio. Tag-free protein was recovered in the flow-through of a
5-ml HisTrap HP column (GE Healthcare) and dialyzed into 25
mM Tris, pH 8.0, 150 mm NaCl, 1 mm DTT, 0.02% (w/v) NaNj.
Protein concentration was determined via A,g, using a mass
extinction coefficient of 0.62 calibrated by quantitative amino
acid analysis (Keck Facility, Yale University). An APP10
reporter peptide (F*-QNGYENPTYK) was synthesized with an
N-terminal fluorescein (F*-) and an amidated C terminus
(Tufts University Core Facility).

Fluorescence intensity was measured using a Spectramax
MD?5 plate reader. Protein for all experiments was supple-
mented with 0.1 mg/ml bovine IgG (Sigma) and 0.5 mm Thesit
(Fluka). A stock protein solution was serially diluted (~130 nm
to 300 um), and F*-APP10 was added to a final concentration of
30 nM. Plates were allowed to equilibrate 15 min at 24 °C before
measurement. Fitting was performed as described (13).

In Vivo F*APPIO Peptide Uptake—Immunofluorescence
staining and confocal microscopy studies were conducted to
confirm the uptake of the F*-APP10 peptide. CFBE410- cells
expressing WT-CFTR were cultured on semi-permeable
growth supports in air-liquid interface for 7 days. FBS was with-
drawn from the culture medium 24 h before the experiment.
The F*-APP10 peptide was prepared fresh as 167 mm stock in
DMSO, diluted with PBS to 1.25 mm, and added to a Bio-
PORTER® Protein Delivery Reagent tube (Sigma). Subse-
quently, the Opti-MEM medium was added to the BioPORTER
complex containing the F*-APP10 peptide, and the solution
was warmed to 37 °C. The F*-APP10 peptide or vehicle control
(CTRL) was added to the apical chamber of monolayers and
incubated for 30 min in the cell culture incubator at 37 °C. Sub-
sequently, monolayers were thoroughly washed at 4 °C and
fixed with 2% paraformaldehyde in PBS for 15 min. The mono-
layers were mounted onto slides with ProLong Gold Antifade
reagent with DAPI (Invitrogen), and cells were imaged on an
inverted FluoView 1000 confocal microscope (Olympus; Cen-
ter Valley, PA) using the 60X, numerical aperture 1.42 oil
immersion, as described above. The N-terminally located fluo-
rescein tag on the internalized F*-APP10 peptide was excited at
488 nm spectral line of the multiline argon laser. Additional,
biotinylation experiments were performed after incubation of
the CFBE410- cells with the F*-APP10 peptide or vehicle con-
trol to determine the plasma membrane abundance of CFTR
and LDLR as described above.

Data Analysis and Statistics—Statistical analysis of the data
were performed using GraphPad Prism Version 4.0 for Macin-
tosh (GraphPad Software Inc., San Diego, CA). The means were
compared by a two-tailed ¢ test. A p value <0.05 was considered
significant. Data are expressed as the mean * S.E.

RESULTS

Dab?2 Co-distributes with CFTR in CCVs in Polarized Human
Airway Epithelial Cells—Little is known about the distribution
of Dab2 in polarized epithelial cells. CFBE41o- cells stably
expressing WT-CFTR and grown on semipermeable growth
supports for 7 days were lysed, and the CCV fraction was iso-
lated by density gradient and differential centrifugation. The
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FIGURE 2. Experiments demonstrating that Dab2 co-distributes with
CFTRin CCV in polarized human airway epithelial cells. A, representative
Western blots (IB) demonstrate distribution of CFTR and endocytic adaptors
in subcellular fractionations and CCVs in polarized CFBE410- cells expressing
WT-CFTR. Subcellular fractionation and isolation of CCVs was carried out by
density gradient and differential centrifugation. Polarized CFBE410- cells
express two major spliceforms of Dab2 (top panel). The Dab2 p96 that plays a
role in endocytosis co-distributed with clathrin, the u2 adaptin, and with
CFTR in CCVs. By contrast, the p67 spliceform that does not have a role in
endocytosis was depleted from the CCV fraction. P2, cytosolic fraction; S2,
microsomal fraction. Three experiments/group were performed. B, shown is a
representative electron micrograph of a vesicle from the CCV fraction dem-
onstrating that Dab2, u2, and CFTR co-exist in the same CCV. The CCV fraction
was fixed by incubation 1:1 with 4% paraformaldehyde, and vesicles were
permeabilized and immunolabeled with antibodies conjugated to different
sized gold particles. The arrows point to the smallest gold particles conju-
gated with the anti-CFTR antibody. Error bar = 50 nm. All experiments were
repeated twice from separate cultures with similar results.

Dab2 gene is alternatively spliced to produce two proteins (33).
Although the Dab2 p96 spliceform functions as an endocytic
adaptor, the p67 spliceform does not have a role in endocytosis
(34, 35). As illustrated in Fig. 24, both Dab2 spliceforms were
expressed in polarized CFBE41o0- cells, but as expected, only the
less abundant Dab2 p96 was enriched in the CCV fraction
where it co-distributed with other CCV proteins, clathrin and
the u2 adaptin, and with CFTR. As demonstrated by immuno-
gold electron microscopy, Dab2, u2, and CFTR are found
together in individual vesicles in the CCV fraction (Fig. 2B). The
above data illustrate that Dab2 co-distributes with the plasma
membrane clathrin coats and with CFTR in CFBE410- cells.

Partial Silencing of Dab2, but Not AP-2, Increases Plasma
Membrane Abundance and Stability of CFIR in Polarized
CFBE410- Cells—To examine the specific mechanism whereby
AP-2 and Dab2 facilitate CFTR endocytosis in polarized airway
epithelial cells, we used RNA mediated interference (siRNA).
Previous studies have shown that depleting any one of the
adaptins in the AP-2 complex decreases stability of the remain-
ing subunits and that the partial complexes that form in the
absence of a particular subunit are inactive and fail to localize to
membranes (17, 36, 37). Because nearly complete depletion of
AP-2 can affect both CCV formation and cargo recruitment
(17), we aimed for a less profound inhibition of CCV formation
to test the specificity of AP-2 in recruiting CFTR to CCVs in
polarized human airway epithelial cells. A similar approach was
previously used to test the role of AP-2 in non-epithelial sys-
tems (18). Because the u2 adaptin is unique to AP-2, we there-
fore used a siRNA targeting a non-conserved region of the
human p2 adaptin gene (sip2) to specifically inhibit AP-2
assembly.
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FIGURE 3. Biotinylation experiments performed to determine the effects of Dab2 and AP-2 on CFTR abundance in polarized CFBE410- cells. Cells were
transfected with 50 nmsiRNA. The Dab2 geneis alternatively spliced to produce two proteins, p96 and p67 (33). Because the Dab2 p96 functions as an endocytic
adaptor, it was specifically targeted by the siRNA. Silencing the u2 adaptin was used to inhibit the AP-2 complex assembly. A summary of experiments (A) and
representative Western blots (IB; B, bottom three rows) demonstrate that siDab2 decreased the Dab2 p96 protein abundance in PNS by ~60% without
decreasing abundance of the w2 adaptin. sin2 decreased the .2 protein abundance in PNS by ~60% without decreasing abundance of Dab2. Shown in B (top
two rows) are the effects of siRNAs on CFTR abundance in the PNS and plasma membrane (PM). The plasma membrane abundance of CFTR was normalized for
PNS CFTR (D). Silencing Dab2 but not the closely related protein adaptor, ARH, increased the steady-state plasma membrane abundance of CFTR in polarized
CFBE410- cells (B and D). By contrast, the plasma membrane abundance of CFTR did not increase after silencing the 2 adaptin (B and D). Likewise, silencing
the a-adaptin (si) did not increase CFTR abundance in the plasma membrane (B). Silencing Dab2 and u.2 together increased the plasma membrane CFTR
abundance, similar to silencing Dab2 alone (C and D). Plasma membrane proteins were isolated by selective apical membrane biotinylation, and the plasma
membrane CFTR was normalized for PNS CFTR. Actin expression in PNS was used as a loading control. ¥, p < 0.05 versus siRNA negative control (siCTRL). Six

experiments/group were performed. Error bars, S.E. NS, not significant.

In addition, to directly compare the role of Dab2 in CFTR
endocytosis, its expression was reduced by targeting a non-con-
served region of the human Dab2 (p96) sequence (siDab2).
CFBE41o0- cells stably expressing WT-CFTR were transfected
with siu2, siDab2, or with one of three controls: a non-silencing
siRNA (siCTRL), siRNAs targeting the a-adaptin (sic), or the
closely related to Dab2 protein adaptor ARH (siARH). Cells
were cultured on semipermeable growth supports for a total of
7 days. siDab2 decreased the Dab2 p96 protein abundance in
PNS by ~60% without decreasing the abundance of the u2
adaptin (Fig. 3, A and B). Conversely, siu2 decreased the u2
protein abundance by ~60% without decreasing Dab2 abun-
dance (Fig. 3, A and B).

Partial silencing of Dab2, but not ARH, increased the steady-
state plasma membrane abundance of CFTR in polarized
CFBE41o- cells (Fig. 3, Band D). By contrast, the plasma mem-
brane abundance of CFTR did not increase after partial silenc-
ing of the u2 adaptin (Fig. 3, B and D). Likewise, silencing the
a-adaptin did not increase CFTR abundance in the plasma
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membrane (Fig. 3B). Silencing Dab2 and u.2 together increased
the plasma membrane CFTR abundance, similar to silencing
Dab2 alone (Fig. 3, C and D). The increased plasma membrane
abundance of CFTR after partial silencing of Dab2 alone or
together with w2 could result, at least in part, from inhibiting
CFTR recruitment to CCVs and, thus, CFTR endocytosis. The
lack of a significant effect on the plasma membrane abundance
of CFTR after partial silencing of u2 suggests that AP-2 was
dispensable for CFTR recruitment to CCVs. Taken together the
above results indicate that in polarized human airway epithelial
cells, Dab2 may facilitate CFTR recruitment to CCVs via an
AP-2 independent mechanism.

The increased plasma membrane abundance of CFTR could
result from accelerating translation and targeting CFTR to the
plasma membrane or from increasing the plasma membrane
stability of CFTR or from both. Thus, we examined the disap-
pearance of biotinylated (i.e. plasma membrane) CFIR in
polarized CFBE410- cells over time at 37 °C in the presence of
20 pg/ml cycloheximide to inhibit protein translation. As illus-
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FIGURE 4. Biotinylation experiments performed to determine the effects
of Dab2 and AP-2 on CFTR expression in the plasma membrane of
CFBE410- cells as a function of time. Shown are representative Western
blots (IB, A) and a summary of experiments (B) demonstrating that silencing
Dab2 attenuated the disappearance of CFTR from the apical plasma mem-
brane. By contrast, silencing n2 had no effect on the plasma membrane sta-
bility of CFTR. The Dab2 p96 was specifically targeted by the siRNA because,
unlike p67, Dab2 p96 functions as an endocytic adaptor. Silencing the u2
adaptin was used to inhibit the AP-2 complex assembly. CFBE410- cells were
transfected with 50 nm siRNA. Disappearance of CFTR from the plasma mem-
brane was monitored over time in the presence of 20 ug/ml cycloheximide
(CHX) at 37 °C. In siRNA negative control (siCTRL)-treated cells, ~50% of CFTR
disappeared from the plasma membrane in 24 h. Thus, data are reported at
the 24-h time point. Plasma membrane proteins were isolated by selective
apical membrane biotinylation. Ezrin expression in the post-nuclear superna-
tants was used as a loading control (not shown). *, p < 0.05 versus time zero in
siCTRL. Three experiments/group were performed. Error bars, S.E.

trated in Fig. 4, siDab2 increased CFTR stability in the plasma
membrane in the presence of cycloheximide. By contrast, siu2
did not slow the decline in the amount of plasma membrane
CFTR in the presence of cycloheximide. These results are con-
sistent with the conclusion that siDab2 increases the plasma
membrane abundance of CFTR by a mechanism mediated at
least in part by increasing CFTR stability in the plasma mem-
brane and independent of AP-2. Taken together, the above data
indicate that in human airway epithelial cells, endogenous
Dab2 decreases CFTR abundance in the plasma membrane by
reducing the plasma membrane stability of CFTR in an AP-2
independent manner.

Silencing Dab2 Increases CFTR-mediated Cl~ Secretion
across Polarized Human Airway Epithelial Cells—CFTR-medi-
ated Cl ™ secretion is determined by the activity and number of
the plasma membrane CFTR Cl™ channels. Because silencing
Dab2 increased the plasma membrane abundance of CFTR, we
assayed the functionality of the rescued fraction, predicting that
it would also increase CFTR mediated Cl~ secretion. siDab2
but not sin2 increased the forskolin/IBMX-stimulated CI ™ cur-
rents across CFBE41o- monolayers (Fig. 5). These results are
consistent with the above data that siDab2 increased CFTR
abundance in the plasma membrane and suggest that endoge-
nous Dab2 decreases CFTR-mediated Cl~ secretion by
decreasing the amount of CFTR in the plasma membrane in
human airway epithelial cells.

Silencing Dab2 Specifically Decreases Clathrin-mediated
Endocytosis of CFTR—Based on the known function of Dab2,
we anticipated that the effects of siDab2 on CFTR trafficking
were due to shifts in endocytic uptake. To test this hypothesis,
endocytic assays were conducted to determine the mechanism
of increased CFTR abundance and stability in the plasma mem-
brane after silencing Dab2. The siCTRL (non-silencing siRNA)
had no effect on CFTR endocytosis as compared with the non-
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transfected CFBE410- cells (data not shown). As illustrated in
Fig. 6, siDab2 decreased CFTR endocytosis. The reduction in
CFTR endocytosis is consistent with the increased plasma
membrane stability of CFTR observed in cells transfected with
siDab2. By contrast, siu2 caused only a slight and not statisti-
cally significant decrease in CFTR endocytosis. Taken together,
these data are consistent with the conclusion that Dab2 facili-
tates CFTR endocytosis by an AP-2-independent mechanism in
polarized human airway epithelial cells.

If Dab2 facilitates CFTR endocytosis by recruiting CFTR to
CCVs, silencing Dab2 should inhibit CFTR recruitment and
should reduce CFTR abundance in CCVs. To test this predic-
tion, CCV fractions were isolated from polarized CFBE41o-
cells by density gradient and differential centrifugation after
silencing Dab2. As illustrated in Fig. 7, siDab2 decreased the
abundance of CFTR in CCVs. By contrast, siDab2 did not
decrease the constitutive abundance of EGFR in CCVs. Con-
versely, after silencing the w2 adaptin, the CCV abundance of
EGEFR was reduced, whereas that of CFTR was not significantly
affected. Taken together these data demonstrate that Dab2 spe-
cifically promotes CFTR recruitment to CCVs and facilitates
CFTR endocytosis in polarized human airway epithelial cells.
Because AP-2 is critical for optimal CCV formation and AP-2
depletion decreases the number of CCVs, the above data dem-
onstrate that Dab2 is capable of sustaining CFTR endocytosis
even if the overall number of CCVs is reduced.

CFTR "***YDSI Motif Is Not Essential for CFTR Endocytosis
in Human Airway Epithelial Cells—CFTR interacts directly
with u2 in vitro, and the interaction is critical for efficient CFTR
endocytosis in non-epithelial cells. The above silencing studies
demonstrate that moderate depletion of AP-2 does not attenu-
ate CFTR endocytosis, suggesting that AP-2 is not essential for
CFTR recruitment to CCVs and because CFTR recruitment is
promoted and sustained by Dab2. However, it cannot be
excluded that due to partial silencing, the w2 abundance is suf-
ficient for CFTR recruitment to CCVs and its endocytosis.
Hence, studies were conducted to examine whether the inter-
action between CFTR and u2 is essential for CFTR endocytosis
in human airway epithelial cells. First, we examined whether
the Y1424A substitution in CFTR, previously shown to disrupt
the CFTR-u2 interaction, affects CFTR recruitment to CCVs.
Parental CFBE41o- cells transiently transfected with the GFP-
CFTR WT or the GFP-CFTR Y1424A mutant were grown in
plastic tissue culture dishes for 72 h. Cells were lysed, and the
CCV fractions were isolated by density gradient and differential
centrifugation. As illustrated in Fig. 8, the abundance of the
GFP-CFTR WT and GFP-CFTR Y1424A in CCVs was similar.

Next, we examined the effect of the Y1424 A substitution on
CFTR endocytosis. The biotinylation-based endocytic assays
were conducted in parental CFBE41o- cells expressing GFP-
CFTR WT or the GFP-CFTR Y1424 A mutant. As illustrated in
Fig. 9, endocytosis of the GFP-CFTR WT and GFP-CFTR
Y1424A was similar in the linear uptake phase, consistent with
steady-state measurements (Figs. 8 and 10).

Finally, studies were conducted to determine the effect of the
Y1424A substitution on CFTR stability in the plasma mem-
brane. Parental CFBE41o- cells were treated with 20 ug/ml
cycloheximide to inhibit protein translation. After plasma
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FIGURE 5. Ussing chamber experiments performed to determine the effects of Dab2 and AP-2 on the CFTR mediated Cl~ secretion across CFBE410-
monolayers. Cells were transfected with 50 nm siRNA. The Dab2 p96 was specifically targeted by the siRNA because, unlike p67, Dab2 p96 functions as an
endocytic adaptor. Silencing the w2 adaptin was used to inhibit the AP-2 complex assembly. CFBE410- cells were bathed in solutions with apical-to-basolateral
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and IBMX (50 um) was added to the apical and basolateral bath solution. Thiazolidonone CFTR;,,,,-172 (20 um) was added to the apical bath solution to inhibit
CFTR-mediated Isc. Data are expressed as net stimulated /sc, calculated by subtracting the base-line Isc from the peak stimulated /sc. The siRNA negative control
(siCTRL) did not affect the forskolin/IBMX-stimulated /sc across CFBE410-cells compared with the non-transfected cells (data not shown). Silencing Dab2
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FIGURE 6. Endocytic assays performed to determine the effects of Dab2
and AP-2 on CFTR endocytosis in CFBE410- cells. Cells were transfected
with 50 nm siRNA. The Dab2 p96 was specifically targeted by the siRNA
because, unlike p67, Dab2 p96 functions as an endocytic adaptor. Silencing
the u2 adaptin was used to inhibit the AP-2 complex assembly. CFTR endo-
cytosis was linear up to 7.5 min and was not affected by the siRNA negative
control (siCTRL); thus, data are reported at the 7.5-min time point (14). Repre-
sentative Western blots (A) and summary of experiments (B) demonstrating
that siDab2 decreased CFTR endocytosis. By contrast, siu2 did not decrease
CFTR endocytosis. The amount of biotinylated CFTR remaining after the GSH
treatment at 4 °C without warming to 37 °C was considered background and
was subtracted from the amount of biotinylated CFTR remaining after warm-
ing to 37 °C at each time point. CFTR endocytosis was calculated after sub-
traction of the background (see above) and was expressed as the percent of
CFTR remaining biotinylated before and after warming to 37 °C. Ezrin expres-
sion in the post-nuclear supernatants was used as a loading control (data not
shown). ¥, p < 0.05 versus siCTRL. Four experiments/group were performed.
Error bars, S.E.

membrane biotinylation at 4 °C, the disappearance of the GFP-
CFTR WT or GFP-CFTR Y1424A mutant from the plasma
membrane was monitored as a function of time at 37 °C. As
shown in Fig. 10, the plasma membrane stability of the GFP-
CFTR WT and GFP-CFTR Y1424A was similar.
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The above data demonstrate that the Y1424A mutation
affects neither CFTR recruitment to CCVs, CFTR endocytosis,
nor CFTR stability in the plasma membrane and suggest that
the CFTR interaction with n2 adaptin is not essential for CFTR
endocytosis in human airway epithelial cells. These data further
support the view that Dab2 facilitates CFTR recruitment to
CCVs and CFTR endocytosis by an AP-2 independent
mechanism.

Dab2 DH Domain Interacts with CFTR—Previous studies
demonstrated that Dab2 does not require interaction with AP-2
to mediate endocytosis of proteins that bind to the N-terminal
Dab2 DH domain. If Dab2 mediates CFTR endocytosis by an
AP-2 independent mechanism, CFTR would be expected to
interact with the DH domain. The fragment spanning amino
acids 1-205 contains the DH domain (Dab2 DH) and interacts
with proteins containing the NPXY motif, such as the amyloid
precursor protein (APP) and LDLR, and with phosphoinositi-
des in the plasma membrane but not with clathrin or AP-2 (27).
First, fluorescence binding assays were performed to confirm
that affinity-purified recombinant Dab2 DH binds the fluores-
cein-tagged, APP-derived NPXY peptide (F*-APP10) with high
affinity (K, ~ 10 um; Fig. 114). By contrast, the amino acid
substitutions in the NPXY binding pocket, previously shown to
disrupt the DH domain interactions with NPXY motifs, S122T/
H144F (Dab2 DH 122/144), severely impaired peptide binding
(Ref. 27; K, > 1 mwm; Fig. 11A4).

Next, studies were conducted to determine whether CFTR
interacts with the Dab2 DH domain. CFBE41o- cells stably
expressing WT-CFTR were transfected with the GFP-Dab2
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FIGURE 7. Subcellular fractionation experiments performed to determine the effects of Dab2 and AP-2 on CFTR recruitment to the CCV in polarized
CFBE410- cells. The CCV fractions were prepared by density gradient and differential centrifugation in CFBE410- cells transfected with 50 nm siRNA. The Dab2
p96 was specifically targeted by the siDab2 because, unlike p67, Dab2 p96 functions as an endocytic adaptor. Silencing the u2 adaptin was used to inhibit the
AP-2 complex assembly. A, a representative Western blot (/B) demonstrates that siDab2 decreased the Dab2 p96 protein abundance in PNS without decreasing
abundance of the u2 adaptin, and siu2 decreased the u2 protein abundance without decreasing abundance of Dab2. B, representative Western blots
demonstrate successful isolation of CCVs as demonstrated by the enrichment of clathrin in the CCV fractions. P2, cytosolic fraction; S2, microsomal fraction. The
CCV abundance of clathrin normalized to PNS was similar in cells transfected with siCTRL, sin2, and siDab2. A representative Western blot (C) and summary of
experiments (D) demonstrates that siDab2 decreased the abundance of CFTR in CCVs relative to siCTRL levels. By contrast, siDab2 did not decrease the
constitutive abundance of EGFR in CCVs. Unlike EGFR, the CCV abundance of CFTR was not significantly decreased after silencing the u2 adaptin. The plasma
membrane abundance of CFTR and EGFR were normalized for PNS abundance of the respective protein (C). *, p < 0.05 versus siRNA negative control (siCTRL).
Three experiments/group were performed. Error bars, S.E.
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FIGURE 8. Subcellular fractionation experiments performed to determine the effect of the Y1424A mutation on CFTR recruitment CCV in CFBE410-
cells. The CCV fractions were prepared by density gradient and differential centrifugation in parental CFBE410- cells 72 h after transfection with the GFP-CFTR
WT or GFP-CFTR Y1424A mutant. A, a representative Western blot (/B) demonstrates successful isolation of CCVs as demonstrated by the enrichment of clathrin
in the CCV fractions. P2, cytosolic fraction; S2, microsomal fraction. A representative Western blot (B) and summary of experiments (C) demonstrate that the
Y1424A mutation did not decrease the abundance of CFTR in CCVs. The CCV abundance of CFTR was normalized for the abundance of CFTR in PNS. Three
experiments/group were performed. Error bars, S.E.

DH, GFP-Dab2 DH 122/144, or vector control (CTRL). West-
ern blot analysis of the immunoprecipitated protein complexes
demonstrated that only the GFP-Dab2 DH fragment co-immu-
noprecipitated with CFTR (Fig. 11B). These data are consistent
with the conclusion that in human airway epithelial cells, CFTR
interacts with the Dab2 DH domain by a mechanism dependent
on the peptide binding pocket.

Dab2 DH Domain Inhibits CFTR Endocytosis—If Dab2 inter-
acts with CFTR via the DH domain, we hypothesize that the
GFP-Dab2 DH fragment, which is deficient in clathrin binding,
should compete with the endogenous Dab2 for cargo (CFTR)
and thus inhibit CFTR endocytosis. As illustrated in Fig. 12, the
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GFP-Dab2 DH decreased CFTR endocytosis. By contrast, the
GFP-Dab2 DH 122/144 mutant did not inhibit CFTR endocy-
tosis. The dependence of the dominant negative effect of the
GFP-Dab2 DH fragment on a functional peptide binding
pocket demonstrates that Dab2 facilitates CFTR endocytosis by
a mechanism that involves interaction with the NPXY recogni-
tion site.

F*APPIO Peptide Increases CFTR Abundance in Plasma
Membrane—Studies were conducted to determine the effect of
blocking the DH peptide binding pocket in Dab2 on CFTR
abundance in the plasma membrane. The F*-APP10 peptide
and the BioPORTER Protein Delivery reagent were added to
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FIGURE 9. Endocytic assays performed to determine the effect of the
Y1424A mutation on CFTR endocytosis. Endocytic assays were performed
in parental CFBE410- cells 72 h after transfection with the GFP-CFTR WT or
GFP-CFTR Y1424A mutant. Endocytosis of the GFP-CFTR WT was linearup to 5
min (data not shown); thus, data are reported at the 5-min time point. A
representative Western blot (IB; A) and summary of experiments (B) demon-
strates that the Y1424A mutation did not inhibit CFTR endocytosis. The
amount of biotinylated CFTR remaining after the GSH treatment at 4 °C with-
out warming to 37 °C was considered background and was subtracted from
the amount of biotinylated CFTR remaining after warming to 37 °C for 5 min.
CFTR endocytosis was calculated after subtraction of the background (see
above) and was expressed as the percent of CFTR remaining biotinylated
before and after warming to 37 °C. The endocytosis of transiently transfected
GFP-CFTR WT was linear up to 5 min in the parental CFBE410- cells (data not
shown); therefore, the 5-min time point data are reported. Ezrin expression in
the post-nuclear supernatants was used as a loading control (data not
shown). Three experiments/group were performed. Error bars, S.E.
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FIGURE 10. Biotinylation experiments performed to determine the
effects of the Y1424A mutation on CFTR expression in the plasma mem-
brane of CFBE410- cells as a function of time. Biotinylation experiments
were performed in parental CFBE41o- cells 72 h after transfection with the
GFP-CFTR WT or GFP-CFTR Y1424A mutant. Disappearance of CFTR from the
plasma membrane was monitored over time in the presence of 20 pug/ml
cycloheximide (CHX) at 37 °C. A representative Western blot (/B; A) and sum-
mary of experiments (B) demonstrate that the Y1424A mutation did not
increase CFTR stability in the plasma membrane. Plasma membrane proteins
were isolated by selective plasma membrane biotinylation. Ezrin expression

in the post-nuclear supernatants was used as a loading control (data not
shown). Three experiments/group were performed. Error bars, S.E.
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the apical chamber of polarized CFBE410- cells. Internalization
of the F*-APP10 peptide was demonstrated by detection of the
fluorescein tag inside the cells after a 30-min incubation (Fig.
13A). The F*-APP10 peptide is expected to inhibit endocytosis
and increase the plasma membrane abundance of endogenous
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cargo proteins, such as LDLR, by competing with these proteins
for binding to Dab2. As expected, the F*-APP10 peptide
increased the abundance of LDLR in the apical plasma mem-
brane (Fig. 13B). Similar to LDLR, the apical plasma membrane
abundance of CFTR was increased by the F*-APP10 peptide
compared with vehicle control (Fig. 13B). The effect of the
F*-APP10 peptide on the plasma membrane CFTR is consistent
with the dominant negative effect of the GFP-Dab2 DH fragment
on CFTR endocytosis. Taken together the above data demonstrate
a novel interaction between CFTR and Dab2 via the DH domain
amenable to regulation with an NPXY peptide.

DISCUSSION

The major novel observation in this study is that in polarized
human airway epithelial cells, Dab2 mediates AP-2-independ-
ent recruitment of CFTR to CCVs. As a result, it facilitates
CFTR endocytosis and reduces CFTR abundance and stability
in the plasma membrane. These effects are mediated by the
DAB homology domain. Moreover, we show that AP-2 is not
essential for CFTR recruitment to CCVs in these cells.

Several lines of evidence in this study support these conclu-
sions. Compared with controls, partial silencing of Dab2 led to
an increase in steady-state CFTR plasma membrane abun-
dance, CFTR plasma membrane stability, and CFTR-mediated
Cl secretion. Dab2 depletion also decreased both CFTR abun-
dance in the CCV fraction and CFTR endocytosis. Similar levels
of u2 silencing and a corresponding loss of AP-2 had no signif-
icant effect on any of these CFTR trafficking or stability char-
acteristics (Figs. 3- 7). Targeted disruption by mutagenesis of
the direct interaction between CFTR and w2 also did not atten-
uate CFTR recruitment to CCVs, CFTR endocytosis, or CFTR
stability in the plasma membrane (Figs. 8 —10).

Furthermore, CFTR co-immunoprecipitated with the GFP-
Dab2 DH fragment, which did not interact with either AP-2 or
clathrin (Fig. 11). Overexpression of the GFP-Dab2 DH fusion
protein reduced CFTR abundance in the CCV fraction and
CFTR endocytosis in a dominant negative manner (Fig. 12).
Finally, the plasma membrane abundance of CFTR was
increased, similar to that of LDLR, by the NPXY peptide,
F*-APP10, which specifically binds to the DH peptide-binding
site (Figs. 11 and 13).

Another study has shown a role for AP-2 in CFTR endocytosis
in human airway epithelial cells (19). Because AP-2 mediates both
clathrin coat assembly and cargo protein recruitment to CCVs
(17), the high level of knockdown observed in the previous study
(~90% of u2) would have compromised both functions and,
therefore, could not distinguish between them. In contrast, in
HEK293 cells, where AP-2 is known to play a role in CFTR recruit-
ment, a more modest 64% knockdown was sufficient to cause a
significant decrease in CFTR endocytosis (18) by preferentially tar-
geting the recruiting step. Utilizing a similarly limited knockdown
(~ 60% of u2 adaptin) in airway epithelial cells, we see no differ-
ence in either the CFTR content in CCVs or CFTR endocytosis
(Figs. 6 and 7). Thus, we conclude that during CFTR endocytosis
AP-2 is necessary for the clathrin coat assembly but is largely dis-
pensable for CFTR recruitment to the clathrin coats.

Consistent with this model, the previously reported 10-fold
knockdown of AP-2 only caused a 2-fold reduction in CFTR
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FIGURE 11. Representative experiments demonstrating the interaction between the Dab2 DH domain and CFTR in CFBE410-. The Dab2 DH domain
contains an NPXY binding pocket that interacts with the NPXY domains in cargo proteins. A, fluorescence binding assays were performed to confirm that the
affinity-purified recombinant Dab2 DH fragment interacts with the fluorescein-tagged, APP-derived peptide (F*-APP10) with high affinity (K, ~ 10 um). By
contrast, the S122T/H144F substitutions in the Dab2 DH fragment (Dab2 DH 122/144) severely impaired peptide binding (K, > 1 mm). Three experiments/group
were performed. B, immunoprecipitation (IP) experiments were performed to examine whether CFTR interacts with the Dab2 DH domain and whether the
interaction depends on the NPXY binding pocket in the Dab2 DH domain. CFBE410- cells stably expressing WT-CFTR were transfected with the vector control
(CTRL), GFP-Dab2 DH, or the GFP-Dab2 DH S122T/H144F (122/144). CFTR was immunoprecipitated with antibody M3A7 (CFTR (IP)). Western blot (/B) analysis of
the immunoprecipitated protein complexes demonstrated that only the GFP-Dab2 DH fragment co-immunoprecipitated with CFTR (GFP (co-IP)). Proteins

were separated by SDS-PAGE using 7.5% gels (2% of the whole cell lysates run on gel). Experiments were repeated three times from separate cultures with
similar results.
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FIGURE 12. Endocytic assays performed to determine the effects of the Dab2 DH domain on CFTR endocytosis in CFBE410- cells. CFBE410- cells stably
expressing WT-CFTR were transfected with the vector control (CTRL), GFP-Dab2 DH, or the GFP-Dab2 DH S122T/H144F (122/144), and the endocytic assays were
performed 72 h after transfection. Representative Western blots (I8, A) and summary of experiments (B) demonstrate that the GFP-Dab2 DH decreased CFTR
endocytosis. By contrast, the GFP-Dab2 DH 122/144 mutant did not inhibit CFTR endocytosis. The amount of biotinylated CFTR remaining after the GSH
treatment at 4 °C without warming to 37 °C was considered background and was subtracted from the amount of biotinylated CFTR remaining after warming
to 37 °C at each time point. CFTR endocytosis was calculated after subtraction of the background (see above) and was expressed as the percent of CFTR
remaining biotinylated before and after warming to 37 °C. CFTR endocytosis was linear up to 7.5 min (14); thus, results are reported at the 7.5-min time point.

Ezrin expression in the post-nuclear supernatants was used as aloading control (data not shown).*, p < 0.05 versus vector CTRL. Three experiments/group were
performed. Error bars, S.E.

endocytosis in airway epithelial cells (19). Based on the studies model, Fu et al. (19) also showed that silencing Dab2 impedes
of Motley et al. (17), this behavior suggests that CFTR has priv-  CFTR endocytic uptake, although the interaction of Dab2 with
ileged access to the remaining CCVs. Our data demonstrate CFTR remained unclear, as it does not contain a recognized
that Dab2 can provide CFTR with such privileged access to the  Dab2 binding motif.

existing CCVs after AP-2 depletion. Such access has been dem- Against this background, our data provide compelling evi-
onstrated for the LDLR, which contains an NPXY motif that dence that the Dab2 NPXY peptide-binding site nevertheless
enables it to interact with Dab2 (17). In agreement with this  plays a critical role in CFTR recruitment. Mutation of the bind-
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A.

that compounds containing the NPXY sequence can regulate
CFTR abundance in the plasma membrane. Such compounds
do not target the AP-2 mediated interactions and thus should
not decrease the number of CCVs nor globally inhibit protein
endocytosis. Because rescued AF508-CFTR has limited plasma
membrane stability, we propose that regulating the CFTR-
Dab2 interaction may provide useful biochemical tools to
investigate the stability defect as well as uncovering future
pharmacological approaches to correct it.

B. PNS PM C.5_
=) =) ®
e S T 200
E & E o Sk- *
kba: 5 & 5 % B: 29 60— -+
o< O <™ E8 T
225~y . |cFTR 8 1| -}
150~ g5
102- 'E*g 80
=
| — . Ezrin Q2 =
76 ® 5 404
EE
- O
102- LDLR o< CFTR LDLR
o

FIGURE 13. Experiments performed to determine the effect of blocking
the Dab2 peptide binding pocket on CFTR abundance in the plasma
membrane. The F*-APP10 peptide (1.25 mm) in DMSO or vehicle control
(CTRL) and the BioPORTER® protein delivery reagent were added to the apical
side of the monolayers and incubated at 37 °C for 30 min in the cell culture
incubator. A, confocal microscopy images demonstrate intracellular localiza-
tion of the F*-APP10 peptide in CFBE410- cells. After the incubation with
F*-APP10, monolayers were thoroughly washed at 4 °C, fixed with 2% para-
formaldehyde, and mounted onto slides with ProLong Gold Antifade reagent
with DAPI. The N-terminally located fluorescein tag on the internalized
F*-APP10 peptide was excited at the 488-nm spectral line of the multiline
argon laser. A representative z-stack is shown in the xy, xz, and yz projection.
No fluorescence signal was observed in cells incubated with the vehicle con-
trol (not shown). Error bar = 10 um. Representative Western blots (/B, B) and a
summary of experiments (C) demonstrate that similar to LDLR, CFTR abun-
dance was increased in the apical plasma membrane (PM) after incubation
with the F*-APP10 peptide compared with the vehicle CTRL. The F*-APP10
peptide did not change the abundance of CFTR or LDLR in the PNS. Moreover,
the F*-APP10 peptide did not change the abundance of ezrin in the PNS
(90.3 = 7.1% versus CTRL; n = 5; p = not significant). The absence of ezrin in
the biotinylated fraction (B) confirms that only plasma membrane proteins
were biotinylated. The plasma membrane proteins were isolated by selective
apical plasma membrane biotinylation. *, p < 0.05 versus CTRL. Four-five
experiments/group were performed. Error bars, S.E.

ing site abrogates the dominant negative endocytic effect of the
GFP-Dab2 DH fusion protein (Fig. 12). More importantly, an
NPXY-containing peptide that binds specifically to the DH
domain increases CFTR cell surface abundance in analogy to
Dab2 silencing (Fig. 13).

Because CFTR does not contain a canonical NPXY motif, we
predict that CFTR may interact indirectly via another endocytic
adaptor or membrane receptor containing the NPXY motif that
binds to the Dab2 DH domain. Alternatively, CFTR may inter-
act with Dab2 via a non-canonical signal. Future studies will be
required to elucidate the details of these interactions in the
context of airway epithelial cells, particularly given the tissue
and polarization dependence of endocytic adaptor complex
formation. For example, in non-epithelial cells the interaction
between CFTR and pu2 was necessary for efficient CFTR endo-
cytosis (10, 20, 21). By contrast, we found the interaction
between CFTR and u2 to be dispensable for CFTR recruitment
and endocytosis in polarized human airway epithelial cells.

Regardless of the exact molecular complexes involved, the
effect of the F*-APP10 peptide in this study strongly suggests
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