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Numerous human diseases arise because of defects in protfein folding, leading to their degradation in the endoplasmic retficu-
lum. Among them is cystic fibrosis (CF), caused by mutations in the gene encoding the CF transmembrane conductance regu-
lator (CFTR), an epithelial anion channel. The most common mutation, F508del, disrupts CFTR folding, which blocks its trafficking to
the plasma membrane. We developed a fluorescence detection platform using fluorogen-activating proteins (FAPs) to directly
detect FAP-CFIR frafficking fo the cell surface using a cell-impermeant probe. By using this approach, we determined the efficacy
of new corrector compounds, both alone and in combination, to rescue F508del-CFTR to the plasma membrane. Combinations
of correctors produced addifive or synergistic effects, improving the density of mutant CFTR atf the cell surface up to ninefold over
a single-compound treatment. The results correlated closely with assays of stimulated anion transport performed in polarized
human bronchial epithelia that endogenously express F508del-CFTR. These findings indicate that the FAP-tagged constructs faith-
fully report mutant CFTR correction activity and that this approach should be useful as a screening assay in diseases that impair

protein trafficking to the cell surface.
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INTRODUCTION

Cystic fibrosis (CF), the most common
lethal genetic disease among Caucasians,
is caused by mutations in the CF trans-
membrane conductance regulator (CFTR)
gene (1). CFTR is an anion channel that
is responsible for adenosine 3’,5'-cyclic
monophosphate (cAMP)/cAMP-depen-
dent protein kinase (PKA)-stimulated se-
cretion of chloride and bicarbonate ions
across the apical membranes of polarized
epithelial cells (2). CFTR is a type II
transmembrane protein consisting of two
membrane-spanning domains, each com-
posed of six membrane-spanning o-he-

lices, two cytoplasmic nucleotide binding
domains (NBD) and a central cytoplas-
mic regulatory domain, the predominant
site of PKA phosphorylation (3). Al-
though there are many documented mu-
tations in CFTR, by far the most preva-
lent mutation, the deletion of F508 in
NBD1 (F508del) is present on at least one
allele in 90% of CF patients (4). This mu-
tation causes protein misfolding that re-
sults in premature proteasomal degrada-
tion, and it precludes channel expression
at the cell surface (5,6). The trafficking of
F508del-CFTR to the plasma membrane
can be partially rescued, however, by
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low temperature (<30°C) or with chemi-
cal chaperones such as glycerol (6-8).

Recent efforts are aimed at the discov-
ery of small molecules that remedy the
folding of mutant CFTR and promote its
trafficking to the plasma membrane.
High-throughput drug screening efforts
have successfully identified many small
molecule compounds that partially res-
cue the trafficking defect of F508del-
CFTR, called correctors (9-12). Thus far,
correctors have shown limited ability to
improve F508del-CFTR trafficking. Even
after corrector treatment, F508del-CFTR
has <15% the activity of CFTR wild-type
(WT), and the corrector efficacy may
vary depending on the cell type exam-
ined (13-16). More robust rescue can be
achieved by using a combination of cor-
rectors, which enhances rescue to levels
greater than individual compound ac-
tions (17-19).

To date, most F508del-CFTR corrector
high-throughput screening assays have
relied on measurements of restored
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CFTR function. Halide sensitive yellow
fluorescent proteins or Forster resonance
energy transfer (FRET)-based voltage-
sensitive membrane dyes have been
used to detect plasma membrane
F508del-CFTR function after small mole-
cule treatment on the basis of detection
of stimulated anion efflux from pre-
loaded cells (13,14). Both of these meth-
ods require multiple wash steps and are
susceptible to signal saturation. In addi-
tion, they rely on the recruitment of a
functional CFTR to the cell surface. Al-
ternatively, an immunofluorescence la-
beling method has been used with an
epitope tagged version of CFTR to detect
trafficking of mutant CFIR to the cell
surface (20). This antibody-labeling ap-
proach also required multiple wash and
binding steps, which add variability, re-
duce throughput for drug screening and
can introduce artifacts due to cell perme-
abilization. Direct detection of F508del-
CFTR at the cell surface with a single la-
beling step would improve throughput
and increase the dynamic range of cor-
rector screening assays.

Selective and sensitive detection of
F508del-CFTR at the cell surface can be
used to identify new correctors and can
elucidate mechanisms for existing ones.
However, this approach normally re-
quires labor-intensive biochemical meth-
ods, such as immunofluorescence using
epitope tags or biotinylation and subse-
quent immunoblotting techniques
(21-23). To address these limitations, we
tagged CFTR with a protein module that
provides a unique and selective fluores-
cence assay of the abundance of this pro-
tein at the cell surface. The protein tag is
comprised of a genetically encoded fluo-
rogen-activating protein (FAP) that has
been fused to the N-terminus or inserted
in the fourth extracellular loop (EL4) of
CFTR.

Here, we report the development of
the FAP-CFTR platform and found the
behavior as well as functional activity
consistent with that of untagged WT and
F508del-CFTR. Importantly, F508del-
CFTR FAP constructs provide a method
to quantify corrector efficacy that was

consistent with functional measurements
of endogenous untagged CFTR in a na-
tive airway cell background. Using this
method, we characterized two new cor-
rectors, Cystic Fibrosis Foundation Ther-
apeutics (CFFT)-002 and C18, as well as
corrector combinations that significantly
improve the trafficking of F508del-CFTR
compared with the previously described
C4 corrector. Furthermore, this platform
has a modular design to allow for rapid
construction of FAP fusions with most
transmembrane proteins. Therefore, this
development can serve as a template for
application to other protein trafficking
diseases, to accelerate the discovery of
pharmacological agents that rescue traf-
ficking defects.

MATERIALS AND METHODS

Plasmids and Constructs

N-terminal fusions. FAP fusions to the
N-terminus of CFTR with an additional
membrane-spanning segment were gen-
erated using the pBabeSacLac2 plasmid,
described previously (24). Briefly, CFTRs
(both WT and F508del) were amplified
by polymerase chain reaction (PCR) from
pcDNAS3 using primers that provided
Sfil restriction sites (forward: GGCCC
AGCCGGCCATGCAGAGGTCGCCTCT
GGAA,; reverse: GCCCCTGCGGCCCTA
AAGCCTTGTATCTTGCAC). First, a
Malachite Green binding FAP (dNP138)
was inserted into the Sac module of
pBabeSacLac2 by Sfil digestion and liga-
tion. Next, the CFTR PCR product was
digested with Sfil and ligated into the
Lac module via PfmlI-Sfil hybrid sites.
This step generated the plasmid pBabe
dNP138-CFTR (WT or F508del).

EL4 fusions. Insertion of the FAP in
the fourth extracellular loop of CFTR
(both WT and F508del) was generated
with a modified version of CFTR, where
Kpnl and EcoRV sites were introduced (a
gift from Peter Haggie, University of Cal-
ifornia, San Francisco [UCSF]). The FAP
(dNP138) was first amplified with Kpnl
and EcoRV containing primers then cut
and inserted between the Kpnl and
EcoRV sites corresponding to the amino
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acid sequence KGNSTHS(FAP)RNNSY.
The sequence corresponding to CFTR
ECL4-dNP138 was then transferred to a
retroviral pBabe plasmid via BamHI and
Xhol restriction sites for stable expression
in mammalian cells.

Transduction

Transducing particles for pBabeSacLac2
constructs were generated using the
Phoenix Ecotropic Packaging System
(Nolan Laboratory, Stanford University,
Stanford, CA, USA). Phoenix ecotropic
cells (Phoenix-ECO) were plated at 1.3 x
10° cells/75-cm? flask in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with calf
serum without antibiotics. pBabeSacLac2
DNA was transfected as described above
scaled to surface area. After 24 h, trans-
fection complexes were removed and re-
placed with 8 mL DMEM with calf serum
and incubated for 48 h at 32°C/5% CO,.
Medium was removed and filtered
through a Millex-HV 0.45-um syringe fil-
ter and flash-frozen in liquid nitrogen.
Recipient cells were plated at 2 x 10°
cells/35-mm dish 24 h before transduc-
tion. Cells were infected by adding viral
supernatant and 6 ug/mL hexadimethrine
bromide and incubated for 24 h at
32°C/5% CO,. Cells were replated in
75-cm” flasks and screened for expression
48 h later.

lodide Efflux Assay

CFTR/FAP fusion cell lines were as-
sessed for CFTR anion transport activity
by measuring the fluorescence of the
halide-sensitive dye, 6-methoxy-N-(3-
sulfopropyl) quinolinium (SPQ). Cells
were plated on mattek dishes (part num-
ber p35G-1.5-14-C) 24 h before iodide ef-
flux measurement, and correctors were
added to the cells after 24 h and 24 h be-
fore iodide efflux measurements. A com-
bination of 10 umol/L C4 + 5 umol/L
C18, or dimethyl sulfoxide (DMSO) (ve-
hicle), was added. SPQ was loaded into
cells using a hypotonic iodide solution
(above) that was diluted with H,0O 1:1
(v/v) and contained 10 mmol/L SPQ,
and was incubated for 20 min at 37°C as
previously described. After loading, cells



with SPQ were imaged at 40x on an in-
verted epi-fluorescence microscope
equipped for excitation at 350 nm and
emission at 455 nm; images were cap-
tured every 15 s. Cells were perfused
with buffers warmed to 37°C. For each
experiment, the following solutions were
serially perfused across the cells: iodide
buffer, 3 min; nitrate buffer, 3 min; ni-
trate buffer containing 10 umol/L
forskolin and a CFTR-specific potentia-
tor, 300 nmol /L Potentiator-2 (P2) (ob-
tained from Cystic Fibrosis Foundation
Therapeutics), 6 or 8 min; and finally io-
dide buffer, 2 min. Analysis was per-
formed with Image J by analyzing mean
fluorescence intensity of preselected
cells. Data are represented by the maxi-
mum slope of each iodide efflux for each
condition measurement.

SPQ Solutions

Iodide solution contained 130 mmol/L
Nal, 1 mmol/L Mg(NO,), 6H,O, Ca(NO,),
1 mmol/L 4H,0, 4 mmol/L KNO,,
10 mmol /L glucose and 20 mmol/L
N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) hemi-
sodium salt, pH 7.4. Nitrate solution con-
tained 130 mmol/L NaNO,, 1 mmol/L
Mg(NO,), 6H,O, 1 mmol /L Ca(NO,)
4H,0, 4 mmol /L KNO,, 10 mmol/L
glucose and 20 mmol /L HEPES hemi-
sodium salt, pH 7.4.

Flow Cytometry

Quantification of F508del-CFTR rescue
to the cell surface was carried out by mea-
surement of malachite green (MG)-11p
fluorescence activity using flow cytome-
try. HEK293 cells stably expressing either
FAP-F508del-CFTR or F508del-CFTR
EL4-FAP were plated at a cell density of
1 x 10° cells per 35-mm dish. After 12 h,
the growth media were removed and re-
placed with 1 mL DMEM containing var-
ious corrector conditions: 10 umol /L C4,
5 umol /L CFFT-002, 5 umol /L C18,
10 umol /L C4 + 5 umol/L CFFT-002,
10 umol /L C4 + 5 umol /L C18, 5 umol /L
CFFT-002 + 5 umol /L C18 and vehicle
(DMSO) (same volume as maximum
used in corrector treatment). At 24 h after

corrector treatment, cells were removed
from the dishes with Cellstripper™
(nonenzymatic, Cellgro), and cells were
centrifuged at 500g for 5 min at 4°C and
then resuspended in 1 mL PBS. MG-11p
fluorogen (50 nmol /L) was added to all
samples before measurement. Sample
analysis was performed by excitation
with a 640-nm laser, and emission was
captured with a 685/35 filter set. Each
condition consisted of 10,000 recorded
events. Data analysis was performed
using FACS Diva software to obtain the
mean MG fluorescence + standard error
of the mean (SEM) for each population.
The sample sizes for each condition were
as follows: DMSQO, C4 + C18 and CFFT-
002 + C18, n = 5; C4, CFFT-002 and C18,
n = 3. These represent experiments were
performed on separate days. Each sam-
ple was normalized to the mean of C18.

Culture and Treatment of Human
Bronchial Epithelial (HBE) Cells
Primary human bronchial epithelial
(HBE) cells expressing F508del-CFTR
cultured on 6.5-mm Transwell filters
(Costar #3470) were obtained from the
Human Airway Cell Core of the Univer-
sity of Pittsburgh Cystic Fibrosis Re-
search Center. Cultures were differenti-
ated until they developed beating cilia
and electrical resistance >400 Q/cm?
(>3 wks). Cultures were treated with
5 umol /L C18, 5 umol/L CFFT-002 and
a combination of the two by diluting a
1,000 x DMSO stock solution into fresh
HBE culture medium. Treated cultures
were incubated at 37°C for 18-24 h be-
fore Ussing chamber experiments.

HBE Culture

After proliferation, HBE cells were
seeded on human placental collagen-
coated Costar Transwell filters (catalog
#3470; 0.33 cm?, 0.4-um pore) and main-
tained in a medium of 200 nmol/L Hy-
drocortisone (BD Biosciences #354203),
5 ug/mL insulin (Sigma #19278),
10 pug/mL transferrin (BD Biosciences
#354204), 3.3 umol /L epinephrine (Sigma
#E4250), 10 nmol /L triiodothyrodine
(Sigma #T6397), 0.5 ng/mL epidermal

RESEARCH ARTICLE

growth factor (BD Biosciences #354001),
50 nmol /L retinoic acid (Sigma #R2625),
0.8% v/v bovine pituitary extract (Pel-
Freeze #57136-3), 0.5 umol /L ethanola-
mine (Sigma #E9508), 0.5 umol/L
O-phosphorylethanolamine (Sigma
#P0503), 0.5 mg/mL bovine serum albu-
min (Sigma #A3294), 0.5% v/v Ultroser G
(Crescent Chemical #12037-016), 1% stock
4 v /v (BioSource International #341-020),
0.1% v /v stock 11 (BioSource Interna-
tional #347-020), 1% v/ v trace elements
(BioSource International #349-100) and
1% cell culture PSF (Sigma # A5955) in 1 x
DMEM/F12 (Invitrogen #11320-033).

Ussing Chamber Experiments

Filters were mounted in Ussing cham-
bers (Physiologic Instruments #P2300).
The basolateral bathing solution con-
sisted of 120 mmol/L NaCl, 25 mmol/L
NaHCO,, 3.3 mmol/L KH,PO,,
0.8 mmol/L K,HPO,, 1.2 mmol/L CaCl,,
1.2 mmol/L MgCl, and 10 mmol/L
D-glucose. The apical bathing solution
replaced 120 mmol /L NaCl with
120 mmol /L Na glutamate to achieve a
transepithelial chloride gradient. The
bathing solutions were gassed with 95%
0, and 5% CO, to maintain a pH 7.4.
Short-circuit current and transepithelial
resistance were measured continuously
using a voltage-clamp (VCC-MC8) and
Acquire and Analyze v2.3 data acquisi-
tion hardware and software (Physiologi-
cal Instruments, San Diego, CA, USA).

Filters were equilibrated for approxi-
mately 15 min to permit electrical param-
eters to stabilize, and then baseline short
circuit current (I,.) was measured.
Amiloride (10 umol/L) was added to the
apical solution to inhibit epithelial
sodium channel (ENaC)-mediated Na
absorption. After 2 min, 20 umol/L
forskolin was added to the basolateral
chamber to evoke CFTR-mediated anion
secretion. After 3 min, 300 nmol/L CFTR
P2 (http:/ / www.cftrfolding.org/
CFFTReagents.htm) was added to both
solutions. After 2 min, 10 wumol /L CFTR
inhibitor-172 was added to the apical so-
lution. At these times, currents had
achieved steady-state. Changes in short-
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circuit currents were calculated from the
mean currents obtained during the 10-s
period preceding each drug addition.

Immunoblotting

Whole cell lysates from stably express-
ing FAP-tagged CFTR cell lines were ob-
tained by removing cells from 10-cm
dishes in radioimmunoprecipitation assay
(RIPA) buffer: 150 mmol /L NaCl,
50 mmol /L Tris HCl, pH 7.5, 1% Triton x
100, 1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate (SDS) and 1 tablet
of protease inhibitor cocktail (PIC)/10 mL
RIPA buffer (Roche #11-836-153-011). FAP-
CFTR WT and CFTR WT EL4-FAP cell
lines were grown under normal condi-
tions; FAP-F508del-CFTR and F508del-
CFTR EL4-FAP cell lines were treated with
one of the following conditions for 24 h
before harvesting whole cell lysates: (a)
vehicle control (cell culture grade DMSO,
at the volume used for correctors or cor-
rector combinations); (b) CFFT-002
5 umol /L and C18 5 umol/L combination;
or (c) C4 10 umol /L and C18 5 umol /L
combination. Protein concentration was
determined using a BCA protein assay, and
50 ug protein was separated by sodium
dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) using a 3% stack-
ing gel and 5% resolving gel. Proteins were
transferred to a polyvinylidene difluouride
(PVDF) membrane (Immobilon-P PVDF
membranes, Sigma-Aldrich, St. Louis, MO,
USA) at 35 V for 18 h at 4°C. Membranes
were blocked in 5% milk for 1 h at room
temperature. Membranes were incubated
overnight at 4°C and then 1 h at room
temperature in Tris-buffered saline with
Tween containing aCFTR#596 (http:/ /
www.cftrfolding.org / CFFTReagents.htm)
at 1:5,000. Membranes were then incu-
bated for 1 h at room temperature in don-
key anti-mouse secondary (Jackson
Immunoresearch #715-005-150) at 1:10,000
and captured on film using a SuperSignal
West Dura substrate kit (ThermoScientific
#34076).

Microscope Image Acquisition
Images were acquired with NIS-
Elements software using a Nikon Ti

eclipse confocal microscope with a Photo-
metrics® Evolve™ EMCCD Camera cam-
era by using 640-nm laser excitation and a
700/75-nm emission filter. The 40x

(1.30 numerical aperture [NA]) and 60x
(1.49 NA) objectives were used to image at
room temperature with DMEM. Cells
were plated on Mattek dishes (part num-
ber p35G-1.5-14-C). For F508del-express-
ing cell lines, cells were plated at a density
of 1 x 10° cells. Cells were treated with C4
10 umol/L and C18 5 umol/L or vehicle
(DMSO) control 12-24 h later. After 24 h of
treatment, cells were imaged in the
growth medium at 37°C and 5% CO,
using confocal microscopy with either cell-
impermeant (MG-11p) or cell-permeant
(MG-Ester) dye at a concentration of

50 nmol /L. Low-temperature rescue was
achieved by incubating cells at 30°C for

24 h. Fluorescence images of F508del-CFTR
have scaled lookup tables that have been
maintained across these experiments to in-
crease contrast but are different from im-
ages acquired for CFTR WT using Image]
software (National Institutes of Health
(NIH), Bethesda, MD, USA,; http:/ / rsbweb.
nih.gov/ij/). Therefore, comparison be-
tween CFTR WT and F508del images is
not possible to estimate protein expression
and abundance. The 10-um scale bars are
indicated on each image.

Statistics

Statistical analysis was carried out using
Graphpad Prism v5 software. A two-tailed
unpaired Student ¢ test was performed be-
tween each corrector condition and the
DMSO vehicle-treated control. Statistical
significance is represented as follows:
*P = 0.01-0.05; **P = 0.001-0.01, ***P =
0.0001-0.001, ****P < 0.0001.

Reagents

Corrector compounds C4, CFFT-002
and C18 were obtained from the CFFT
panel library (www.cftrfolding.org). Cell-
stripper was purchased from Mediatech
(Manassas, VA, USA). Fluorogens, MG-
11p and MG-ester were provided by the
Molecular Biosensor and Imaging Center
(MBIC) reagent chemistry group
(Carnegie Mellon University).
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RESULTS

Development of CFIR FAP Reporters
and Their Labeling at the Cell Surface

The FAP system consists of a genetically
encodable engineered antibody fragment
(scFv) that binds a small organic dye
called a “fluorogen.” The fluorogen is
completely nonfluorescent in solution, but
on binding to the FAP, its fluorescence ac-
tivity is increased dramatically
(15,000-20,000-fold) (25). The bipartite
FAP and cognate fluorogen system en-
ables the selective visualization of proteins
at the cell surface through the use of a cell-
impermeant fluorogen, MG, fused to an
11-unit polyethylene glycol linker (MG-
11p). Alternatively, the total cellular distri-
bution of FAP-tagged protein can be visu-
alized using MG-ester, a fluorogen that
passively diffuses across the cell mem-
brane and is then trapped within the cell.

To use FAP-based detection for CFTR,
we generated two separate CFTR tagging
strategies, each of which presents the
FAP tag to the extracellular environment,
where it is accessible to the cell-imper-
meant fluorogen. First, we modified the
N-terminus to include the FAP and an
additional transmembrane segment, de-
rived from the PDGEF receptor; this is
called FAP-CFTR (24). Second, we in-
serted the FAP tag into the fourth extra-
cellular loop of CFTR, to generate CFTR
EL4-FAP (Figure 1). EL4 is the largest ex-
tracellular domain in CFTR and has been
used previously to insert epitope tags
and fluorescent proteins (26-28). Because
CFTR had been found to tolerate these
modifications while retaining functional
activity, we chose this location to create
an FAP-CFTR chimeric protein. The
CFTR EL4-FAP chimera was generated
by inserting the FAP in the EL4 between
the two asparagine residues required for
the posttranslational glycosylation of
CFTR (29,30).

To verify that the FAP reporter con-
structs behaved as expected, we ex-
pressed them in HEK293 cells and used
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Figure 1. Topology of CFTR with FAP reporters. (A) Schematic diagram of CFIR tagged
with a FAP reporter at the N-ferminus via an extra fransmembrane spanning fragment
(FAP-CFTR). (B) Insertion of the FAP in the fourth extracellular loop of CFIR located be-
tween the two glycosylation sites (CFTR EL4-FAP).

the cell-impermeant fluorogen, MG-11p,
to ask whether tagged WT CFTR had
progressed to the cell surface. These cells
were imaged using confocal fluorescence
microscopy in the presence of either cell-
impermeant or cell-permeant fluorogen,
and representative images are provided
in Figure 2. Distinct labeling of the cell
membrane was observed with MG-11p
(Figures 2A, C), which indicates that the
CFTR WT FAP fusion proteins are traf-
ficked to, and inserted in, the plasma
membrane, exposing the FAP to the ex-

FAP-CFTR WT

CFTR WT EL4-FAP

tracellular environment. When the same
cells were exposed to MG-ester, there
was a small, yet detectable, additional in-
tracellular pool of protein, but the signal
was predominantly localized to the cell
surface (Figures 2B, D).

Visualization of F508del-CFTR Rescue
To study the trafficking defects of
F508del-CFTR, we used FAP-CFTR and
CFTR EL4-FAP constructs containing the
F508del mutation to examine cellular lo-
cation. HEK293 cells stably expressing ei-

MG-ester

Figure 2. FAP detection of CFTR. HEK293 cells were imaged by confocal fluorescence mi-
croscopy. FAP-CFTR WT and CFTR WT EL4-FAP were detected exclusively at the cell surface
using the cell-impermeant fluorogen MG-11p (A, C) or at the cell surface and in intracel-
lular compartments throughout the cell with cell-permeant fluorogen MG-ester (B, D). The

scale bars indicate 10 um.
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ther the N-terminal or EL4 FAP F508del-
CFTR constructs were grown under con-
trol conditions (vehicle, DMSO) for 24 h
and imaged with MG-11p by confocal
fluorescence microscopy. As expected,
there was no signal because of the added
fluorogen. The F508del-CFTR mutation
prevented trafficking of the protein to
the cell surface and presentation of FAP
at the plasma membrane (Figures 3A, D).
Consequently, the FAP is not exposed to
the extracellular environment and is un-
able to bind and activate the cell-ex-
cluded MG-11p fluorogen. These images
illustrate the low background level ob-
tained from this technology, which can
provide a large dynamic range for sur-
face protein detection. To verify fusion
protein expression under normal condi-
tions, these cells were incubated with the
cell-permeant fluorogen, MG-ester,
which produced a significant intracellu-
lar expression pattern (Figures 3B, E).
These observations are consistent with
the trafficking defect of untagged
F508del-CFTR, since the protein is trans-
lated and inserted into the endoplasmic
reticulum membrane, but translocation
to and beyond the Golgi is blocked.
Next, we tested whether the FAP fu-
sions to F508del-CFTR were capable of
pharmacological rescue by corrector
compounds. Cells were treated with a
combination of correctors (C4 and C18)
for 24 h and then imaged with MG-11p
fluorogen (Figures 3C, F). In contrast to
the vehicle-treated control, both the N-
terminal and the EL4 F508del-CFTR—ex-
pressing cell lines showed activation of
the cell-impermeant fluorogen. This re-
sult demonstrated that the trafficking de-
fect of F508del-CFTR had been rescued
by corrector treatment and that the pro-
tein was present at the cell surface.
Low-temperature incubation (<30°C
for 24 h) is known to rescue the CFTR
trafficking defect and allow some
F508del-CFTR to accumulate at the cell
surface. HEK293 cells expressing the
F508del-CFTR FAP reporter constructs
were incubated at low temperature and
exposed to cell-impermeant fluorogen,
and cell surface labeling was detected for
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Vehicle (DMSO)

C4+C18

MG-11p

MG-ester

MG-11p

Figure 3. Correctors rescue the trafficking defect of FAP-CFTR F508del. HEK293 cells stably
expressing FAP-F508del-CFTR (A-C) or F508del-CFTR EL4-FAP (D-F) were imaged using con-
focal fluorescence microscopy. After freatment with the vehicle (DMSO) control for 24 h,
there was no staining observed in the presence of cell-impermeant fluorogen, 50 nmol/L
MG-11p (A, D). A strong intracellular signal that was not localized to the plasma mem-
brane was revealed on addition of the cell-permeant fluorogen, MG-ester (B, E). After
freatment with a combination of correctors (C4 and C18 for 24 h), F508del-CFTR was de-
tected at the cell surface using cell-impermeant fluorogen, 50 nmol/L MG-11p (C, F).The

scale bars indicate 10 um.

cells incubated at the permissive temper-
ature (30°C) (Figure 4).

Functional Rescue of F508del-CFTR
Next, we investigated whether the FAP
reporter interfered with CFTR-mediated
cAMP-stimulated anion transport by
using a technique that measures regu-
lated anion transport of anions across the
plasma membrane using SPQ, a halide-
sensitive fluorescent indicator dye. SPQ
is quenched by iodide, so that the signal
is weak in iodide-preloaded cells. Re-
placement of medium iodide with ni-
trate, which does not interact with SPQ,
leads to dequenching of the signal in
cells expressing functional CFTR at the
plasma membrane upon treatment with
forskolin. Using this approach, we found
that both the HEK293 cells expressing
the N-terminus or EL4 FAP tagged CFTR
WT constructs displayed a characteristic
pattern of CFTR-mediated iodide efflux

in response to forskolin stimulation (Fig-
ure 5A). Both the N-terminus and EL4 re-
porter constructs produced a rapid in-
crease in SPQ fluorescence, which was
consistent with that observed for un-
tagged CFTR WT. Therefore, the cAMP-
stimulated anion transport activity of
CFTR is maintained with the FAP re-
porter modifications.

In the vehicle-treated controls, neither
the N-terminal nor the EL4 FAP F508del-
CFTR constructs significantly increased
iodide efflux in response to stimulation
(Figures 5B, C). To test whether the res-
cue of F508del-CFTR FAP trafficking re-
sults in the production of functional
channels, we examined anion efflux in
both cell lines after treatment with C4
and C18 correctors for 24 h. The correc-
tor-treated cells generated substantial io-
dide efflux in response to stimulation that
was completely absent in the vehicle-
treated control groups (Figures 5B, C).
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MG-11p

MG-ester

Figure 4. Temperature rescue of FAP-CFTR
F508del. Rescue of FAP F508del-CFTR by
low temperature visualized by confocal
fluorescence microscopy is shown. HEK293
cells expressing FAP F508del-CFTR con-
structs were incubated at the permissive
temperature (30°C) for 24 h. Surface ex-
pression was confirmed by activation of
the impermeant fluorogen (60 nmol/L MG-
11p) for both FAP-F508del-CFTR (A) and
F508del-CFTR EL4-FAP (C). Cell-permeant
staining with 50 nmol/L MG-ester revealed
F508del-CFTR af both the cell surface and
in infracellular pools (B), and a similar result
was found for F508del-CFTR EL4-FAP (D).
Controls without low temperature were as
shown in Figures 3A and D. The scale bars
indicate 10 um.

These results indicate that functional res-
cue of CFTR activity by corrector treat-
ment, that is, anion transport across the
plasma membrane, occurs with both of
the FAP-tagged F508del-CFTR constructs.

Biochemical Rescue of F508del-CFTR
Next, F508del-CFTR FAP reporter pro-
tein expression was assessed by im-
munoblot analysis. The maturation of
WT CFTR can be visualized as two bands
on an SDS-PAGE gel: a more mobile core
glycosylated form, having modifications
acquired in the endoplasmic reticulum (B
band), and a less mobile mature, complex
glycosylated form, produced when the
protein traverses the Golgi compartment
(C band). Consistent with untagged WT
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Figure 5. Correctors rescue F508del-CFTR FAP function. SPQ fluorescence fraces showing iodide efflux in response to 10 umol/L forskolin
stimulation are shown. (A) N-terminus and EL4 FAP-CFTR WT reporters show channel function overlapping with untagged CFTR WT. Stably
expressing FAP-F508del-CFTR (B) or F508del-CFTR EL4-FAP (C) cells were freated with either vehicle (DMSO) or a combination of correc-
tors (C4 + C18 for 24 h). lodide efflux was stimulated with forskolin and a potentiator (300 nmol/L P2).

CFTR, FAP-CFTR WT migrated as two
distinct bands, which we interpret as the
core and mature (B and C, respectively)
forms (Figure 6A), with increases in
molecular weight attributed to the addi-
tion of the FAP tag (~20 kDa). On the
other hand, CFTR WT EL4-FAP did not
exhibit distinct B and C bands (see Fig-
ure 6A). Although a larger migrating
band was present above the core glycosy-
lated form, it did not show a discrete mo-
lecular weight shift expected from Golgi
maturation.

Native F508del-CFTR does not pro-
duce a mature glycosylated band be-
cause it is retained in the endoplasmic
reticulum and degraded before export to
the Golgi. Previous studies have shown
that correctors promote the maturation
of F508del-CFTR, which can be visual-
ized by the appearance of band C
(13,14). To test whether the F508del-
CFTR FAP reporter proteins also exhibit
this behavior, we performed im-
munoblots using the CFTR-specific anti-
body, CFFT#596. Whole cell lysates from
stable HEK293 cell lines expressing ei-
ther the FAP-F508del-CFTR or the
F508del-CFTR EL4-FAP were extracted
from cells that had been treated with
correctors or vehicle (DMSQO). FAP-
F508del-CFTR acquired a band that mi-
grated at the same position as the C
band of FAP-CFTR WT after corrector

A
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Figure 6. Biochemical properties of FAP-CFTRs and evidence of corrector rescue im-
munoblotting were performed on whole cell lysates from cells expressing CFTR. (A)
HEK293 cells expressing either untagged or FAP-CFTR constructs. F508del constructs re-
ceiving freatment with correctors CFFT-002 + C18 or C4 + C18 for 24 h showed an accu-
mulation of higher-molecular weight bands that were not present in the vehicle-tfreated
control. FAP-F508del-CFTR corrected lanes have acquired a fully glycosylated C band,
but corrected F508del-CFTR EL4-FAP shows incomplete glycosylation. (B) HBE cells ex-
pressing untagged F508del were freated with CFFT-002 and C18 either alone or in com-
bination. Mature glycosylated bands were defected with a combination of corrector
freatments but not under control conditions. These biochemical findings agree with the
results from cell surface labeling and function (Figure 7D, Table 1). (C) Densitometry
analysis of these immunoblots shows decreasing molecular weight from left to right.
Clear differences are observed between the combination of corrector treatment and

vehicle.
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treatment with either the CFFT-002 +
C18 or C4 + C18 combinations. This pat-
tern was not evident in the vehicle con-
trol lysates (see Figure 6A). Like FAP-
CFTR WT, F508del-CFTR EL4-FAP
acquired higher molecular weight bands
after both corrector treatments (CFFT-
002 + C18), which were absent under
control conditions (see Figure 6A). Com-
plete glycosylation was not achieved for
the F508del-CFTR EL4-FAP relative to
the N-terminal FAP tag, even after cor-
rector treatment, an observation that is
consistent also for CFTR WT EL4-FAP. In
HBE cells, which express endogenous
untagged CFTR F508del, rescue of a ma-
ture glycosylated band was detected
after treatment with a combination of
CFFT-002 and C18, and at a lower den-
sity after treatment with C18 alone, and
was not evident under control condi-
tions or after CFFT-002 (Figure 6B). Den-
sitometry plots of each of the lanes from
these immunoblots were generated to fa-
cilitate detection and interpretation of
antibody labeling (Figure 6C).

Quantification of Corrector Efficacy
To gain insight on their individual
properties and to characterize available
correctors and combinations, we used
flow cytometry to accurately quantify the
effects of each corrector condition on the
rescue of cell surface CFTR. Flow cytome-
try offers a quantitative output of the flu-
orescence of each cell, while also provid-
ing information on the distribution of
fluorescence across a large cell popula-
tion. We analyzed 10,000 cells per condi-
tion and took the average fluorescence in-
tensity from activation of the MG-11p
signal, which reduced the effects of heter-
ogeneity between cells due to expression
differences and other factors such as cell
cycle. HEK293 cell lines expressing either
FAP-F508del-CFTR or F508del-CFTR
EL4-FAP were incubated with single cor-
rectors or combinations of correctors at
their maximal effective concentrations for
24 h. After corrector treatment, the cells
were brought into suspension using a
nonenzymatic reagent to ensure that pro-
teins at the cell surface remained intact,

Table 1. Summary of corrector efficacy from FAP labeling and functional assays.

FAP-F508del-CFTR

F508del-CFTR EL4-FAP

HBE F508del-CFTR

DMSO 0.34
C4 0.53
CFFT-002 0.55
C18 1

C4 + CFF1-002 0.68
C4+C18 211
C18 + CFF1-002 1.97

0.37 0.18
0.51 0.25
0.48 0.5
1 1
0.52 0.58
1.29 0.96
1.37 1.3

The corrector efficacy for single compounds and combinations sumsnmarized from Figures 7B,
C and D is shown. Resulfs are mean value normalized to C18.

an issue that complicates enzymatic pro-
cedures such as trypsinization. Samples
were analyzed in the presence of cell-im-
permeant fluorogen, MG-11p, and the
fluorescence activation across the popula-
tion over three independent trials was
normalized to the signal obtained for C18
(see Table 1 for a summary of corrector
efficacy data). A representative output of
these experiments is shown in Figure 7A.
C18 + CFFT-002 treatment produced a
dramatic increase in signal in the FAP-
F508del-CFTR samples and a lesser in-
crease in the F508del-CFTR EL4-FAP
samples.

The well-studied corrector C4 pro-
duced a small improvement in plasma
membrane density compared with the
vehicle-treated control (0.53 versus 0.34
and 0.51 versus 0.37 for both the
N-terminus and EL4 F508del-CFTR con-
structs, respectively) (Figures 7B, C). A
statistically significant difference was
found for FAP-F508del-CFTR when
treated with C4 but not for F508del-
CFTR EL4-FAP. Another corrector, CFFT-
002, performed similarly to C4, increas-
ing the density of the N-terminus and
EL4 fusions at the cell surface to 0.55
and 0.47, respectively (see Figures 7B,
C). The most potent single agent correc-
tor tested was C18. Levels of trafficking
correction reached 3.5-fold better than
observed for the reference corrector, C4,
for the N-terminus tagged F508del-CFTR
construct after subtraction of the vehicle
(DMSO) control.

Combinations of correctors were tested
to assess whether they produced more
robust rescue when used together. In the
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FAP-F508del-CFTR-expressing cells, a
combination of C4 and CFFT-002 did not
statistically improve the efficacy over ei-
ther compound alone (see Figure 7B). A
combination of CFFT-002 and C18, how-
ever, resulted in a significant increase in
surface expression, resulting in an 8.6-
fold increase over the rescue achieved by
C4 alone. Similarly, C4 and C18 treat-
ment produced a 9.3-fold improvement
compared with C4 correction. There was
no statistically significant difference
found for the CFFT-002 + C18 versus

C4 + C18 corrector conditions. Even
though all of the correctors were used at
their maximal effective concentrations,
the FAP-F508del-CFTR construct showed
greatly improved trafficking with the
corrector combinations C4 + C18 or
CFFT-002 + C18 compared with single-
compound treatments (Table 1 and Fig-
ure 7B).

The F508del-CFTR EL4-FAP—expressing
cell line similarly did not show a robust
increase of surface expression for the C4
and CFFT-002 corrector combination
compared with either compound alone.
Combinations of corrector treatments in-
creased the relative plasma membrane
density from 0.51 with C4 alone to 1.29
and 1.37 with C4 + C18 or C18 + CFFT-
002, respectively (Table 1 and Figure 7C).
No statistical difference was observed
between the corrector combinations
CFFT-002 + C18 and C4 + C18. Both cor-
rector combinations increased the plasma
membrane density of F508del-CFTR EL4-
FAP over the single corrector treatments
alone; however, the level of improve-
ment was not as robust as the effect seen
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Figure 7. Quantification of corrector efficacy by flow cytometry and short circuit cur-
rent measurements. Corrector efficacies of single-corrector compounds or combina-
tions, determined by flow cytometry or Ussing chamber measurements are shown. (A)
A representative flow cytometry histogram for HEK293 cell lines showing the distribution
of MG-11p fluorescence signal for the vehicle confrol (dashed line) and CFFT-002 + C18
(solid line) corrector freatment. Fluorescence activity is plotted along the horizontal
axis using a logarithmic scale. Bar graphs show the mean fluorescence intensity of
HEK293 cells expressing either FAP-F508del-CFTR (B) or F508del-CFTR EL4-FAP (C) for
each condition, normalized to the effect of C18. Data are presented as the mean +
SEM (n = 3). (D) Short circuit currents were measured across polarized HBE cells, which
express endogenous, untagged F508del-CFTR. Corrector efficacy was determined from
the currents generated by addifion of forskolin and potentiator P2, as described in Re-
search Design and Methods and normalized to the current obtained for C18-treated
epithelia (9.0 + 1.1 Al [uA/cm2)). Data are presented as the mean + SEM (n = 6 and

n = 36 fotal observations). (E) Representative traces of short-circuit current (I,.) across
primary cultures of HBE cells mounted in Ussing chambers. |, was measured after
freatment of HBE cells with the corrector combination, C18 + CFFT-002, or vehicle
(DMSO) for 24 h. Statistical significance is represented as follows: *P = 0.01-0.05; **P =
0.001-0.01, ***P = 0.0001-0.001, ****P < 0.0001.
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from the FAP-F508del-CFTR cell line
(Table 1 and Figure 7C).

Corrector Efficacy in
F508del-CFTR-Expressing HBE Cells
HBE cells have emerged as a validated
preclinical system in drug discovery for
CF (31). Efficacy data obtained from
anion transport measurements in differ-
entiated HBE cells, together with accept-
able toxicology outcomes, can advance
candidate small molecules to clinical tri-
als. Therefore, this system can provide a
reference for evaluating the potential of
the FAP approach as a screen for drug
discovery or development. We cultured
HBE cells from CF patients homozygous
for the F508del mutation to compare the
rescue of stimulated anion transport,
measured as a transepithelial current in
Ussing chambers, with the data obtained
from the HEK293 FAP-tagged F508del-
CFTR cell lines. In these studies, C4
showed no statistically significant rescue
of F508del-CFTR currents over vehicle-
treated controls. Consistent with data ob-
tained in HEK293 cells, however, we
found that the most potent single com-
pound in primary HBE cells was C18,
which significantly rescued channel
function compared with control-treated
cells (Figure 7D). The combination of
CFFT-002 and C18, but not C4 and the
other correctors, increased the extent of
functional rescue compared with these
compounds when used individually. Fig-
ure 7E shows a representative trace from
these Ussing chamber experiments with
the most robust combination of correc-
tors, C18 + CFFT-002. Although some
quantitative differences emerge from the
comparison of HEK293 and HBE cells,
the data were qualitatively similar in
these very different systems and assays.

DISCUSSION

Selective detection of proteins at the
cell surface is a prerequisite for studying
the trafficking behavior of membrane
proteins, such as CFTR, to and from the
plasma membrane and for evaluating
therapeutic approaches to diseases of
protein folding. Traditionally, this has
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been accomplished by time- and labor-
intensive biochemical labeling methods
such as biotinylation and immunofluo-
rescence. By using a genetically encoded
FAP reporter, however, we can selec-
tively label CFTR at the cell surface in
live cells instantly without the need for
incubation or wash steps that may mod-
ify the cellular handling of CFTR. The
cell-impermeant fluorogen remains dark
when free in solution; however, upon
binding to the FAP, fluorogen fluores-
cence increases >15,000-fold. These fea-
tures provide low background signal, ex-
cellent signal-to-noise and a large
dynamic range, and they eliminate the
need for wash or blocking steps to re-
move nonspecific signals. Proper traffick-
ing and localization of FAP-tagged CFTR
to the cell surface was confirmed using
confocal fluorescence microscopy in sta-
ble cell lines. Importantly, F508del-CFTR
FAP protein was absent from the plasma
membrane under normal conditions, but
was readily detected by cell-impermeant
fluorogen after treatment by currently
available correctors.

Immunoblot analysis was used to re-
veal the glycosylation state of the FAP-
CFTR WT and CFTR WT EL4-FAP fusion
constructs. The N-terminal FAP-CFTR
WT fusion protein migrated as two dis-
tinct bands, the core and mature bands
characteristic of untagged CFTR WT. The
CFTR EL4-FAP construct did not pro-
duce a distinct mature band, which sug-
gests that the efficiency of its glycosyla-
tion was impaired. The fourth
extracellular loop of CFTR is the locus of
two asparagine residues (N894 and
N900) that acquire N-linked glycosyla-
tion and other modifications; therefore,
careful consideration was taken to pre-
serve these residues, and the consensus
glycosylation sequences (NXS/T) sur-
rounding them, in the FAP fusion con-
struct (29,30). The observed incomplete
glycosylation could be due to reduced
glycan modification or partial oligosac-
charide modification at these sites, which
may result from impaired glycosylation
enzyme recognition and /or accessibility
at these sites when the FAP tag is pres-

ent. Modification of the FAP location
within EL4 or by varying the spacer
length and/or properties may improve
glycosylation. However, in view of the
adequacy of the N-terminal reporter, this
step has not been pursued.

Importantly, immunoblots showed that
corrector treatment was capable of rescu-
ing the maturation of FAP-F508del-
CFTR, albeit modestly (Figure 6). Accu-
mulation of the C band after corrector
treatment is quite low with untagged
F508del-CFIR and can depend on the
cell type examined (13,15). To date, C4 is
one of the most well-studied correctors
for F508del-CFTR rescue. However, the
efficiency of rescue for C4 is quite lim-
ited across multiple cell types that have
been tested (15,18,32). This result is in
agreement with data obtained from both
F508del-CFTR FAP constructs in HEK293
cells as well as the currents associated
with F508del-CFTR endogenously ex-
pressed from HBE cells, where functional
C4 correction efficacy was poor (Table 1).
Unlike C4, C18 displayed a more robust
rescue in both HEK293 cells expressing
FAP-CFTR constructs and in HBE cells
expressing endogenous F508del-CFTR.
Because rescue by C18 was independent
of cellular background, this molecule
may interact directly with F508del-CFTR
or through a common quality control
pathway expressed in both systems. Fu-
ture studies to determine the exact mech-
anism of these correctors, especially C18
and related compounds, will increase our
understanding of the F508del-CFTR fold-
ing defect and can help guide the design
of new and more effective correctors or
corrector combinations.

Combinations of corrector treatments,
particularly CFFT-002 and C18, improved
F508del-CFTR trafficking and function
over single corrector treatments alone
(Table 1). The enhanced effects produced
from combinations of correctors, acting at
their maximally effective concentrations,
indicate that these corrector compounds
likely have distinct targets and / or mech-
anisms of action. One possibility is that
each corrector interacts with a different
structural feature of F508del-CFTR to sta-
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bilize their folding or reduce nonproduc-
tive folding intermediates. Because the
folding defect of F508del involves multi-
ple domain and interdomain interactions,
multiple interaction sites may be neces-
sary for optimal correction of the mis-
folded protein (33-37). Alternatively, res-
cue might be achieved indirectly through
the modulation of folding chaperones or
by suppressing ER-associated degrada-
tion (ERAD) quality control pathways
that promote F508del-CFTR ubiquityla-
tion and degradation. In addition, since
rescued F508del-CFTR may also be sub-
ject to quality control pathways at the cell
surface, rescue improvements may arise
via actions at different cell loci (28,38). Be-
cause the development of combination
therapies to correct CFTR trafficking may
be required to obtain sufficient efficacy,
the availability of a method with a broad
dynamic range should optimize the de-
tection of a signal that approaches that of
WT CFTR.

Alternative tagging strategies were
used to study CFTR to minimize arti-
facts due to the fluorescent reporter po-
sition. Although, the N-terminus and
EL4 constructs both produced functional
CFTR fusion proteins for which behavior
was qualitatively similar, there were
some important differences between
them. In addition to the impaired glyco-
sylation of the EL4 constructs, the
plasma membrane density and anion
transport of F508del-CFTR EL4-FAP,
even after corrector treatment, was sub-
stantially diminished compared with the
N-terminal fusion. Therefore, the N-ter-
minal fusion appears to be superior be-
cause of its more robust expression, gly-
cosylation state and anion transport
capabilities.

The pattern of corrector efficacy was
strikingly similar across the disparate
cell types and assays that we examined,
and this has not always been observed
(15,16). Nevertheless, our results high-
light the fidelity of the FAP reporter sys-
tem to recapitulate the behavior of
F508del-CFTR in a system that ex-
presses the mutant untagged protein en-
dogenously. Taken together, these re-



sults demonstrate that the FAP reporter
system is sensitive enough to elucidate
differences in the extent of correction of
cell surface expression among different
correctors. Moreover, this pattern of cor-
rector action correlates with functional
data obtained from differentiated human
airway epithelia, a drug development
system that has enabled the transition
from preclinical data to clinical trials
(39,40).

CONCLUSION

The development of this unique fluo-
rescent detection platform addresses a
largely unmet need in CF research, pro-
viding the ability to rapidly detect CFTR
at the cell surface. Considerable progress
has been made toward understanding the
biology and physiology of CFTR; how-
ever, technological restrictions such as
limited dynamic range, multiple wash
and labeling steps and long data acquisi-
tion times may have hampered drug de-
velopment. As a proof of principle, this
system has been validated with known
corrector compounds, but could be
adapted to a multi-well format to screen
for new correctors. Therefore, this
fluorescence-based approach could
streamline the current drug development
pipeline. Moreover, this system was de-
signed in a manner that could make it
generally adaptable to other conditions
that impair protein folding and/or
plasma membrane trafficking. This grow-
ing list includes diseases such as type 2
diabetes (glucose transporter [GLUT]-4,
insulin receptor), long QT syndrome
(hERG), familial hypercholesterolemia
(low-density lipoprotein [LDL] receptor),
diabetes insipidus (aquaporin-2), diseases
of retinal degeneration (bestrophin-1
[BEST1]) and others.
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