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Abstract

The missing phenylalanine at position 508, located in nucleotide-binding domain (NBD1) of the
cystic fibrosis transmembrane regulator (CFTR), is the most common cystic fibrosis mutation.
Severe disease-causing mutations also occur in NBD2. To provide information on potential
therapeutic strategies for mutations in NBD2, we used a combination of biochemical, cell
biological and electrophysiological approaches and newly created cell lines to study two disease-
causing NBD2 mutants, N1303K and S1235R. We observed that neither was sensitive to E64, a
cysteine protease inhibitor. However, further investigation showed that when treated with a
combination of correctors, C4 + C18, both mutants also responded to E64. Further exploration to
assess aggresome throughput using the autophagy regulator LC3 as a marker showed that, in the
absence of correctors, N1303K showed a stalled throughput of LC3-I1 to the aggresome. The
throughput became active again after treatment with the corrector combination C4 + C18.
Confocal microscopic studies showed that the N1303K and S1235R mutant proteins both co-
localized with LC3, but this co-localization was abolished by the corrector combination and, to a
lesser extent, by VX-809. Both the corrector combination and VX-809 increased the CFTR
chloride channel function of both mutants. We conclude that correctors have a dual effect,
particularly on N1303K: they improve trafficking and function at the plasma membrane and
reduce the association with autophagosomes. After treatment with correctors persistent
degradation by the autophagosome may limit restoration of function. Thus, mutations in NBD2 of
CFTR, in contrast to AF508-CFTR, may require additional personalized strategies to rescue them.
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Introduction

One of the best-studied genetic disorders, cystic fibrosis (CF), is caused by mutations in the
CF transmembrane conductance regulator (CFTR), an ATP-binding cassette protein (ABC,
sub-family C, member 7) composed of two transmembrane domains, two nucleotide-binding
domains, and a unique regulatory domain [1]. The most common clinical manifestations of
CF are recurrent pulmonary infection, pancreatic insufficiency, diabetes mellitus, and male
infertility [2].

Over 2000 disease-causing mutations in the CFTR have been described; the most common is
a deletion of phenylalanine at position 508 (AF508) in the NBD1 domain [3], which results
in severe CF. AF508-CFTR, located in NBD1, is well-known as a Class Il mutation. Class |1
mutations are misfolded and misprocessed, leading to premature degradation in the ER [4].
AF508-CFTR is retained in the ER, incompletely glycosylated, and subsequently degraded
in the proteasome [5]. A number of chaperone molecules bind to AF508-CFTR and prevent
it from aggregating [6] and facilitate its degradation in the proteasome.

Although this mutation was once thought to be uncorrectable, restoration of AF508-CFTR
trafficking has been achieved. Early studies using phenylbutyrate showed rescue [7] of
AF508-CFTR both in vitro and in patients [8-10]. More recently, VX-809, a small molecule
identified from a high-throughput screen, was shown to rescue AF508-CFTR processing and
trafficking [11]. This compound, known as lumacaftor, had only limited clinical efficacy
when utilized alone in a Phase Ila clinical trial in AF508-homozygous patients [11].
However, Orkambi, a combination of lumacaftor with the potentiator VX-770 (lvacaftor)
[12], does produce therapeutic results and has achieved approval as a drug from the FDA [7].

Although there seems to be continued success with AF508-CFTR, the question arises as to
whether therapies developed for mutations in NBD1 are also effective for use with mutations
in NBD2. In a previous report, we focused on two NBD2 mutations, N1303K and S1235R.
N1303K has a high incidence in Europe. For example, it is the second most common
mutation in Italy (4%) and is even more frequently seen (7.8%) in the southwest of France
[13, 14]. N1303K is classified as a severe mutation, causing pancreatic insufficiency and
diabetes mellitus and associated with pneumothorax in the lungs [15]. In contrast, the
incidence of S1235R is approximately 1% (3.3% in Eastern Europe), significantly higher
than that of other rare mutations, but its symptoms are milder and mainly related to chronic
pancreatitis, with sweat chloride test results that are on the borderline of what is considered
to be typical of CF [16, 17].

We previously studied these two NBD2 mutants using a combination of biochemical
approaches and newly created cell lines. We found that both of these mutants are processing
mutants with unique characteristics. We previously observed [18] that unlike AF508-CFTR
whose processing is enhanced when cells are grown at low temperature, the processing of
N1303K and S1235R is profoundly different, although all three appear to be trafficking
mutants. We did find however, that MG-132, the non-selective proteasome inhibitor [19],
rescued the immature B and mature C bands of both N1303K and S1235R, indicating that
degradation occurs via proteasomes. Thus, on one had the impact of the mutation on the
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trafficking of the disease causing mutation, N1303K, appeared to be more severe compared
to AF508-CFTR, the protein could still be degraded by the proteasome.

Several years ago, Kopito and colleagues recognized that AF508-CFTR formed aggregates
[20] and might actually interfere with proteasomal degradation. Aggregated proteins
accumulate and trigger a process referred to as autophagy which means “self eating”.
Autophagy is a process that clears the cells of cellular components and misfolded proteins
that cannot be degraded by the proteasome [21]. Aggregated proteins move to the
microtubule organizing center facilitated by histone deacetylase 6, HDAC6, where they form
aggresomes [22]. These are processed by the phagophor to from autophagosomes, double-
membrane structures that ultimately latter fuse with lysosomes to degrade the misfolded
proteins [23]. Luciani and colleagues [24] shown that AF508-CFTR causes defects in
autophagy which ultimately contribute to accumulation of protein aggregates and lung
inflammation. To understand further how NBD2 mutants are processed we undertook this
study to determine whether they are processed by autophagy.

Methods

2.1. Cell culture

CFBE410™ cells stably transfected with the NBD2 mutants (a gift of Dieter Gruenert [25])
were maintained in Eagle’s minimum essential medium (MEM, Invitrogen) with 10% FBS,
penicillin/streptomycin, L-glutamate (200 mM), and puromycin (5 ug/mL, Sigma). To
generate the stably transfected cells, WT, N1303K and S1235R were subcloned into the
pcDNAS-FRT expression vector using Flp-In technology, to generate stably transfected cells
as described previously [26]. Cells were cultured at 37° or 27 °C.

2.2. Treatment

2.3.

Small-molecule correctors were applied for 16 h to assess their ability to rescue CFTR. C4
and C18 were obtained from the CFFT panel library (www.cftrfolding.org). VX-809 was
purchased from Selleck Chemical, LLC. The compounds were used alone or in
combinations of two. E64 was purchased from Calbiochem, and tubacin from Sigma
Corporation.

Immunoblotting

The cells were harvested and solubilized in a lysis buffer described previously [27]. CFTR
protein was detected with monoclonal anti-human CFTR antibody (217; 1:1000; provided
by Dr. J. Riordan, Department of Biochemistry and Biophysics and Cystic Fibrosis Center of
North Carolina). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), used as a loading
control, was detected with a monoclonal antibody (1:10,000; US Biological). A rabbit
polyclonal anti-human polyclonal antibody MAPILC3A/B was used to detect LC3
(BioRad). The protein expression levels were determined by Western blotting and quantified
by densitometry.
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2.4. Short-circuit currents

The short-circuit currents (Isc) were measured in Ussing chambers (Physiological
Instruments; San Diego, CA) as described previously [28]. Confluent CF bronchial epithelial
cells (CFBE) stably expressing the NBD2 mutants were seeded onto 12 mm-diameter
Costar® Snapwell™ cell culture inserts (Corning Costar, Acton, MA; 3801) and cultured for
7 days to establish polarized monolayers. Inserts were mounted in a Ussing-type chamber
and bathed in solutions maintained at 37 °C, as mentioned previously [28]. Data are
expressed as the CFTR;jnn172 sensitive short-circuit current (Alsc), calculated by subtracting
the Isc after CFTRj,1172 treatment from the peak forskolin-genistein-stimulated Isc.

2.5. Microscopy

A Zeiss LSM 510 laser scanning system and 63x oil-immersion lens were used. CFBE410-
cells were seeded onto cover glasses. The following steps were done at room temperature to
prepare slides for assessment: After two washes with cold DPBS, the cells were fixed with
4% paraformaldehyde for 15 min. Subsequently, the cells were permeabilized with 0.3%
Triton X-100 in DPBS for 5-7 min and blocked with 3% bovine albumin serum (BSA) for
45 min. After blocking, the cells were washed once with DPBS and then incubated with
primary antibody in 3% BSA for 1 h. N1303K or S1235R were detected using anti-CFTR
antibody 769 and either AlexaFluor 488 goat anti-mouse or AlexaFluor 594 goat anti-mouse
secondary antibody. LC3 was detected using an anti-LC3 antibody and either AlexaFluor
488 goat anti-rabbit or AlexaFluor 594 goat anti-rabbit secondary antibody. The cells were
incubated with a 1:1000 dilution of the nuclear stain, DAPI for 5 min and washed three
times with DPBS, then mounted using ProLong Gold Antifade (Invitrogen). All image
processing was performed using Imaris Imaging.

2.6. Statistical assays

Statistical comparisons were made by using an unpaired Student’s £test (GraphPad
Software). All data are presented as means + SEM. All measurements were done at least
three times, and values were considered significant at P < 0.05.

3. Results

As a first step in understanding how N1303K is degraded, we created a CFBE410~ cell line
stably expressing the mutant Fig. 1A, and then evaluated the steady-state levels of the
mutant CFTR protein. Fig. 1A shows that neither the lysosomal inhibitor, E64 nor tubacin,
the HDACSG inhibitor [18], when applied alone, did not induce any changes in the steady-
state levels of the N1303K product. These results suggest that the N1303K gene product is
not likely to be degraded by autophagy. Next we studied the effect of two CFTR correctors,
one class | and one class I1: C18, developed by the Vertex Corp [29], and C4, identified by
Pedemonte and collaborators [30]. C18 is a class | corrector that is thought to stabilize
NBD1-TMD1/2 interfaces. C4 is assigned to class Il and is hypothesized to restore the
stability of NBD2 or its interfaces with other domains of CFTR [31]. Adding a combination
of the two correctors produced a large increase in the steady-state levels of the immature B
band and a small increase in C band of N1303K, indicating that the combined correctors C4
+ C18 stabilized the B band and produces some processing to the mature C band. These data
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are identical to those that we have previously published for N1303K [18]. It is interesting,
and important, to observe what happens when the trafficking to the aggresome and
aggresome-mediated degradation are inhibited in the presence of the corrector combination.
When either E64 was applied in the presence of the corrector combination (Fig. 1A), we saw
a large increase in the steady-state level of the B band of N1303K. This sensitivity to the
E64 suggests that in the presence of the correctors, N1303K protein is most likely degraded
to a larger extent by the aggresomal degradation pathway after treatment. A smaller but not
significant increase was also noted following tubacin treatment.

Another Class 11 corrector, lumacaftor (VX-809), in combination with the potentiator
Ivacaftor (VX-770), is on the market as an approved drug called Orkambi [7]. VX-809 alone
increased the B band of N1303K (Fig. 1A). The steady-state levels of N1303K protein were
further increased in the presence of both VVX-809 and E64, but not in the presence of both
VX-809 and tubacin. These data suggest that although the responses to VX-809 were
similar, they were less marked (not statistically significant) than those produced by C4 +
C18, the combination of correctors described in Fig. 1A suggesting as noted previously that
a combination of correctors is required to get rescue of N1303K [18]. The data are
summarized in Figs. 1B-I.

To further assess the role of autophagy, we evaluated the microtubule-associated light chain
3 protein (LC3) [32]. LC3 is rapidly processed by proteolytic digestion after its conserved
glycine into the active cytosolic LC3-1 protein, then modified further into LC3-11, which is
located in the autophagosome membrane. Thus, the amount of LC3-I1 is a measure of the
number of autophagosomes ([32, 33]). It is known that LC3-11 not only associates with the
autophagosomes but is degraded by them. Thus, the degree of autophagy is commonly
assessed by measuring the increase in either the absolute amount of LC3-11 or the ratio of
LC3-11/1 following inhibition of lysosomal degradation by the cysteine protease inhibitor
E64 [33]. In our work, we also evaluated the effect of tubacin, the specific inhibitor of
HDAC6. HDACS, by binding to ubiquitinated proteins, facilitates degradation by the so-
called “quality control autophagy” because it facilitates the degradation of severely
misfolded proteins such as the N1303K protein. HDACS is involved in the fusion of
autophagosomes to lysosomes [34, 35]; it still allows autophagosomes to form, but they
cannot fuse with lysosomes, leading to an accumulation of LC3-I1 [35].

In order to assess whether autophagy is involved in N1303K protein degradation, we
evaluated the ratio of LC3-11/I and the absolute amount of LC3-11. We saw no statistically
significant increase in either the ratio of LC3-11/1 or the absolute amount of LC3-11 when
E64 or tubacin was applied in the absence of the C4 + C18 corrector combination (Fig. 2A,
B-C). Also, the corrector combination alone also had no statistically significant effect. In
sharp contrast, was an increase in the ratio of LC3-11/I when the corrector combination was
applied along with E64 or tubacin. This surprising result indicates that the rate of autophagy
is slow in the CFBE 410~ cells containing N1303K. An increase in the ratio of LC3-11 /1 in
the presence of the corrector combination + E64 or tubacin indicated that the correctors are
increasing autophagy, which causes the increase in E64-dependent degradation of N1303K
protein (Fig. 2A, D-E). Taken together, these data indicate that the combination of
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correctors, by increasing the level of the B band, makes N1303K more susceptible to
degradation by autophagosomes and thus increases autophagy.

VX-809 alone and in the presence of E64 or tubacin did not cause an increase in the LC3-
I/11 ratio. Neither did VVX-809 significantly increase the steady-state level of LC3-I1 when it
was applied alone or in combination with tubacin (Fig. 2 D-E). These data indicate that
VX-809 is not as effective in stimulating the flux of LC3 through autophagy as the
combination of correctors.

Fig. 3A shows the effect on the milder mutation S1235R when stably expressed in CFBE
410~ cells. Consistent with S1235R being a mild mutation, there was a larger amount of
mature C band in S1235R compared to B band. As was seen for N1303K, E64 alone had no
effect, whereas tubacin alone increased the steady-state levels of S1235R protein. These data
are in sharp contrast to the results observed in the presence of the correctors which alone
increase the steady state levels of S1235R. E64 and tubacin, applied individually in the
presence of the C4 + C18 corrector combination, resulted in a significant increases in the
steady-state levels of the S1235R protein, suggesting the occurrence of lysosomal
degradation in the presence of the correctors.

VX-809 has a similar pattern of effect on S1235R as the combination. However, the effects
were smaller. All the data are summarized in Figs. 3B-I.

These results were considerably strengthened by our examination of the effect on the LC-11/1
ratio and the absolute amount of LC3-I1 (Fig. 4 A-E). In contrast to N1303K, E64 or tubacin
treatment in cells containing S1235R causes significant increases in the LC3-11/I ratio. E64
treatment also caused an increase in the absolute amount of LC3-I1. The combination of
correctors alone had no effect on either the LC3-11/1 or absolute amount of LC3-11. However,
the corrector combination, together with E64 caused a large increase in the LC3-11/1 ratio
and the absolute amount of LC3-11. However, the increase was not different than what is
observed without correctors (first compare the magnitude of the change from control
following E64 treatment in the absence of corrector treatment and then compare the
magnitude of the same change following the corrector combination). Small effects were
noted when the cells were treated with the combination of correctors + tubacin. Both the
increase in the ratio of LC3-11/I and in the absolute amount of LC3-11 when E64 was applied
alone suggest that, unlike N1303K, the milder S1235R does not stall autophagy.

Treatment of VX809 alone also did not affect the LC3-11/1 ratio (Fig.4A & D) or the amount
of LC3-I1 (Fig. 4A & E). There was an increase in the LC3-11/I ratio (Fig. 4C) and the
amount of LC3-11 (Fig. 4D in the presence of both VVX-809 and E64 not in the amount of
LC3-11 (Fig. 4E). However, the increase was not different than what is observed without
VX-809. In contrast, there was no effect of the combination of VX-809 and tubacin over
untreated controls (Fig. 4D & E). We conclude that VVX-809 has a minor effect on autophagy
in the presence of the S1235R mutation.

For comparison we studied CFBE410™ cells containing wt-CFTR. Supplemental Fig. 1A
shows the protein expression of wt-CFTR when stably expressed in CFBE 410~ cells. Please
note that direct comparison of band intensity among the gels expressing the mutants and wt-
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CFTR are not possible because band intensity of each gel is adjusted to give relatively
consistent band intensities among the different experiments. Consistent with wt-CFTR, there
was a larger amount of mature C band. E64 treatment alone had no effect, whereas tubacin
alone increased the steady-state levels of wt protein. These data are in sharp contrast to the
results observed in the presence of the correctors which alone increase the steady state levels
of wt-CFTR. E64 and tubacin, applied individually in the presence of the C4 + C18
corrector combination, resulted in a significant increases in the steady-state levels of the wt-
CFTR protein, suggesting the occurrence of lysosomal degradation in the presence of the
correctors. VX-809 has a similar pattern of effect on wt-CFTR as the combination of
correctors. All the data are summarized in Supplemental Figs. 1B—I.

Next we examined the LC-I1/I ratio and the absolute amount of LC3-11 (Supplemental Fig.
2A-E) in cells containing wt-CFTR. In contrast to N1303K but similar to S1235R, E64 or
tubacin treatment in cells containing wt-CFTR causes significant increases in the LC3-11/1
ratio. The combination of correctors alone did increase the LC3-11/I or absolute amount of
LC3-11. The corrector combination, together with E64 caused an increase in the LC3-11/1
ratio and the absolute amount of LC3-11. However, the increase was not more than that
observed without the corrector combination (first compare the magnitude of the change from
control following E64 treatment in the absence of corrector treatment and then compare the
magnitude of the same change following the corrector combination). Increases were noted
when the cells were treated with the combination of correctors + tubacin. Both the increase
in the ratio of LC3-1I/1 and in the absolute amount of LC3-11 when E64 was applied alone
suggest that, unlike N1303K, the wt-CFTR does not stall autophagy.

Treatment of VX809 alone also did not affect the LC3-11/1 ratio (Supplemental Fig. 2A & D)
or the amount of LC3-11 (Supplemental Fig. 2A & E). There was an increase in the LC3-11/1
ratio (Supplemental Fig. 2D) and the amount of LC3-1I (Supplemental Fig. 2E in the
presence of both VVX-809 and E64. However, the increase was not different than what is
observed without corrector treatment (first compare the magnitude of the change from
control following E64 treatment in the absence of corrector treatment and then compare the
magnitude of the same change following the corrector combination). In contrast, there was
no effect of the combination of VX-809 and tubacin over untreated controls (Supplemental
Fig. 2D & E). We conclude that VVX-809 has a minor effect on autophagy in cells containing
wt-CFTR.

As a control experiment, we show the results of corrector treatment in the parental CFBE410
~ cells which express AF508-CFTR but at barely detectable levels as a result none of the
treatments has a detectable effect on the endogenous AF508-CFTR (Supplemental Fig. 3A-
I). For comparison we again measured the LC3I1/I ratio and the total amount of LC3-I1
(Supplemental Fig. 4A-E). Similar to wt containing cells, E64 or tubacin treatment in
parental CFBE410~ cells cause significant increases in the LC3-11/I ratio. The combination
of correctors alone did increase the LC3-11/1 ratio. The corrector combination, together with
E64 caused a further increase in the LC3-11/1 ratio and the absolute amount of LC3-I1.
However, the increase was not different than what is observed without the correctors (first
compare the magnitude of the change from control following E64 treatment in the absence
of corrector treatment and then compare the magnitude of the same change following the
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corrector combination). Increases were noted when the cells were treated with the
combination of correctors + tubacin. Both the increase in the ratio of LC3-I1/l and in the
absolute amount of LC3-11 when E64 was applied alone suggest that, unlike N1303K, in the
parental cells autophagy is still functioning.

Treatment of VX809 alone also did not affect the LC3-11/1 ratio (Supplemental Fig. 4A & D)
or the amount of LC3-11 (Supplemental Fig. 4A & E). There was an increase in the LC3-11/1
ratio (Supplemental Fig. 4C) but not the amount of LC3-I1 (Supplemental Fig. 4D in the
presence of both VX-809 and E64 (Supplemental Fig. 4E). However, the increase was not
different than what is observed without VVX-809 (first compare the magnitude of the change
from control following E64 treatment in the absence of corrector treatment and then
compare the magnitude of the same change following the corrector combination). In
contrast, there was no effect of the combination of VX-809 and tubacin over untreated
controls (Supplemental Fig. 4D & E). We conclude that VX-809 has a minor effect on
autophagy in the parental cells.

To take our investigation one-step further, we performed confocal experiments to evaluate
the degree of co-localization between the NBD mutants and LC3 (as a marker for
autophagosomes). Because LC3-11 is associated with autophagosomes and LC3-1 is
cytosolic, we argued that co-localization between LC3 and N1303K, a membrane protein,
would represent to degree to which both proteins reside in the autophagsome membrane.
Confocal microscopy indeed revealed the co-localization of N1303K with LC3 (Fig. 5A).
Note that there was significant overlap in the localization of LC3 and N1303K in untreated
cells. Fig. 5B shows that the co-localization was reduced by treatment with the combination
of C4 + C18. We have shown previously that treatment of cells containing N1303K with the
combination of correctors, C3 + C4, increases the surface expression of N1303K
approximately 3-fold [18]. The published data showing that N1303K moves to the plasma
membrane following correction are consistent with a reduction in its colocalization with
LC3 we observe here following correction with the closely related combination, C4 + C18.
Fig. 5C shows the effect of VX-809. As compared to the cells shown in Fig. 5B, there was
still an overlap in the localization of N1303K and LC3 expression in the presence of VVX-809
that was clearly lower than that observed in its absence.

The summary data are presented in Fig. 5D. In absence of C4 + C18, cells expressing
N1303K displayed considerable co-localization of N1303K and LC3; on the other hand,
treatment with this combination of correctors virtually abolished the overlap. A similar
reduction occurred with VX-809 alone, although it was not as dramatic as that seen for the
corrector combination. Given that cells expressing N1303K showed reduced degradation of
LC3-11, indicative of defective autophagy (see Fig. 2), the large overlap with LC3 indicated
that N1303K was highly associated with autophagosomes but could not be degraded by
them. As a result, in the absence of correctors, autophagy was inhibited; LC3 and N1303K
accumulated in the autophagosome membrane. On the other hand, the corrector combination
C18 + C4 or VX-809 reduced the co-localization and increased both the steady-state levels
of N1303K product and its degradation by lysosomes.
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Next we conducted similar experiments on S1235R. Again, we saw a large amount of
overlap in localization between S1235R and LC3, which was reduced dramatically by
treating the cells with C4 + C18 (Fig. 6). Fig. 6C shows that treating the cells with VVX-809
reduced the overlap, but not as effectively as did the corrector combination.

The summary data for S1235R are shown in Fig. 6D. There was a significant overlap in
localization for LC3 and S1235R, which was surprising since this mutation is considered
mild [36]. The overlap was reduced dramatically by treatment with C4 + C18, but less so by
treatment with VVX-809.

In order to evaluate the effect of the corrector compounds on CFTR function, we measured
short-circuit currents for N1303K and S1236R in response to C4 + C18 and to VX-809. In
the case of N1303K (Fig. 7), the corrector C4 or the combination of C4 + C18 increased the
Isc by approximately 4-fold. In the case of S1235R, either the combination of C4 + C18 or
VX-809 alone had a similar effect, increasing the Isc by approximately 3-fold.

Growing cells at a lower temperature did not increase the CFTR-dependent chloride currents
for either N1303K or S1235R, nor did it increase the currents in response to the correctors.
We have previously shown that neither the basal or the corrector-induced increase in the
steady-state levels of the proteins is enhanced by low temperature [18].

4. Discussion

Several compounds have been developed to rescue AF508-CFTR, and one combination of a
corrector and a potentiator, Orkambi, is already an approved drug [7]. The challenge is to
extend the correction of AF508-CFTR to include other mutants. Our long-term goal is to
understand how amino acid changes resulting from the genetic mutations other than AF508-
CFTR translate into malfunctioning and mistrafficked proteins. We have focused here on
N1303K, a severe disease-causing mutation [36] in NBD2. We compared it to a milder
mutant, S1235R, in the same domain [3]. We show here that autophagy is altered both by the
presence of N1303K mutants and by the correctors that are designed to rescue them.

One of the nagging questions regarding studies performed in vitro, such as this one, is
whether the noted affects and resulting conclusions have in vivo relevance or whether they
are merely caused by the overexpression of misfolded proteins in cell lines. To address this
problem, we utilized a CFBE 410~ cell line that was originally derived from a CF patient
[25] to stably express the two NBD2 mutants using Flp-In technology, which inserts
exogenous cDNAs into chromosomal locations at low copy number. Therefore, as we have
shown previously [18], the expression levels are low when compared to other cell lines
derived from CFBE410~ expressing either wild-type or AF508 CFTR. However, the
epithelium still forms a confluent monolayer on permeable supports and generates CFTR-
dependent chloride currents.

We show here that the two NBD2 mutants associate avidly with the autophagosome and that
N1303K stalls autophagy. It has been demonstrated previously that AF508-CFTR down-
regulates beclin 1 and increases the expression of p62, resulting in defective autophagy [37,
38]. Beclin 1, a tumor suppressor protein, plays an essential role in autophagsome formation
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[39]. p62 (sequestosome-1) is a multifunctional protein with an ability to bind and regulate
many cellular processes, including inhibition of autophagy [40]. Interestingly, restoring
beclin 1 levels or reducing p62 levels rescued both autophagy and the trafficking of AF508-
CFTR to the cell surface [37]. How restoring autophagy increases the trafficking of AF508-
CFTR is unclear. One possible explanation is that inhibition of autophagy causes a
misregulation of the cell’s ability to handle misfolded proteins by both the autophagsome
and proteasome, leading to lung inflammation as suggested by Luciani and colleagues [37].
Thus, correcting defective autophagy might be expected to restore AF508-CFTR by
increasing the cell’s ability to handle misfolded proteins.

It is well known that the immature B band of AF508-CFTR is rapidly degraded by the
proteasome [41]. AF508-CFTR trafficking and processing is temperature-sensitive [28]. For
example, growing cells at a reduced temperature leads to significant increases in the B band
and maturation to the C band. However, when the temperature is restored to 37 °C, the C
band of AF508-CFTR is unstable and is rapidly degraded by proteasomes [42]. Therefore,
although cells containing AF508-CFTR exhibit defective autophagy, it is clear that their ER
quality control and proteasomal degradation are operating to degrade the misfolded proteins.

N1303K and S1235R have characteristics that differ from those of AF508-CFTR. One
notable difference is that their processing and trafficking are not temperature-sensitive. We
have shown previously that the proteins produced by both mutants are degraded by
proteasomes, suggesting that this pathway is working normally in cells bearing these NBD2
mutants [18]. However, we did notice that when the cells are treated with cycloheximide to
inhibit protein synthesis, the B band of AF508-CFTR rapidly disappears, consistent with its
inherent instability, but the immature B band of N1303K is remarkably stable [27]. We posit
that the stability of the immature B band of N1303K represents its association with
aggresomes. Given that autophagy is not occurring, the immature B band on N1303K
remains un-degraded for an extended period.

We previously demonstrated [18] that application of a combination of correctors from
Classes | and Il increases the presence of the C band of N1303K by approximately four-fold
and that of S1235R by approximately three-fold, in a pattern virtually identical to that for
the increase in Isc noted in Fig. 7. The reason that there is less of an increase with S1235R is
that there is already a large amount of mature C band at the surface prior to treatment. We
showed that there are a large number of chaperones associated with ERAD that bind to
N1303K protein, leading to its productive degradation by the proteasome. Treatment with
the corrector combination of C4 + C18 considerably reduces chaperone binding. The net
results of our previous experiments and those presented here indicate that the corrector
combination can rescue N1303K by increasing its stability, reducing chaperone binding and
degradation, and improving its chloride channel function.

The results presented here show that the N1303K and S1235R proteins associate less with
the aggresome after treatment with the corrector combination than they do before treatment.
These results are entirely consistent with our previous findings that showed an
approximately 50% reduction in the binding of HDACS6 to the N1303K mutant protein [18].
Given that HDACS is involved in the transport of misfolded proteins to the aggresome [43],
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a reduction in the binding induced by the corrector combination is also indicative that the
correctors are increasing N1303K protein stability.

The conundrum is that when treated with the corrector combination, the N1303K become
more sensitive to E64 and lysosomal degradation via autophagy. This is another difference
between N1303K and AF508-CFTR, in which the rescued protein is still degraded by
mechanisms associated with the proteasome after trafficking occurs [42]. This increased
lysosomal degradation explains why the corrector combination increases the residence time
of the mature C band in cells treated with the corrector combination but still does not bring it
close to that of wild-type CFTR.

The challenge in the future will be to develop therapeutically effective combined corrector
cocktails, as shown here, that will be effective in treating patients bearing the most common
CFTR mutations. Using a combination of correctors and growing cells at reduced
temperature, we have shown that AF508-CFTR can be rescued to wild-type levels [28],
suggesting that it is feasible to develop a corrector combination for the effective treatment of
patients bearing the AF508-CFTR mutation. Our data here show that corrector combinations
are certainly effective in rescuing N1303K. However, a further challenge is to develop
effective treatment for trafficking mutants such as N1303K that engage the cell’s quality
control mechanism in ways inherently different from AF508-CFTR.
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Refer to Web version on PubMed Central for supplementary material.
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Expression of CFTR in N1303K cells
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Fig. 1.

Tr?e degradation of N1303K. (1A) Western blot of CFBE410™ cells stably expressing
N1303K represents the data using anti-CFTR antibody (lane 1). Note that N1303K protein is
present mostly as the B band. E64 treatment alone (lane 2) has no effect on N1303K steady-
state protein levels, suggesting that the lysosome does not play a role in the degradation of
N1303K. Tubacin treatment alone (lane 3) also has no effect on N1303K steady-state protein
levels. Note that the combination of correctors C4 + C18 increases band B and C bands of
N1303K (lane 4) and shows considerable synergy when combined with E64 (lane 5),
Interesting tubacin in combination with the correctors C3 + C4 reduces the steady state
levels of N1303K compared to the combination treatment alone (lane 6). VX-809 treatment
in contrast has very little effect on N1303K, either applied alone (lane 7) or in combination
with E64 (lane 8) or tubacin (lane 9). Summary data are normalized to the absence of
treatment (1C-1). (1B & C) depict the B and (1D & E) the C band summary data
respectively. Data are also represented as the ratio of B/B+ C (1IF & G) orC/B + C (1H &
I). Note that treatment with combination of correctors C4 + C18 alone or together with E64
increases both B and C band expression but the ratio of the B relative to the C band remains
the same indicating that both increase proportionally. Methods: The CFBE cell line stably
expressing N1303K protein was treated for 16 h with: C4 + C18 at 10 uM each, tubacin at
10 UM, or E64 at 10 uM. The protein expression level was determined by Western blotting
and quantified of B band by densitometry. Data are expressed as the mean + SEM of 3
independent experiments. Unpaired Student’s £tests were performed for all experiments in
the figures; *(P > 0.05) **(P > 0.01); ***(P > 0.001); ****(P > 0.0001).
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Expression of LC3 in CFTR N1303K cells
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Fig. 2.

AStophagy and N1303K. (2A). Western blot of LC3 I&I1 measured in CFBE410™ cells
stably expressing N1303K. Note that treatment with E64, tubacin or the combination of
correctors C4 + C18 has little effect on the ratio of LC3I11/1 (2B) or absolute amount of LC3-
Il (lanes 1-4) (2C). In contrast, following treatment with the combination of correctors and
E64 (lane 5) there is a significant increase in the LC3II/I ratio and absolute amount of LC3lI
and (2B—C). Tubacin treatment has a small effect in combination with C4 + C18 (Lane 6)
(4B-C). In contrast VX-809 does not influence LC3II or the ratio either alone or in
combination with E64 or tubacin (lanes 7-9) (2D-C). Data are normalized to the absence of
treatment. Data are expressed as the mean + SEM of 3 independent experiments. Methods as
described for Fig. 1.
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Expression of CFTR in S1235R cells
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Fig. 3.

Tr?e degradation of S1235R. (3A) Western blot of CFBE410~ cells stably expressing
S1235R represents the data using anti-CFTR antibody (lane 1). Note that S1235R protein is
present most as the C band. E64 treatment alone (lane 2) has no effect on S1235R steady-
state protein levels, suggesting that the lysosome does not play a role in the degradation of
S1235R. Tubacin treatment alone (lane 3) increases S1235R steady-state protein levels. Note
that the combination of correctors C4 + C18 increases band B and C of S1235R (lane 4) and
shows considerable synergy when combined with E64 (lane 5), Interesting tubacin in
combination with the correctors C3 + C4 increases the steady state levels of S1235R
compared to the corrector combination treatment alone (lane 6). VX-809 treatment in
contrast has a smaller effect on S1235R compared to the corrector combination C4 + C18
when applied alone (lane 7) but does show an increase in combination with E64 (lane 8) or
tubacin (lane 9). Summary data are normalized to the absence of treatment (3B-I). (3B & C)
depict the B and (3D & E) the C band summary data respectively. Data are also represented
as the ratio of B/B + C (3F & G) or C/B + C (3H & I). Note that treatment with combination
of correctors C4 + C18 alone or together with E64 or tubacin increases both B and C band
expression and the ratio of the C relative to the total B + C bands indicating that an increase
in processing of B to C bands. In contrast there was a decrease in the amount of B band
relative to the total of B + C bands.
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(A)

Autophagy and S1235R. (4A). Western blot of LC3 I&I1 measured in CFBE410~ cells
stably expressing S1235R (Lane 1). Note that treatment with E64 (Lane 2), or tubacin (Lane
3) has an effect on the ratio of LC311/1 (4B & D) and on the absolute amount of LC3-11 (4C
& E) which is significant only for the E64 treatment. Treatment with the combination of C4
+ C18 (Lane 4) had no significant effect either on the LC3I1/I ratio (4B) or the absolute
amount of LC3II (4C). In contrast, following treatment with the combination of correctors
and E64 (lane 5) there is a significant increase in LC3II and the LC3I1/I ratio (4B-D).
Tubacin treatment has a small effect in combination with C4 + C18 (Lane 6). VX-809 has a
similar albeit smaller effect compared to the combination of correctors (lane 6-8) (4C-D).
Data are normalized to the absence of treatment Data are expressed as the mean £ SEM of 3
independent experiments. Methods as described for Fig. 1.
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Cc?—localization of LC3 with N1303K CFTR. (5A). Confocal images depicting the individual
staining of N1303K protein (middle panel) and LC3 (right panel). The left panel shows
considerable overlap between the N1303K protein and LC3, indicating that the N1303K
protein is highly associated with aggresomes. (5B) Confocal images depicting the individual
staining of the N1303K protein (middle panel) and LC3 (right panel). The left panel shows
almost no overlap between the N1303K protein and LC3 when the cells are treated with the
corrector combination, indicating that the N1303K protein is no longer associated with
aggresomes. (5C). Confocal images depicting the individual staining of the N1303K protein
(middle panel) and LC3 (right panel) in cells treated with \VX-809. The left panel shows less
overlap between the N1303K protein and LC3, indicating that there is less N1303K protein
associated with aggresomes after treatment. (5D) Summary data. In the control, there is
significant overlap between the N1303K protein and LC3, suggesting that the N1303K
protein is stalled in the aggresomes. The combination of correctors C4 + C18 relieves this
stalling almost completely. VX-809, on the other hand, is not as effective, indicating that it is
not fully adequate by itself to rescue N1303K (7= 3). Methods: CFBE 410~ cells stably
expressing N1303K-CFTR were plated on coverslips. Cells were treated with the corrector
combination of C4 and C18 or VX-809 for 12 h. Co-localization was established by the
presence of a yellow signal and changes in associated Pearson’s coefficients (A—E). Nuclei
are stained blue by the DAPI stain. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 6.
Co-localization of LC3 with S1235R CFTR. (6A). Confocal images depicting the individual

staining of the S1235R protein (middle panel) and LC3 (right panel). The left panel shows
considerable overlap between the S1235R protein and LC3, indicating that the S1235R
protein is highly associated with aggresomes. (6B) Confocal images depicting the individual
staining of the S1235R protein (middle panel) and LC3 (right panel). The left panel shows
some overlap between the S1235R protein and LC3 when the cells are treated with the
corrector combination, indicating that S1235R CFTR’s association with aggresomes is
reduced by the corrector combination. (6C) Confocal images depict the individual staining
of the S1235R protein (middle panel) and LC3 (right panel) in cells treated with \VX-809.
The left panel shows less overlap between the S1235R protein and LC3, indicating that there
is less S1235R protein associated with the aggresomes after treatment (6D) Summary data (n
= 3). In the control, there is significant overlap between the S1235R protein and LC3,
suggesting that the S1235R protein is also associated with aggresomes. The combination of
correctors relieves the overlap almost completely. X-809, on the other hand, is not as
effective, indicating that it is not fully adequate by itself to rescue S1235R.
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Fig. 7.

Ussing chamber experiments performed to evaluate rescue of N1303K and S1235R. (7A)
Representative tracing of N1303K containing cells grown at 37 °C and treated with the
combination of correctors C4 + C18. Cells were grown at 37 °C or 27 °C, as indicated. (7B)
Summary of short-circuit currents in N1303K-containing untreated cells or after incubation
with C4 + C18 or VX-809 (10 uM, 16 h), as indicated. From the left, data are normalized to
the untreated control (bar graph, pair 1). Note that C1 + C18 combination corrector

treatment results (bar graph, pair 4) are somewhat higher than when the correctors are

applied individually, especially when compared to C18 treatment alone (bar graph, pairs 2
and 3). VX-809 alone is also less effective than the corrector combination (bar graph, pair
5). N1303K, however, is not rescued by growing the cells at low temperature. (7C)
Representative tracing of S1235R containing cells grown at 37 °C and treated with the
combination of correctors C4 + C18. (7D) Summary of short-circuit currents in S1235R-
containing cells for untreated cells or after incubation with C4 + C18 or VX-809 (10 pM, 16
h), as indicated. From the left, data are normalized to the untreated control (bar graph, pair
1). Note that all the corrector treatments have less of an effect on S1235R than they do on
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N1303K. S1235R is also not rescued by growing the cells at low temperature. Y axis
represents the Alsc following exposure of the cells to CFTR inhy7, for the no treatment
control divided into Alsc obtained in each of the other experimental procedures and thus
reported as normalized to control. Statistical significance is presented as follows: ns, no
significant difference; *P < 0.05; **P < 0.01; ***P < 0.001 (n = 8-13 for each condition)
when compared with the control condition (n7=12). Amiloride (100 uM) was present during
the whole experiment to avoid interference by ENaC-mediated Na* currents.
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