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Abstract

Cystic Fibrosis (CF) is caused by mutations in the CF transmembrane conductance regulator
(CFTR) gene, which encodes a cAMP-activated anion channel expressed in epithelial cells. The
most common mutation AF508 leads to protein misfolding, retention by the endoplasmic
reticulum, and degradation. One promising therapeutic approach is to identify drugs that have
been developed for other indications but which also correct the CFTR trafficking defect, thereby
exploiting their known safety and bioavailability in humans and reducing the time required for
clinical development. We have screened approved, marketed and off-patent drugs with known
safety and bioavailability using a AF508-CFTR trafficking assay. Among the confirmed hits was
glafenine, an anthranilic acid derivative with analgesic properties. Its ability to correct the
misprocessing of CFTR was confirmed by in vitro and in vivo studies using a concentration that
is achieved clinically in plasma (10 uM). Glafenine increased the surface expression of AF508-
CFTR in BHK cells to ~ 40% of that observed for wt-CFTR, comparable to the known CFTR
corrector VRT-325. Partial correction was confirmed by the appearance of mature CFTR in
Western blots and by two assays of halide permeability in unpolarized BHK and HEK cdlls.
Incubating polarized CFBE41o0 monolayers and intestines isolated from AF508-CFTR mice
(treated ex-vivo) with glafenine increased the short-circuit current (ls;) response to forskolin +
genistein, and this effect was abolished by 10 pM CFTR;n172. In vivo treatment with glafenine
also partially restored total salivary secretion. We conclude that the discovery of glafenine as a
CFTR corrector validates the approach of investigating existing drugs for the treatment of CF,

although localized delivery or further medicinal chemistry may be needed to reduce side-effects.
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Introduction

Cystic fibrosis (CF) is a common autosomal recessive disorder characterized by pulmonary
disease and exocrine gland dysfunction (O’ Sullivan and Freedman, 2009). It is caused by
mutations in the CF transmembrane conductance regulator (CFTR) gene, which encodes a
CAMP-activated anion channel that is expressed in epithelia of thelung, pancreas, intestine, liver,
sweat glands and reproductive tract (Rommens et al., 1989; Riordan et al., 1989; Hanrahan et al.,
2003). Among the >1600 known mutations of the CFTR gene (www.genet.sickkids.on.calcftr/),
the most common is a deletion of phenylalanine at position 508 in the first nucleotide-binding
domain (NBD1). This mutation (AF508), which is present on at least one chromosome in ~90%
of people with CF, impairs the folding, trafficking, membrane stability, and gating of the AF508-
CFTR channel protein (Cheng et al., 1990; Lukacs et al., 1993; Hwang and Sheppard, 2009).
Although the mutant is retained in the endoplasmic reticulum (ER) and rapidly degraded in the
proteasome (Kopito et al., 1999) the trafficking defect can be reversed by incubation at <30°C or
by chemical chaperones such as glycerol or phenylbutyrate (Denning et al., 1992; Sato et al.,
1996; Rubenstein et al., 1997). The rescued protein has reduced metabolic stability and is less
responsive to stimulation by cAMP agonists compared to wild-type CFTR (Dalemans et al.,
1991; Swiatecka-Urban et a., 2005). Nevertheless, recovery of a small fraction of CFTR function
may be sufficient to alleviate CF symptoms (Johnson et al., 1992).

Some small molecules, named CFTR correctors, have been reported to partially restore
AF508-CFTR function, including 4-phenylbutyrate and curcumin (Rubenstein et a., 1997; Egan
et al., 2004), the quinazoline CFTR corrector VRT-325, and diverse compound families such as
benzo[ c]quinoliziniums, aminoarylthiazoles, bis-aminomethylbithiazoles and phosphodiesterase
Type 5 inhibitors (Dormer et a., 2001; Dormer et al., 2005; Loo et al., 2005 ; Pedemonte et al.,

2005; Van Goor et a., 2006 ; Carlile et al., 2007, Robert et al., 2008). Moreover, clinicaly
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available drugs such as sildenafil and the alpha-glucosidase inhibitor miglustat also partially
correct AF508-CFTR processing (Dormer et al., 2005; Norez et al., 2006). One strategy for CF
drug development is to exploit the known safety and bioavailability of clinically available drugs
to reduce the time needed for pre-clinical development. For this reason we have screened the
Prestwick Chemical Library using a high throughput screening (HTS) assay that identifies
AF508-CFTR trafficking correctors (Carlile et al., 2007). This collection contains 1120 pure and
structurally diverse compounds of which 90% are drugs that have been marketed for a broad
spectrum of therapeutic actions in neuropsychiatry, cardiology, immunology, and the treatment of
pan and inflammation. The remaining 10% are bioactive alkaloids or related substances with
drug-like characteristics.

One hit from this HTS campaign was glafenine, which has been used previoudy in the
treatment of pain (Ginsberg et al., 1983). Here we evaluated the potency of glafenine as a
corrector of AF508-CFTR processing in severa in vitro model systems including non-polarized
epithelial cells, human airway epithelial cell monolayers, and freshly isolated intestines from CF
mice. We found partial correction of AF508-CFTR trafficking in these preparations and also in
vivo using transgenic CF mice, suggesting that glafenine may be useful in the development of

therapeutics for the treatment of CF.
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Materialsand Methods

High throughput screening assay

Screening was performed using BHK cells that stably express AF508-CFTR bearing three tandem
haemaggl utinin-epitope tags (3HA) and linker sequences in the fourth extracellular loop after
amino acid 901 (Carlile et a., 2007; Robert et al., 2008). Rescue of the mutant by test compounds
was monitored by measuring antibody binding to cells that had been fixed with paraformaldehyde

(for details see Carlile et a., 2007).

Y FP fluor escence assay

Strongly adhesive Human Epithelial Kidney cells stably expressing both the human macrophage
scavenger receptor (HEK293 Griptite) and AF508-CFTR were plated in 96-well plates and
transently transfected with pcDNA3 plasmid encoding a halide sensitive variant of eYFP
(H148Q/1152L). After 24h cells were exposed to 10uM test compound in triplicate and incubated
for an additional 24h. Cells were then stimulated with 25uM forskolin, 45uM IBM X and 50uM
genistein for 20 minutes and the high content screening assay was performed using a Cellomics
platform as described by Trzcinska-Daneluti et al. (2009). 50mM iodide was added robotically
and the resulting decrease in fluorescence was measured. Images were taken at time 0, stored and
used later to calculate a mask that selected cells which expressed YFP at time O for halide flux
measurements. Quenching was detected in 15 images taken over the course of an experiment

lasting 40 seconds. Results were generated from 150-300 cells per well.
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Immunaoblot analysis

Total protein was quantified in cell lysates using the Bradford assay (BioRad), separated using
SDS-PAGE (6% polyacrylamide gels), and analyzed by Western blotting as described previously
(Robert et al., 2008). Western blots were blocked with 5% skimmed milk in PBS and probed
overnight at 4°C with a monoclonal primary anti-CFTR antibody (clone M3A7, Chemicon)
diluted 1:1000. The blots were washed four times in PBS before adding the secondary HRP-
conjugated anti-mouse antibody at a dilution of 1:5000 (Amersham) for one hour at room
temperature, then washed again five times in PBS and visualized using chemiluminescence
(Pierce). The relative intensity of each CFTR glycoform (band B or band C) was estimated by
densitometry using Imagel software and reported as a percentage of wild-type CFTR after

normalization to the amount of tubulin in the same lane.

Immunostaining

BHK and CFBE cells were seeded onto 25-mm diameter glass coverslips and incubated at 37°C
overnight. Another aliquot of CFBE cells was seeded onto 12-mm fibronectin-coated Snapwell
inserts (Corning Incorporated) and the apical medium was removed after 24h to establish an air-
liquid interface. Cells were then treated with 0.1% DM SO (vehicle control), 10uM glafenine in
DM SO, or incubated at 29°C for 24h. Cells grown on coverslips were rinsed in TBS, fixed with
3% paraformaldhehyde (PFA) in TBS for 20 min at room temperature, then rinsed in TBS,
permeabilized with 0.1% Triton X-100in TBS for 10 min, and rinsed again with TBS. CFBE
monolayers grown on Snapwell filters were fixed in 4% PFA in PBS for one hour, rinsed with
PBS, extirpated, and imbedded in paraffin. Sections (5um) were laid on microscopy dslides, re-

hydrated by successive immersion in xylene (3 baths), ethanol (2 baths), 70% ethanol, 50%
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ethanol and water. The samples were then stained by indirect immunofluorescence as follows:
After fixation, non-specific binding sites were blocked with TBS containing 0.5% BSA for 1h at
room temperature, then the cells were stained with primary antibody (anti-CFTR C-terminal
monoclonal, 1:100, clone 24-1, R&D Systems) for 90 min a room temperature and rinsed in
TBS containing 0.5% BSA. Next, samples were incubated either with the goat anti-mouse FITC
or Cy3-conjugated secondary antibody to detect CFTR (1:1000; Jackson ImmunoResearch
Laboratories). Samples were mounted in Prolong Gold anti-fade solution (Invitrogen) with or
without DAPI for observation with a confocal laser scanning microscope (Carl Zeiss, Confocor

LSM 510 META, x63/numerical aperture 1.4, ail).

Halide efflux assay

Assays were performed using a robotic liquid handling system (BioRobot 8000, Qiagen) and
Qiagen 4.1 software. Cells were cultured to confluence in 24-well plates. Cells were treated for
24h with vehicle (DM SO, 1:1000), with the test compounds glafenine, VRT-325 (Van Goor et
al., 2006) or corr-4a (Pedemonte et al., 2005) or incubation at 29°C. The medium in each well
was then replaced with 1 ml of iodide loading buffer: 136 mM Nal, 3 mM KNOsz; 2 mM
Ca(NOs)2, 11 mM glucose, 20 mM Hepes, pH 7.4 with NaOH) and incubated for 1h at 37°C. At
the beginning of each experiment, the loading buffer was removed by aspiration and cells were
washed eight times with 300 pl efflux buffer (same as loading buffer except that Nal was
replaced with 136 mM NaNOs) to remove extracellular I. Efflux was measured by replacing the
medium with 300 pl fresh efflux buffer at 1 min intervals for up to 11 min. The first four aliquots
were used to establish a stable baseline, then buffer containing 10uM forskolin + 50uM genistein
was used to stimulate CFTR activity. lodide concentration was measured in each aliquot (300 pl)

using an iodide-sensitive electrode. Relative iodide efflux rate was calculated using the difference
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between maximum (peak) iodide concentration during stimulation and minimum iodide

concentration before stimulation (in pM.min™). Data are presented as means + SEM.,

Voltage-clamp of CFBE410- cell monolayers

Short-circuit current () was measured across monolayers in modified Ussing chambers.
CFBE410 cells (10°) were seeded onto 12-mm fibronectin-coated Snapwell inserts (Corning
Incorporated) and the apical medium was removed after 24h to establish an air-liquid interface.
Transepithelial resistance was monitored using an EVOM epithelial volt-onmmeter and cells were
used when the transepithelial resistance was 300-400 Q.cm”. AF508-CFBE410 monolayers were
treated on both sides with optiMEM medium containing 2% (v/v) FBS and one of the following
compounds: 0.1% DMSO (negative control), 10uM glafenine, 10uM VRT-325, or cells were
incubated at 29°C (positive control) for 24h before being mounted in EasyMount chambers and
voltage clamped using a VCCMC6 multichannel current-voltage clamp (Physiologic
Instruments). The apical membrane conductance was functionally isolated by permeabilizing the
basolateral membrane with 200 pg/ml nystatin and imposing an apical-to-basolateral Cl™ gradient.
The basolateral bathing solution contained (in mM) 1.2 NaCl, 115 Na-gluconate, 25 NaHCO;,
1.2 MgCl,, 4 CaCly, 2.4, KHPO4 1.24 K;HPO, and 10 glucose (pH 7.4). The CaCls
concentration was increased to 4mM to compensate for the chelation of calcium by gluconate.
The apical bathing solution contained (in mM) 115 NaCl, 25 NaHCOs, 1.2 MgCl,, 1.2 CaCl,, 2.4
KH2PO,, 1.24 K;HPO, and 10 mannitol (pH 7.4). The apical solution contained mannitol instead
of glucose to eliminate currents mediated by Na'-glucose co-transport. Successful
permeabilization of the basolateral membrane was obvious from the reversal of s under these
conditions. Solutions were continuously gassed and stirred with 95% O,-5% CO, and maintained

at 37°C. Ag/AgCI reference electrodes were used to measure transepithelial voltage and pass
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current. Pulses (ImV amplitude, 1s duration) were delivered every 90s to monitor resistance. The
voltage clamps were connected to a PowerLab/8SP interface for data collection. CFTR was

activated by adding 10uM forskolin + 50uM genistein to the apical bathing solution.

Ex-vivo experiments

Glafenine was tested ex-vivo using ileum from homozygous AF508-CFTR mice (backcrossed on
the FVB genetic background for more than 12 generations, Cftr™ 5': van Doorninck et al., 1995)
and wild-type littermates controls. Only female mice, 14-17 weeks old and weighing 24-30g
were used in this assay, and were genotyped by standard PCR methods using tail DNA. The
mice were kept in the animal facility at McGill University and fed a high protein diet (SRM-A,
Hope Farms, Woerden, NL) modified to contain pork instead of beef. All procedures followed
Canadian Institutes of Health Research (CIHR) guidelines and were approved by the faculty
Animal Care Committee. For ex-vivo experiments, the last third of the ileum was stripped of
muscle and several pieces were mounted immediately in Ussing chambers. After equilibration for
10-15 minutes, | was measured at time Oh and 10uM forskolin + 50uM genistein were added
(Oh). Following this stimulation, each piece of ileum was rinsed and incubated in William’'s E-
Glutamax medium supplemented with insulin (10pg/ml), 100U/ml penicillin, and 100pg/ml
streptomycin and dexamethasone (20pg/ml). Each piece was exposed to 10uM glafenine
dissolved in DM SO or to vehicle alone (0.1% DM SO) for 4h, then the I« response to forskolin +
genistein was measured again. Tissue viability was confirmed by adding 10mM glucose to
stimulate electrogenic Na'-glucose co-transport (the apical solution normally contained mannitol

instead of glucose). Results are expressed as the mean + SEM of n pieces of ileum from N mice.

10
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Salivary secretion

The procedure followed those described by Best & Quinton (Best & Quinton, 2005). Only male
homozygous A508-CFTR (Cftr™ ") and wild-type mice of the same strain, 10-12 weeks old and
weighing 20-25g were used in this assay. A micro osmotic pump (Alzet Model 1003D) was fixed
under the skin on the back of each mouse to deliver glafenine or vehicle for 48h. The micro
osmotic pumps were filled with 90pl of solution containing glafenine in DM SO (50mg/ml) or
90ul of DM SO (controls). The mean pump rate was 1l per hour, representing a delivery rate of
50ug of glafenine per hour. Mouse body weight and behaviour were monitored to assess the well-
being of the mice. After 48h, mice were anaesthetized with ketamine and diazepam and treated
with a subcutaneous injection of 1mM atropine into the left cheek. Small strips of Whatman filter
paper were placed inside the previoudy injected cheek for ~4 min to absorb any saliva. Solution
containing 100uM isoprenaline and 1mM atropine was then injected into the left cheek at the
same site to induce secretion at time zero and the filter paper was replaced every minute for 30
minutes. Each piece of filter paper was immediately placed and sealed in a pre-weighed vial and
the time of removal was recorded. The total amounts of salivary secretion were normalized to the

mass of the mouse in grams. Results are expressed as the mean + SEM of n mice.

Statistics

All results are expressed as the mean + SEM of n observations. Data sets were compared by
analysis of variance (ANOVA) or Student’s t-tests using GraphPad Prism version 4. Differences
were considered statistically significant when p<0.05. ns: non significant difference, * p<0.05, **

p<0.01, *** p<0.001.

11
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Results

To test the hypothesis that drugs developed for other indications might correct AF508-
CFTR trafficking, we identified and validated hit compounds as outlined in Figure 1A. For the
first step we used a protein trafficking assay based on immunodetection of HA epitopes in the
fourth extracellular loop of AF508-CFTR (Carlile et al., 2007). A primary screen of 1120
compounds yielded 61 positive compounds having fluorescence values >1 standard deviation
above the mean for the plate. These hits were selected (cherry picked) and re-tested in duplicate.
Positive compounds with intrinsic fluorescence were not considered further. From the original 61
positives, 50 were confirmed by immunodetection of surface HA epitopes at the cell surface and
counter screened for functional correction using an eY FP fluorescence quenching assay in which
halide permeability is detected by iodide entry using a high content screening platform (see
methods). Of the 50 confirmed hitsin the trafficking assay, 15 were aso positive according to the
functional assay, leading to 25 — 70% quenching of the YFP signal of the positive control (cells
incubated at low temperature). Thus, based on the sequential use of trafficking and functional
assays we identified a small number of known drugs or drug-like molecules with AF508-CFTR

corrector activity.

One of the hits was glafenine hydrochloride (2-[ (7-chloro-4-quinolinyl)amino] benzoic acid
2,3-dihydroxypropyl ester; Figure 1B), a non-steroidal anti-inflammatory drug which has been
used previously as an analgesic although it is not presently on the market in most countries.
According to the trafficking assay glafenine increased AF508-CFTR surface expression by 40%
when compared with AF508-CFTR cells treated with vehicle alone and normalized to BHK cells
expressing wild-type CFTR (Figure 1C). We compared the effects of glafenine with those of the

established corrector VRT-325 under identical conditions (Van Goor et al., 2006). VRT-325,

12
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which has some toxicity in cell culture, caused a smilar increase in AF508-CFTR cell surface
expression (36%), athough the level of surface expression was still less than following
temperature correction at 29°C, or when compared with a representative cell line expressing
3HA-tagged WT-CFTR, which was taken as 100% when normalizing the values obtained for

each experiment under different condition (Figure 1C).

Glafenine effects on trafficking were further confirmed using the YFP functional assay
(Figure 1D). Tresating cells with 10uM glafenine for 24h enhanced the cAMP-stimulated iodide
influx into cells expressing AF508-CFTR and Y FP, indicating that functional CFTR at the plasma
membrane was increased (Figure 1D), although glafenine and VRT-325 both caused less rescue

than incubation at low temperature (Figure 1C and D).

To further validate glafenine as a CFTR corrector, its effect on protein expression and
maturation was analyzed by immunoblotting (Figure 2A). Maturation was confirmed by the
appearance of the complex glycosylated (band C) form of AF508-CFTR in BHK cells after
treatment with 10uM glafenine for 24h, consistent with results from the screening assay (Figure
2A). The extent of correction is shown semi-quantitatively in Figure 2B. Glafenine increased the
expression of the immature CFTR glycoform (band B) by 8-fold and the mature CFTR glycoform
(band C) by 3-fold when compared to DM SO treatment (vehicle; Figure 2B). This increase
represents 30% (immature form) and 8% (mature form) of the CFTR signal in BHK cdlls
expressing wild-type CFTR (wt; Figure 2B). Thus immunoblotting results confirmed that
glafenine enhances the maturation of AF508-CFTR protein, although it was less efficacious than
low temperature (29°C) .

The cdlular localization of AF508-CFTR protein was examined in BHK and CFBE cells

after glafenine treatment by indirect immunofluorescence staining and confocal microscopy. In

13
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control cells (DMSO), AF508-CFTR protein was predominantly located around the nucleus in
both BHK and CFBE cells cultured at 37°C (Figure 2C). Treatment with glafenine (10uM) or
low temperature (29°C) for 24h caused redistribution of AF508-CFTR protein toward the
periphery, causing the margins of BHK and CFBE cells to become more distinct (Figure 2C),
consistent with trafficking to the plasma membrane. In polarized CFBE monolayers that had been
treated with vehicle alone, CFTR staining was intracellular with no CFTR detectable at the apical
(@) surface (Figure 2C, CFBE AF508 polarized), however when incubated with glafenine or at
low temperature, CFTR staining became evident along the apical surface (Figure 2C, see arrows)
indicating partial correction of the trafficking defect.

In view of the increased AF508 CFTR expression at the plasma membrane induced by
glafenine, we tested halide permeability using an automated iodide efflux assay and compared its
activity with the known correctors VRT-325 (10uM) and corr-4a (10uM) (Figure 3). Treatment
with glafenine (10uM) for 24h partially restored iodide efflux responses to 10uM forskolin +
50pM genistein when compared with control cells treated with vehicle alone (Figure 3A).
Consistent with the Y FP-quenching results, glafenine increased the cAMP-stimulated response
3.3-fold, as compared to 4.9-fold and 7-fold changes obtained with other correctors and low
temperature, respectively (Figure 3B). We also examined different concentrations of glafenine
and found that 1-10uM glafenine was required to restore AF508-CFTR iodide efflux significantly
in BHK cells (Figure 3C). These results suggest that glafenine increases AF508-CFTR activity at
concentrations in the 1-10uM range in BHK cdlls with efficacy that is about half that of low
temperature.

Since BHK cells are non-polarized and trafficking might differ from that in epithelial cdlls,

glafenine was also tested by monitoring CFTR-dependent |y across polarized CFBE41o cell
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monolayers in Ussing chambers. The basolateral membrane was permeabilized using nystatin to
ensure that apical CI- conductance was rate-limiting for the lg stimulation. Figure 4A shows
representative recordings of the Iy obtained from AF508-CFBE410° monolayers that had been
incubated with vehicle alone, 10uM glafenine or 10uM VRT-325 at 37°C for 24h. In the
condition used, forskolin and genistein stimulated a small current response even in control
monolayers maintained at 37°C (Figure 4A, vehicle), and the current was sensitive to the CFTR
channél blocker CFTRinr-172 (10uM) indicating some residual AF508-CFTR activity in these
cells. Glafenine and VRT-325 (10uM for 24h) increased the forskolin + genistein-stimulated |«
by about 1.25 and 2-fold compared with DM SO controls (n = 5), respectively (Figure 4B). The
corrected |y was blocked by CFTRinh-172, indicating that the stimulated-current was mediated by
AF508-CFTR (Figure 4A). Functiona rescue by glafenine (n = 6) was 3.7% of that induced by
low-temperature (29°C; n = 10), representing ~1.8% of the wild-type CFTR current (Figure 4B,
note scale). These results confirm that glafenine causes a modest but significant correction of
AF508-CFTR activity in polarized CFBE airway epithelial cell monolayers. Because certain
small-molecule modulators may exhibit dual corrector and potentiator activities (Dormer et al.,
2001), we examined the potentiating effect of glafenine to exclude the possibility that it acutely
stimulates pre-existing chloride channels rather than trafficking correction. For these studies,
polarized CFBE airway epithelial cell monolayers were first incubated at 29°C for 24h to rescue
AF508-CFTR, then mounted in Ussing chambers to assess the potentiating effect of 10uM
glafenine after forskolin stimulation (Figure 4C). Unlike genistein, glafenine did not further
increase |, indicating that it is not a AF508-CFTR potentiator (Figure 4C and D).

Transgenic mice that are homozygous for the AF508 mutation have reduced cAMP-
stimulated secretion in some tissues, which can be partially rescued by low temperature (French

et al., 1996). To investigate glafenine effects in native tissue (see Figure 1A), pieces of intestine
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were isolated from homozygous AF508-CFTR mice and from non-CF littermate controls (wt) and
their | responses to forskolin and genistein were recorded. Responses were measured twice, at
time 0 (Oh) and then again after 4h incubation ex-vivo in William's E-Glutamax medium
containing 10uM glafenine or 0.1% DM SO (4h) to assess inter-tissue variation and to control for
any time-dependent changes (Figures 5A and 5B). Incubation with 10uM glafenine for 4h
increased the response to 10uM forskolin + 50uM genistein by 38% (1.5-fold; grey bar) relative
to those at time O, and this increase was statistically significant at p<0.05 (Figures 5A and 5B; n =
20). By contrast, incubation with vehicle alone (white bar) under identical conditions did not
affect the I response to forskolin + genistein (Figures 5A and 5B; n = 18). This increase
represents restoration of ~5% of the response observed using tissues from wild-type mice
(Figures 5A and 5B; n = 11). Genistein had a weak effect on Iy across mouse intestinal
epithelium consistent with a less severe impact of AF508 on mouse CFTR (Ostedgaard et al.,
2007) and hence less dependence on potentiators compared to human AF508-CFTR.

CF mice provide a unique opportunity to test the efficacy of correctorsin vivo, therefore we
tested glafenine in-vivo using an assay developed by Best & Quinton (Best & Quinton, 2005) that
measures B-adrenergic-stimulated salivary secretion. Mice received either glafenine (50ug / hour)
or vehicle alone (DM SO) for 48h by continuous micro osmotic pump delivery. When stimulated
with isoprenaline (in thepresence of atropine), total salivary secretion in the CF mice treated with
glafenine increased ~3-fold compared to the controls, which corresponds to ~6.6% restoration of
normal salivary secretion evoked in the WT control mice (Figure 5D). There were no changes in
behaviour or body weight when mice received glafenine by osmotic pump as compared to those
receiving vehicle alone.

Taken together, the results from ex- and in-vivo experiments indicate that glafenine partially

corrects defective processing of AF508-CFTR in mouse ileum and salivary glands, consistent
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with the gain of function observed in BHK, HEK293 and CFBE41o- human airway epithelial

cédls.

Discussion

Identifying small molecules that correct the processing of CFTR mutants is a promising
approach for the development of effective pharmacotherapies for cystic fibrosis (Loo et al., 2005;
Pedemonte et al., 2005; Van Goor €t al., 2006 ; Carlile et al., 2007; Robert et al., 2008), however
developing hits into quality leads and ultimately drugs is time-consuming and expensive, and
requires extensive preclinical studies of absorption, distribution, metabolism, excretion and
toxicology in addition to clinical trials. Since much of this information would have aready been
collected when the drug was approved for other indications, finding a AF508-CFTR corrector
amongst drugs that have already been approved would therefore be advantageous. Our screen
identified glafenine, an anthranilic acid derivative as such a drug. Although no longer prescribed
in most countries, it has analgesic properties and has been used to relieve pain since the 1960’s,
particularly in dentistry. We found that it partially corrects the misprocessing of AF508-CFTR,
and this effect was most pronounced in vitro using concentrations (10uM) that are achieved
clinically in plasma.

Glafenine corrected AF508-CFTR mislocalization across all pharmacological assays tested,
however the level of correction varied greatly, from 40% of wild-type in the cell surface assay in
BHK cellsto 6.5% in in-vivo mouse salivary assays and 2% in polarized CFBE cells. The reasons
for this variation are not known but may be related to the cell type and/or AF508-CFTR
expression level. Although some variation in the processing and function of CFTR-AF508 has
been noted amongst species (eg Ostedgaard et al.2008), the mice used in this study nevertheless

had a strong CF phenotype. AF508 homozygotes died of intestinal obstruction if fed regular diet,
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and [3-adrenergic-stimulated salivary secretion was robust in WT mice but was negligible in
littermates homozygous for AF508. The AF508 mutation may have dightly less impact on the
processing of mouse CFTR when studied in transfected cells, however the CF phenotype in these
mice was still severe (i.e. lethal). Moreover the mechanisms by which AF508 reduce channel
activity and induce protein misprocessing may be distinct, as indicated by the fact that most
potentiators have little corrector activity and vice versa. We observed much more correction in
BHK than in CFBE cells when both cell types expressed human CFTR, therefore the CFTR
orthologue (i.e. human vs rodent) could not explain different responses in transfected cells.
Similar variation between cell types has been observed after knock down of the Hsp90
cochaperone Ahal, which increases AF508-CFTR maturation in HEK293 but not in CFBE célls
(Wang et al., 2006), and also after low temperature, which corrects AF508-CFTR more efficiently
in HEK293 than BHK cells, presumably due to differences in the chaperone folding environment
(Wang X et a., 2008).

Glafenine caused a modest 2-6% increase in CFTR function in various cell types, however
the amount of correction needed to provide significant clinical benefit remains uncertain.
Estimates range from 6-10% of wild-type CFTR (Johnson. et al., 1992), to more recent studies
that indicate overexpression in 25% of surface airway epithelial cells would be sufficient (Zhang
et al., 2009). The impact of low levels of correction in patients may depend on genetic
background and other factors that influence the severity of CF in the population.

Glafenine use has been associated with increased risk of nephrotoxicity, hepatotoxicity,
gastrointestinal disturbances and anaphylaxis (Parfitt, 1999). These adverse effects are not well
understood however glafenine may damage the stomach and kidney directly (Van Kolfschoten et
al., 1983) and through its magjor metabolite glafenic acid, as occurs with other non-steroidal anti-

inflammatory drugs (NSAIDs) that inhibit cyclooxygenases (Wolfe et al., 1999). Medicind
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chemistry or altered formulation or route of administration could be useful for minimizing these
problems. Alternatively, hybrid molecules might be developed that combine a non-selective
cyclooxygenase inhibitor and nitric oxide donor to prevent stomach ulceration by NSAIDs(Abadi
et al., 2005). Glafenine inhibits prostaglandin biosynthesis and its analgesic activity is correlated
with this inhibition (Deraedt et al., 1976) but whether its ability to partially correct AF508-CFTR
processing occurs via prostenoids remains to be determined. Many studies have highlighted the
importance of inflammation in CF and it is conceivable that glafenine improves AF508-CFTR
trafficking by acting on inflammatory signalling pathways. Interestingly, clinical trials have
shown that the anti-inflammatory drug ibuprofen slows progression of CF lung disease when
taken for 2-4 years (eg Konstan et al., 2007). Its beneficial effect was presumed to be due to the
management of inflammation rather than improved trafficking of AF508-CFTR, however the
latter possibility has not been excluded.

NSAIDs such as ibuprofen, salicylic acid and niflumic acid are open-channel blockers of
CFTR (Devor & Schultz, 1998; Scott-Ward et al., 2004), which may explain the inhibition of
iodide efflux by high concentrations of glafenine in the present study. Glafenine increased
steady-state CFTR protein expression without affecting the level of CFTR mRNA (data not
shown), however further studies are needed to assess whether this reflects an increase in the rate
of CFTR trandation or its protein stability.

Glafenineis on asmall, but growing list of correctors that include sodium 4-phenylbutyrate,
curcumin, Sldenafil and its analogue KM11060, corrector 4a, miglustat and VRT-325
(Rubenstein et al., 1997; Egan et al., 2004; Dormer et a., 2001; Dormer et al., 2005; Loo et a.,
2005; Pedemonte et al., 2005; Norez et al., 2006; Van Goor et a., 2006; Carlile et al., 2007;

Robert et a., 2008). A potential advantage of clinically available compounds such as glafenineis
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the large body of data that has already been collected about it, which may shorten the time to

clinical and provide hints regarding its mode of action.

The relative potency of glafenine compared to other reported small molecule correctors
remains to be established, however glafenine increased AF508-CFTR surface expression in BHK
cells to ~40% of that observed for wild-type CFTR, which is comparable to the known corrector
VRT-325 (Van Goor et al., 2006) and superior to some othersin this assay including corrector 4a,
sildenafil and miglustat (Carlile et al., 2007; Robert et al. 2008; unpublished data). By contrast,
VRT-325 was more effective in correcting AF508-CFTR trafficking than glafenine in polarized
CFBE cdls in Ussing chamber assays, and miglustat gave more functional correction than
glafenine in mouse ileum ex-vivo (Norez et al., 2006). The modest correction provided by all
correctors reported thus far leaves much room for improvement however the present results
provide further evidence that existing drugs may be useful as chemical probes for the
development of CF therapeutics. Investigating why corrector potencies vary dramatically in
different cell types may provide insghts into their mechanisms of action and identify potential

drug targets.

Acknowledgments

We thank Dr. Jing Liu and other members of the McGill University HTS facility, the SickKids
SIDNET facility, Tanya Koch for help with establishment and maintenance of the mouse colony,
and Robert Annan for suggestions on the manuscript. The authors thank Robert J. Bridges at
Rosalind Franklin University of Medicine and Science and the CFFT for providing CFTR
modulator compounds. All the authors declare no competing financial interests in this

manuscript.

20

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 3, 2010 as DOI: 10.1124/mol.109.062679
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #62679

References

Abadi AH, Hegazy GH and El-Zaher AA (2005) Synthesis of novel 4-substituted-7-
trifluoromethylquinoline derivatives with nitric oxide releasing properties and their
evaluation as analgesic and anti-inflammatory agents. Bioorg Med Chem 13(20):5759-
5765.

Best JA and Quinton PM (2005) Salivary secretion assay for drug efficacy for cystic fibrosisin
mice. Exp Physiol 90(2):189-193.

Carlile GW, Robert R, Zhang D, Teske KA, Luo Y, Hanrahan JW and Thomas DY (2007)
Correctors of Protein Trafficking Defects Identified by a Novel High-Throughput
Screening Assay. Chembiochem 8(9):1012-1020.

Cheng SH, Gregory RJ, Marshall J, Paul S, Souza DW, White GA, O'Riordan CR and Smith AE
(1990) Defective intracellular transport and processing of CFTR is the molecular basis of
most cystic fibrosis. Cell 63(4):827-834.

Dalemans W, Barbry P, Champigny G, Jalat S, Dott K, Dreyer D, Crystal RG, Pavirani A,
Lecocq JP and Lazdunski M (1991) Altered chloride ion channel Kinetics associated with
the delta F508 cystic fibrosis mutation. Nature 354(6354):526-528.

Denning GM, Anderson MP, Amara JF, Marshall J, Smith AE and Welsh MJ (1992) Processing
of mutant cystic fibrosis transmembrane conductance regulator is temperature-sensitive.
Nature 358(6389):761-764.

Deraedt R, Jouquey S, Benzoni J and Peterfalvi M (1976) Inhibition of prostaglandin
biosynthesis by non-narcotic analgesic drugs. Arch Int Pharmacodyn Ther 224(1):30-42.

Devor DC and Schultz BD (1998) Ibuprofen inhibits cystic fibrosis transmembrane conductance
regulator-mediated Cl- secretion. J Clin Invest 102(4):679-687.

Dormer RL, Derand R, McNeilly CM, Mettey Y, Bulteau-Pignoux L, Metaye T, Vierfond JM,
Gray MA, Gadlietta LJ, Morris MR, Pereira MM, Doull 1J, Becq F and McPherson MA
(2001) Correction of delF508-CFTR activity with benzo(c)quinolizinium compounds
through facilitation of its processing in cystic fibrosis airway cells. J Cell Sci 114(Pt
22):4073-4081.

Dormer RL, Harris CM, Clark Z, Pereira MM, Doull 1J, Norez C, Becq F and McPherson MA
(2005) Sildenafil (Viagra) corrects DeltaF508-CFTR location in nasal epithelial cells
from patients with cystic fibrosis. Thorax 60(1):55-59.

Egan ME, Pearson M, Weiner SA, Rajendran V, Rubin D, Glockner-Pagel J, Canny S, Du K,

Lukacs GL and Caplan MJ (2004) Curcumin, a major constituent of turmeric, corrects
cystic fibrosis defects. Science 304(5670):600-602.

21

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 3, 2010 as DOI: 10.1124/mol.109.062679
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #62679

French PJ, van Doorninck JH, Peters RH, Verbeek E, Ameen NA, Marino CR, de Jonge HR,
Bijman J and Scholte BJ (1996) A delta F508 mutation in mouse cystic fibrosis
transmembrane conductance regulator results in a temperature-sensitive processing defect
in vivo. J Clin Invest 98(6):1304-1312.

Ginsberg F, Bourguignon RP, Smets P and Famaey JP (1983) Tiapride versus glafenine: a
double-blind comparative study in the management of acute rheumatic pain. Curr Med
Res Opin 8(8):562-569.

Hanrahan JW, Gentzsch M and Riordan JR (2003) The cystic fibrosis transmembrane
conductance regulator (ABCC7). In ABC Proteins. From Bacteria to Man (Holland,B.,
Higgins,C.F., Kuchler,K. and Cole,S.P.C. Eds.), pp. 589-618. Elsevier Sci. Ltd., New
York.

Hwang TC and Sheppard DN (2009) Gating of the CFTR CI- channel by ATP-driven nucleotide-
binding domain dimerisation. J Physiol 587(Pt 10):2151-2161.

Johnson LG, Olsen JC, Sarkadi B, Moore KL, Swanstrom R and Boucher RC (1992) Efficiency
of gene transfer for restoration of normal airway epithelial function in cystic fibrosis. Nat
Genet 2(1):21-25.

Konstan MW, Schluchter MD, Xue W and Davis PB (2007) Clinical use of lbuprofen is
associated with slower FEV1 decline in children with cystic fibrosis. Am J Respir Crit
Care Med 176(11):1084-1089.

Kopito RR (1999) Biosynthesis and degradation of CFTR. Physiol Rev 79(1 Suppl):S167-173.

Loo TW, Bartlett MC and Clarke DM (2005) Rescue of DeltaF508 and other misprocessed CFTR
mutants by a novel quinazoline compound. Mol Pharm 2(5):407-413.

Lukacs GL, Chang XB, Bear C, Kartner N, Mohamed A, Riordan JR and Grinstein S (1993) The
delta F508 mutation decreases the stability of cystic fibrosis transmembrane conductance
regulator in the plasma membrane. Determination of functional half-lives on transfected
cells. J Biol Chem 268(29):21592-21598.

Parfitt K (1999) Martindale : the complete drug reference. Pharmaceutical Press ; Printed in the
United States of America by World Color Book Services, London Taunton, Mass.

Norez C, Noel S, Wilke M, Bijvelds M, JornaH, Melin P, DeJonge H and Becq F (2006) Rescue
of functiona delF508-CFTR channels in cystic fibrosis epithelial cells by the alpha-
glucosidase inhibitor miglustat. FEBS Lett 580(8):2081-2086.

O'Sullivan BP and Freedman SD (2009) Cystic fibrosis. Lancet 373(9678):1891-1904.

Ostedgaard LS, Rogers CS, Dong Q, Randak CO, Vermeer DW, RokhlinaT, Karp PH and Welsh

MJ (2007) Processing and function of CFTR-DeltaF508 are species-dependent. Proc Natl Acad
Sci U SA 104(39):15370-15375.

22

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 3, 2010 as DOI: 10.1124/mol.109.062679
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #62679

Pedemonte N, Lukacs GL, Du K, Caci E, Zegarra-Moran O, Galietta LJ and Verkman AS (2005)
Small-molecule correctors of defective DeltaF508-CFTR cellular processing identified by
high-throughput screening. J Clin Invest 115(9):2564-2571.

Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, Zielenski J, Lok S,
Plavsic N, Chou JL and et al. (1989) Identification of the cystic fibrosis gene: cloning and
characterization of complementary DNA. Science 245(4922):1066-1073.

Robert R, Carlile GW, Pavd C, Liu N, Anjos SM, Liao J, Luo Y, Zhang D, Thomas DY and
Hanrahan JW (2008) Structural analog of sildenafil identified as a nove corrector of the
F508del-CFTR trafficking defect. Mol Pharmacol 73(2):478-489.

Rommens JM, lannuzzi MC, Kerem B, Drumm ML, Melmer G, Dean M, Rozmahd R, Cole JL_,
Kennedy D, Hidaka N and et al. (1989) ldentification of the cystic fibrosis gene:
chromosome walking and jumping. Science 245(4922):1059-1065.

Rubenstein RC, Egan ME and Zeitlin PL (1997) In vitro pharmacologic restoration of CFTR-
mediated chloride transport with sodium 4-phenylbutyrate in cystic fibrosis epithelial
cells containing delta F508-CFTR. J Clin Invest 100(10):2457-2465.

Sato S, Ward CL, Krouse ME, Wine JJ and Kopito RR (1996) Glycerol reverses the misfolding
phenotype of the most common cystic fibrosis mutation. J Biol Chem 271(2):635-638.

Scott-Ward TS, Li H, Schmidt A, Cai Z and Sheppard DN (2004) Direct block of the cystic
fibrosis transmembrane conductance regulator Cl(-) channel by niflumic acid. Mol Membr
Biol 21(1):27-38.

Swiatecka-Urban A, Brown A, Moreau-Marquis S, Renuka J, Coutermarsh B, Barnaby R,
Karlson KH, Flotte TR, Fukuda M, Langford GM and Stanton BA (2005) The short apical
membrane half-life of rescued AF508-cystic fibrosis transmembrane conductance
regulator (CFTR) results from accelerated endocytosis of AF508-CFTR in polarized
human airway epithelial cells. J Biol Chem 280(44):36762-36772.

Trzcinska-Daneluti AM, Ly D, Huynh L, Jiang C, Hadd C and Rotin D (2009) High-content
functional screen to identify proteins that correct F508del-CFTR function. Mol Cell
Proteomics 8(4):780-790.

van Doorninck JH, French PJ, Verbeek E, Peters RH, Morreau H, Bijman J and Scholte BJ
(1995) A mouse model for the cystic fibrosis delta F508 mutation. Embo J 14(18):4403-
4411.

Van Goor F, Straley KS, Cao D, Gonzalez J, Hadida S, Hazlewood A, Joubran J, Knapp T,

Makings LR, Miller M, Neuberger T, Olson E, Panchenko V, Rader J, Singh A, Stack JH,
Tung R, Grootenhuis PD and Negulescu P (2006) Rescue of DeltaF508-CFTR trafficking

23

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 3, 2010 as DOI: 10.1124/mol.109.062679
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #62679

and gating in human cystic fibrosis airway primary cultures by small molecules. Am J
Physiol Lung Cell Mol Physiol 290(6):L1117-1130.

Van Kolfschoten AA, Zandberg P, Jager LP and Van Noordwijk J (1983) Protection by
paracetamol against various gastric irritants in the rat. Toxicol Appl Pharmacol 69(1):37-
42.

Wang X, Koulov AV, Kélner WA, Riordan JR and Balch WE (2008) Chemical and biological
folding contribute to temperature-sensitive DeltaF508 CFTR trafficking. Traffic
9(11):1878-1893.

Wang X, Venable J, LaPointe P, Hutt DM, Koulov AV, Coppinger J, Gurkan C, Kellner W,
Matteson J, Plutner H, Riordan JR, Kelly JW, Yates JR 3 and Balch WE (2006) Hsp90
cochaperone Ahal downregulation rescues misfolding of CFTR in cystic fibrosis. Cell
127: 803-815.

Wolfe MM, Lichtenstein DR and Singh G (1999) Gastrointestinal toxicity of nonsteroidal
antiinflammatory drugs. N Engl J Med 340(24):1888-1899.

Zhang L, Button B, Gabrid SE, Burkett S, Yan Y, Skiadopoulos MH, Dang YL, Vogel LN,
McKay T, Mengos A, Boucher RC, Collins PL and Pickles RJ (2009) CFTR ddlivery to
25% of surface epithelial cells restores normal rates of mucus transport to human cystic
fibrosis airway epithelium. PLoS Biol 7(7):€1000155.

24

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 3, 2010 as DOI: 10.1124/mol.109.062679
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #62679

Footnotes

R.R. and G.C. were supported by Fellowships from the Canadian Cystic Fibrosis Foundation
(CCFF). This project was supported by the BREATHE program funded by the CCFF and
Canadian Institutes of Health Research (CIHR), and by grants from the CIHR, CCFF, Cystic
Fibrosis Foundation Therapeutics, the Canada Foundation for Innovation, Génome Québec and

tmleur

the Communications Research Centre Canada. Maintenance of the Cftr colony at the
Rotterdam animal facility was supported by EU FP6 EUROCARECF, LSHM-CT-2005-018932.

R.R. and G.W.C contributed equally to this work. * Denotes equal contributions.

25

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeulno fledse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on March 3, 2010 as DOI: 10.1124/mol.109.062679
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #62679

Figurelegends

Figure 1. lIdentification of glafenine as a AF508-CFTR corrector. (A) Schematic of high-
throughput screening and hit validation. (B) Chemical structure of glafenine hydrochloride. (C)
Effect of glafenine hydrochloride on the surface expression of AF508-CFTR. BHK cells
expressing AF508-CFTR were pre-treated for 24h with either 0.1% DMSO (vehicle, n = 4),
10uM glafenine (glafenine, n = 4), 10uM VRT-325 (VRT-325, n = 4), or incubated at low
temperature (29°C, n = 4) prior to monitoring surface expression in the high-throughput assay. A
representative BHK cell line expressing wild-type CFTR (wt, n = 4) is also shown for
comparison. Data are presented as mean + SEM and compared to the control. (D) Traces showing
fluorescence quenching by iodide influx in HEK293 cells that co-express AF508-CFTR and a
halide-sensitive YFP. Cells were pre-treated for 24h with 0.1% DM SO (vehicle, n = 3), 10uM
glafenine (glafenine, n = 3), 10uM VRT-325 (VRT-325, n = 3) or low temperature (29°C, n = 3).
Correction of AF508-CFTR function was assayed in a plate reader as quenching of YFP

fluorescence by iodide in the presence of 25uM forskolin, 45uM IBM X and 50puM genistein.

Figure 2. Effect of glafenine on the surface expression of AF508-CFTR. (A) Immunoblot
showing AF508-CFTR in lysates of BHK cells treated with 10uM glafenine for 24h. Control
AF508-CFTR cédlls were treated with vehicle (0.1% DMSO; negative control) or incubated at
29°C for 24h (positive control). BHK cells expressing the wild type-CFTR (wt) are also shown
for comparison. Band C corresponds to mature, complex-glycosylated CFTR and band B to core-
glycosylated CFTR. Tubulin was used as internal control. (B) Quantification of immunoblots by
densitometry from four independent experiments monitoring the relative amounts of band C and

band B normalized to the background and the wild-type control (wt). The optical density of all
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the bands and background were measured then the two bands for wt were designated 100% and
the background 0%. The percentage for each band is then calculated separately. (C)
Representative confocal images of four independent experiments showing the localization of
AF508-CFTR in BHK and in non-polarized and polarized CFBE cells after 24h incubation with
vehicle aone (DM SO, 1:1000), 10uM glafenine (glafenine), or at low temperature (29°C). Nuclei
are stained in blue and CFTR in green. Note the perinuclear localization of AF508-CFTR in BHK
and CFBE in DM SO controls and the spreading induced by glafenine or low temperature. Also,
apical staining is observed in glafenine and low temperature treated polarized CFBE cells (a,
apical; b, basolateral) but not in DM SO controls. Scale bars are 5um, 10um and 40um for BHK,

non-polarized CFBE and polarized CFBE cells, respectively.

Figure 3. Functional rescue of AF508-CFTR by glafeninein BHK and CFBE410. (A) lodide
efflux assay of corrected AF508-CFTR at the plasma membrane of BHK cells after treatment
with 10uM glafenine for 24h (n = 16). Stimulation was evoked by 10uM forskolin (Fsk) + 50uM
genistein (Gst). Control cells received vehicle alone (0.1% DMSO, n = 32). (B) Bar graph
comparing stimulation of the largest peak iodide efflux from BHK cells expressing AF508-CFTR
after subtracting the basal rate prior to stimulation. Cells were treated 24h at 37°C with vehicle
alone (0.1% DM SO, n = 32), glafenine (n = 16), or various positive controls including corrector
corr-4a (corr-4a; 10uM; n = 14,), VRT-325 (VRT-325; 10uM; n = 32), and at low temperature
(29°C; n = 16). Data are presented as the mean + SEM. Significance compared to vehicle alone
was determined using an unpaired t-test. (C) Dependence of functiona rescue on glafenine
concentration. BHK cells expressing AF508-CFTR were treated for 24h prior to measuring iodide

efflux (n = 4 for each concentration). Results are also shown for control cells receiving vehicle
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alone (0.1% DM SO) and cells that were pre-treated with 10uM VRT-325. BHK expressing wild-
type CFTR (wt) were used as positive control. Data are presented as the mean + SEM.

Significance compared to vehicle alone was determined using an unpaired t-test.

Figure 4. Rescue of AF508-CFTR in human bronchial epithelia (CFBE41lo). (A)
Representative traces of the short-circuit current (Is) responses to 10pM forskolin, 50uM
genistein and 10uM CFTRinh-172 after 24 hour exposure of CFBE410 cells to 0.1% DMSO
(vehicle), 10uM glafenine or 10uM VRT-325 . CFTR-mediated current are shown as upward

reflections due to the membrane permeabilization and the apical-to-basolateral chloride gradient.

(B) Bar graph showing the change in Is: (Als) after adding forskolin + genistein, defined as the
difference between the sustained phase of the current response after genistein and the basdline
before stimulation. Stimulation of | across permeabilized CFBE410-monolayers with apical-to-
basolateral Cl™ gradient after pre-treatment with vehicle (DM SO; vehicle), glafenine or VRT-325
for 24h. Also shown is the result obtained with CFBE410o cells treated at low temperature
(29°C) or expressing wild-type CFTR (wt). Data for each condition are presented as the mean *
SEM (n =5 for control, n = 6 for glafenine, n = 6 for VRT-325, n = 10 for 29°C and n = 4 for wt)
and significance compared to vehicle alone was determined using an unpaired t-test. Note break
iny axis. (C) Representative traces of the short-circuit current (ls;) responses to 10uM forskolin
plus 0.1% DMSO (vehicle), 50uM genistein or 10uM glafenine tested as potentiators on
CFBE410 cells treated 24h at 29°C. (D) Bar graph showing the change in | (Alg) after adding
DM SO, glafenine or genistein after the forskolin-stimulated |5 defined as the difference between

the sustained phase of the current response after DM SO, glafenine or genistein and the sustained
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phase of the current response after forskolin. Significance compared to vehicle alone was

determined using an unpaired t-test.

Figure 5. Ex-vivo and in-vivo rescue of AF508-CFTR in mouse by glafenine. (A)
Representative trace of the short-circuit current (ls;) response to 10uM forskolin (Fsk) and 50uM
genistein (Gst) on the same piece of AF508-CFTR mouse ileum before (Oh) and after (4h) an
incubation ex-vivo with 10uM glafenine versus a piece of ileum from wild-type mice (wt). (B)
Bar graph showing the change in I (Als) after adding forskolin + genistein. Stimulation of I
across severa pieces of ileum from different mice before (Oh) and after (4h) pre-treatment with
vehicle (vehicle; n = 18 ileum from N = 6 mice), glafenine (glafenine; n = 20 ileum from N = 6
mice) or wild-type mice (wt; n = 11 ileum from N = 4 mice) for 4h. Data are presented as the
mean = SEM and significance compared to their respective control at time Oh was determined
using an unpaired t-test. Note break iny axis. (C) Total saliva secreted by wild-type mice (wt; n
= 6), CF mice treated with vehicle alone (vehicle; n = 6) or CF mice treated with glafenine by
micro osmotic pump (glafening; n = 6). Data for each condition are presented as the mean +
SEM. An unpaired t-test was used to compare CF mice treated with vehicle alone and CF mice

treated with glafenine.
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