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Abstract
Background/Aims: Because of the small size of adeno-associated virus, AAV, the cystic fibrosis conductance regulator, CFTR, cDNA is too large to fit within AAV and must be truncated.
We report here on two truncated versions of CFTR, which, when inserted into AAV1 and used
to infect airway cells, rescue F508-del CFTR via transcomplementation. The purpose of this
study is to shed light on where in the cell transcomplementation occurs and how it results
in close association between the endogenous F508-del and truncated CFTR. Methods: We
treated CF airway cells (CFBE41o-) with AAV2/1 (AAV2 inverted terminal repeats/AAV1 capsid)
containing truncated forms of CFTR, ∆264 and ∆27-264 CFTR, who can restore the function of
F508-del by transcomplementation. We addressed the aims of the study using a combination
of confocal microscopy and short circuit currents measurements. For the latter, CF bronchial
epithelial cells (CFBE) were grown on permeable supports. Results: We show that both F508del and the truncation mutants colocalize in the ER and that both the rescued F508-del and
the transcomplementing mutants reach the plasma membrane together. There was significant
fluorescence resonance energy transfer (FRET) between F508-del and the transcomplementing mutants within the endoplasmic reticulum (ER), suggesting that transcomplementation
occurs through a bimolecular interaction. We found that transcomplementation could increase the Isc in CFBE41o- cells stably expressing additional wt-CFTR or F508-del and in parental CFBE41o- cells expressing endogenous levels of F508-del. Conclusion: We conclude that
the functional rescue of F508-del by transcomplementation occurs via a bimolecular interaction that most likely begins in the ER and continues at the plasma membrane. These results
come at an opportune time for developing a gene therapy for CF and offer new treatment
options for a wide range of CF patients.
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Cell Physiol Biochem Press GmbH&Co. KG
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Introduction

Cystic fibrosis (CF), an autosomal disorder most common in Caucasians, is caused by
defects in the CFTR, a chloride channel found in mucosal epithelia [1]. The most common
mutant, F508-del, is well known to be retained within the ER and degraded by proteasomes
[2]. There are well over 1000 mutations in the CFTR gene that cause a myriad of problems,
including premature degradation, aberrant channel conductance or gating, premature translation termination resulting from early stop codons, and aberrant splicing [3, 4].
Gene therapy: Shortly after the CF gene was identified, there was tremendous enthusiasm for gene therapy as the ultimate way to restore health to CF patients [5]. This enthusiasm waned as the challenges in achieving a gene therapy became evident. One vector that
shows promise for CF gene therapy is adeno-associated virus (AAV). AAV2 gene transfer has
been tested extensively in humans [6, 7] and found to be safe. Early studies using the first
generation of virus, AAV2-CFTR, demonstrated gene transfer and transduction, but a largescale repeat-dosing study with over 100 patients did not. There were two major reasons
for this lack of clinical efficacy: First, AAV2 was not very efficient in transducing lung cells
[8]; second, the weak promoter in the vector construct did not express enough protein to
be effective [9]. To overcome the first hurdle, we developed CFTR viral vectors based on the
AAV1 serotype [10]. The solution to the second problem was to add a more powerful chicken
β-actin (CBA) [11] or tg38 [12] promoter to boost gene expression. However, the addition
of the promoter required truncating CFTR in order to fit it within the packaging capacity of
AAV [13, 14].
Transcomplementation of F508-del. In order to fit CFTR within the packaging capacity
of AAV, we created the truncation mutant, ∆264 CFTR, by removing the first four transmembrane-spanning domains of CFTR. Because ∆264 CFTR had low protein expression [15], we
created another truncation mutant, ∆27-264 CFTR [16], to improve the levels of steady-state
protein expressed by the original truncation mutant. To create this new construct, we added
the first 26 amino acids of wild type (wt) CFTR onto the N-terminus of our ∆264 CFTR. We
based the design of ∆27-264 CFTR on our prior knowledge that the first 26 amino acids of
CFTR are important for enhanced protein expression [17]. Others have demonstrated that
the N-terminal tail of CFTR binds to important trafficking molecules such as syntaxin 1a
[18]. Indeed, we showed that ∆27-264 CFTR expresses higher levels of steady-state protein
than does ∆264 CFTR [15].
When we used it to infect monkey lungs, AAV5-∆264 CFTR increased the levels of endogenous wt CFTR protein [19]. In co-transfection studies in Cos7 and CFBE41o- cells and
in the transfection of ∆264 CFTR into cells stably expressing wt and F508-del-CFTR, ∆264
CFTR increased the wt CFTR protein level and the ratio of mature C bands to immature B
bands [15]. We discovered that the truncation mutants were not functioning on their own,
but were rescuing F508-del by transcomplementation [16]. Transcomplementation occurs
when certain truncation mutants such as ∆264 CFTR and ∆27-264 CFTR bind to F508-del
and rescue its function. Rescue of ∆F508-CFTR by transcomplementation has been observed
previously [20, 21]. One common theme among all these studies is that truncation mutants
of CFTR capable of transcomplementation are extremely efficiently degraded. Thus, one theory holds that transcomplementation rescues ∆F508-CFTR via chaperone competition or
displacement: Certain CFTR truncation mutants avidly bind to ERAD proteins such as valosin-containing protein (VCP), ATPase homolog 1 (Aha1), and histone deacetylase 6 (HDAC6)
[21]. As a result, these mutants compete for binding or displace F508-del from the ERAD
proteins, thereby allowing F508-del to reach the cell surface. A second theory holds that
other truncation mutants bind directly to F508-del and effect its rescue through domain interactions between the different CFTR molecules. Thus, chaperone displacement would be
a consequence of a structurally rescued F508-del. The latter alternative would suggest that
the transcomplementing truncation mutants bind to F508-del during translation, stabilize
the protein, and remain together with F508-del as it is processed to the plasma membrane.
Because this scenario has not be demonstrated experimentally, the goal of the present study
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was use confocal microscopy to determine where F508-del and the transcomplementing
truncation mutants actually associate within the cell and whether the transcomplementing
truncation mutants and F508-del reside at the plasma membrane.
Materials and Methods

Cell culture
CFBE41o- cells stably transfected with F508-del (a gift of Erik Sorscher) or with wt CFTR, as well as parental cells (no additional CFTR, a gift of Dieter Gruenert [22]) were maintained in minimal essential Eagle’s
medium (MEM, Invitrogen) with 10% FBS, penicillin/streptomycin, L-glutamate (200 mΜ), and puromycin
(5 µg/mL, Sigma).

Microscopy
A Zeiss LSM 510 laser scanning system and 63x oil-immersion lens were used. CFBE41o- parental
cells were seeded onto cover glasses and later transiently transfected with the plasmids KDEL-td-tomato,
F508-del CFTR-GFP, Δ27-264 CFTR-mCherry, and Δ264 CFTR-mCherry for 48 h using Lipofectamine 2000.
All these constructs contain the CBA promoter [13]. All tags were placed on the C-terminal domain. 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. They were then 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, cells were washed once with DPBS and then incubated with primary antibodies in 3% BSA for 1
h. The primary antibodies used were: anti-KDEL (Enzo Life Sciences #ADI-SPA-827-D), anti-golgin-97 (Life
Technologies #A-21270), and anti-pan cadherin (Abcam #ab6528). CFTR was detected by its fluorescent
tags or with anti-CFTR antibody 596 [23]. After incubation with primary antibody, the cells were incubated
with secondary antibody: goat anti-mouse Alexa 647, goat anti-mouse AlexaFluor 488, or goat anti-mouse
AlexaFluor 594. The cells were incubated with a 1:1000 dilution of DAPI for 5 min and washed three times
with DPBS, then mounted using ProLong Gold Antifade (Invitrogen). Extended-focus images were taken
on the Zeiss LSM 510 and processed for export as TIF files using Imaris Imaging Software. We verified previously that transcomplementation-tagged versions of CFTR undergo transcomplementation in a manner
similar to that of those without tags [15].

FRET
∆264CFTR was subcloned from pcDNA3.1 into pmCherry-C1 (Clontech, #632524) using the following
primers: 5’-tagggtaccatgatcgagaacatccaatctgtta-3’ and 5’- taaacgggccctaaagccttgtatcttgca-3’. ∆27-264CFTR
was subcloned from pcDNA3.1 into pmCherry-C1 (Clontech, #632524), and ∆F508-CFTR was subcloned
from pcDNA3.1 into pAcGFP1-C1 (Clontech, #632470) using the following primers: 5’-ctaggtaccatgcagaggtcgcctctggaaaat-3’ and 5’-taaacgggccctaaagccttgtatcttgca-3’. The GFP/mCherry (donor/acceptor) pair was
used for acceptor photobleach FRET. Images for GFP and mCherry were collected before and after photobleaching with the 594-nm argon/2 laser at the maximum intensity. From the images, the signal intensity
of GFP was measured with Zeiss image software, and FRET efficiency was calculated using the following
formula:
where IPre and IPost correspond to the GFP signal intensity (with background signal subtracted) before
and after photobleach, respectively. Note that FRET between ∆27-264 and ∆F508 does occur within the ER
region.

Short-circuit currents
Parental cells or CFBE41o- cells stably expressing DF508-CFTR or wt CFTR were grown on Transwell
supports and treated with 10 µl of AAV2/1 (AAV1capsid/AAV2 ITR) containing either D264 CFTR (3.75X1012
vector genomes [vg]/ml) or D27-264 CFTR (2.19X1012 vg/ml). Virus was produced at the University of Florida Vector Core Facility. The short-circuit currents (Isc) were measured in Ussing-type chambers (Physiological Instruments; San Diego, CA). Confluent CF bronchial epithelial cells (CFBE41o-) stably expressing
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F508-del or wt CFTR 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. Once the monolayers
had reached the relevant resistance, the inserts were mounted in an Ussing-type chamber and bathed in one
of the solutions described below, maintained at 37°C, and stirred by bubbling with room air.
Short-circuit currents (Isc) were measured by voltage-clamping the transepithelial voltage across the
monolayers to 0 mV with a multichannel voltage-current clamp amplifier (model VCC MC6, Physiologic Instruments) as described previously [24].

Results

F508-del and the N-terminal truncation mutants are located within the ER
Although transcomplementation is postulated to occur via a bimolecular interaction
[25], the location of the transcomplementing forms of CFTR in the cell is unknown. In order
to study their location, we utilized confocal microscopy. Fig. 1 shows that F508-del is located
within a perinuclear compartment. F508-del localized with KDEL, a marker for the ER [26],
confirming what is already well known: that F508-del is a mutant protein whose trafficking
is arrested in the ER [27]. However, as we have observed previously [15], a small amount of
F508-del escaped from the ER and trafficked to the plasma membrane.
In order to determine where these two truncation mutants are located within the cell,
we labeled them with mCherry on their N-termini. Fig. 2 shows a strong co-localization between ∆264 CFTR (Fig. 2A, left panel), ∆27-264 CFTR (Fig. 2C, right panel), and KDEL, the ER
marker. In contrast, there was little overlap between ∆264 CFTR (Fig. 2B, left panel), ∆27264 CFTR (Fig. 2D, right panel), and Golgin-97, the trans-Golgi marker protein [28], demonstrating that the trafficking of both truncated versions of CFTR is arrested mostly within the
ER, from which they are efficiently degraded by the proteasome, facilitated by VCP [16]. It
also shows that some trafficking of the truncated mutants does occur, allowing them to reach
the Golgi. The data also
show that the addition of 27
amino acids to the N-terminal in ∆27-264 CFTR, which
we have previously shown
to increase the steady-state
level of the protein [16],
results in behavior similar
to that of ∆264 CFTR. Although it was primarily located within the ER, there
was also some transit of Fig. 1. F508-del co-localizes with the ER marker KDEL. CFBE41othe truncated protein out cells stably expressing F508-del- CFBE41o- cells were transfected
of the ER and detectable co- with KDEL-td-tomato plasmid (Red, ER) and plated on coverslips.
localization with Golgin-97 After 48 h, the cells were fixed, permeabilized, and stained with
within the Golgi.
DAPI (blue, nucleus) and antibodies against CFTR (green, CFTR 596).
Co-localization occurs
within the ER
Because when present alone, ∆264 CFTR and
∆27-264 CFTR are each
found within the ER, with
only little detectable localization with Golgin-97, we
asked whether F508-del
and the truncated versions

Representative extended-focus images are shown. The cell shown
is one representative example of F508-del /KDEL colocalization
(yellow) taken from three independent experiments. All cells that were
successfully transfected with the KDEL-td-tomato plasmid displayed
co-localization (yellow) between KDEL and F508-del. The location of
the green dots over the nucleus in the middle panel occurred because
the level of focus of this image includes the cytoplasm, which contains
F508-del and the nuclear marker (DAPI). Note, however, that in the
left panel that there is no co-localization between the nuclear marker
DAPI and F508-del, indicating that F508-del is not located within the
nucleus.
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Fig. 2. Δ264 and Δ27-264 CFTR are primarily located in the ER, but some reaches the Golgi. (A) CFBE41oparental cells were plated on coverslips and transfected with Δ264 CFTR-mCherry (red, CFTR). At 48 h
post-transfection, the cells were fixed, permeabilized, and stained with DAPI (blue, nucleus) and antibodies
against KDEL (green, ER). Close association or co-localization is indicated by a yellow signal. (B) Cells were
treated the same way as in (A) but stained with antibodies against Golgin-97 (green, Golgi). The red arrows
indicate close association or co-localization between Δ264 CFTR and Golgin-97. (C) CFBE41o- parental cells
were plated on coverslips and transfected with Δ27-264 CFTR-mCherry (red, CFTR). (D) Cells were treated
the same way as in (A) but stained with antibodies against Golgin-97 (green, Golgi). The red arrows indicate
close association or co-localization between Δ27-264 CFTR and golgin-97. Representative extended-focus
images are shown. The data shown were selected from four independent experiments. Representative
extended-focus images are shown.

of CFTR are located together within the ER, concomitant with the process of transcomplementation. For this purpose, we conducted a triple-label co-localization experiment with
F508-del, ∆264 (Fig. 3A), or ∆27-264 (Fig. 3B) and the ER marker, KDEL. Fig. 3 shows the
co-localization between ∆264 and ∆27-264 CFTR, respectively, F508-del and KDEL, demonstrating that co-localization of the endogenous F508-del and the truncated versions of
CFTR occurs within the ER to form a transcomplementing complex consisting of F508-del
and either ∆264 or ∆27-264 CFTR. The question, then, is whether the transcomplementing complex moves out of the ER. To begin to address this question, we conducted a triplelabel co-localization experiment with F508-del, ∆264 (Fig. 4A), or ∆27-264 (Fig. 4B) and the
trans-Golgi marker, Golgin 97. Fig. 4 shows that there is readily detectable co-localization
of F508-del and the transcomplementing truncation mutants within the trans-Golgi. Next,
we determined whether a complex of proteins reaches the plasma membrane. For this purpose we conducted a triple-label co-localization experiment with F508-del, ∆264 (Fig. 5A),
or ∆27-264 (Fig. 5B) and the plasma membrane marker, E-cadherin [29]. Fig. 5 shows that
F508-del and the transcomplementing truncation mutants, ∆264 or ∆27-264, do indeed colocalize at the plasma membrane.
Association of F508-del with the transcomplementing truncation mutants occurs within
the ER
To test whether the transcomplementing truncated CFTR and F508-del are associated
within the ER, we utilized an acceptor-photobleaching FRET assay. We measured FRET by
photobleaching within the perinuclear region of co-transfected CFBE41o- cells. Fig. 6 represents experiments in which F508-del and ∆264 CFTR (A) or ∆27-264 CFTR (B) were cotransfected. Significant FRET was detected in both experiments. Given that Förster resonance
energy transfer [30] is dependent upon the sixth power of the distance between the fluorophores, the distance between F508-del and 264 CFTR or ∆27-264 CFTR must be between 1
and 10 nM to attain significant FRET between them. The confocal microscopy data presented
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Fig. 3. (A) Δ264 CFTR and F508-del are localized to the ER. CFBE41o- parental cells were plated on coverslips
and co-transfected with Δ264 CFTR-mCherry (red, Δ264 CFTR) and F508-del CFTR-GFP (green, F508-del).
At 48 h post-transfection, the cells were fixed, permeabilized, and stained with DAPI (blue, nucleus) and
antibodies against KDEL (purple, ER). Close association or co-localization is indicated by a yellow signal. Cotransfection of F508-del CFTR-GFP and Δ264 CFTR-mCherry occurred in 21.1% of the cells (27/128); of the
cells stained for KDEL (purple), 100% (11/11) showed co-localization or close association between Δ264
CFTR and F508-del. (B) Localization of Δ27-264 CFTR and F508-DEL CFTR in the ER. CFBE41o- parental
cells were plated on coverslips and co-transfected with Δ27-264 CFTR-mCherry (red, Δ27-264 CFTR) and
F508-des CFTR-GFP (green, F508-del). Co-transfection of F508-DEL CFTR-GFP and Δ27-264 CFTR-mCherry
occurred in 23.5% of the cells (35/150); of the cells stained for KDEL (purple), 100% (15/15) showed
co-localization or close association between Δ27-264 CFTR and F508-del Representative extended-focus
images are shown, and data were selected from one of four independent experiments.

above and the FRET data presented here are consistent with transcomplementation occurring by a direct interaction between F508-del and the transcomplementing truncated forms.
The net effect is to restore the stability of F508-del.

Transcomplementation has functional consequences
For transcomplementation to be a useful therapy for CF, there must be enough rescue
of function to have clinical benefit. We therefore measured Isc; as a first step, we exposed
CFBE41o- cells stably expressing wt CFTR to AAV containing ∆264 CFTR or ∆27-264 CFTR.
We have shown previously that steady-state levels of wt-CFTR are increased following transcomplementation by AAV containing ∆264 CFTR or ∆27-264 CFTR[15]. Fig. 7A shows that
this treatment produced an approximately 2-fold increase in wt-CFTR-generated currents.
To evaluate the effectiveness of transcomplementation, we exposed cells in which F508-del
was stably expressed at well above endogenous levels (Fig. 7B) or parental cells (CFBE41o-)
(Fig. 7C) that express only endogenous levels of F508-del to AAV containing either ∆264 or
∆27-264 CFTR. Although the magnitude of the currents was lower in the parental CFBE cells
when compared to the cells expressing F508-del, the 2-fold increase in Isc was the same in
both cases.
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Fig. 4. (A) Co-transfection of Δ264 CFTR and F508-del results in Golgi localization. CFBE41o- parental cells
were plated on coverslips and co-transfected with Δ264 CFTR-mCherry (red, Δ264 CFTR) and F508-des
CFTR-GFP (green, F508-del). At 48 h post-transfection, the cells were fixed, permeabilized, and stained with
DAPI (blue, nucleus) and antibodies against golgin-97 (purple, Golgi). The yellow signal with red arrows
indicates close association or co-localization between Δ264 CFTR and Golgin-97. Representative extendedfocus images are shown, and data were selected from one of four independent experiments. Co-transfection
of F508-des CFTR-GFP and Δ27-264 CFTR-mCherry occurred in 21.1% of the cells (27/128); of the cells
stained for golgin-97 (purple), 100% (6/6) showed co-localization or close association between Δ264 CFTR
and F508-del. (B) Co-transfection of Δ27-264 CFTR and F508-del results in Golgi localization. CFBE41oparental cells were plated on coverslips and co-transfected with Δ27-264 CFTR-mCherry (red, Δ27-264
CFTR) and F508-del CFTR-GFP (green, F508-del). Co-transfection of F508-DEL CFTR-GFP and Δ27-264
CFTR-mCherry occurred in 23.5% of the cells (35/150); of the cells stained for golgin-97 (purple), 100%
(11/11) showed co-localization or close association between Δ27-264 CFTR and F508-del. Representative
extended-focus images are shown, and data were selected from one of four independent experiments.

Discussion

Misfolded proteins in CF are the result of several mutations in the CF gene [3]. The
F508-del mutation is the most common mutation, and it causes at least two major problems with the protein without resulting in major changes in the structure of the NBD1 [31,
32]. It is now well known that the mutation destabilizes the NBD1 domain at physiological
temperatures and disrupts the interaction of the NBD1 domain with the transmembrane
domains [32]. Possible mechanisms to rescue these defects have received intense research
interest. We and others have shown that F508-del in NBD1 and other trafficking mutants in
NBD2 can be rescued by transcomplementation [33]. The major question is how the transcomplementation rescues F508-del. Here we show that ∆264 CFTR and ∆27-264 CFTR,
when transfected individually into cells, are localized primarily to the ER and to some extent
within the Golgi. This localization is consistent with their recognition by ERAD and degradation in proteasomes [16]. Interestingly, when they are co-expressed with F508-del, the
transcomplementing mutants strongly localize with F508-del within the ER, but are then
found at the trans-Golgi and the plasma membrane. These results, taken together, lead us to
hypothesize that transcomplementation occurs with the ER and that the truncation mutants
and F508-del move to the plasma membrane.
The FRET between ∆264 CFTR or ∆27-264 CFTR and F508-del suggests that transcomplementation takes place when the two molecules are in very close proximity. These results,

1273

Physiol Biochem 2019;52:1267-1279
Cellular Physiology Cell
© 2019 The Author(s). Published by
DOI: 10.33594/000000089
and Biochemistry Published online: 27 April 2019 Cell Physiol Biochem Press GmbH&Co. KG

Smith Bergbower et al.: Restoring Function of F508-del by Transcomplementation

Fig. 5. (A) Δ264 CFTR and F508-del become localized to the plasma membrane. (A) CFBE41o- parental
cells were plated on coverslips and co-transfected with Δ264 CFTR-mCherry (red, Δ264 CFTR) and F508del CFTR-GFP (green, F508-del). At 48 h post-transfection, the cells were fixed, permeabilized, and stained
with DAPI (blue, nucleus) and antibodies against cadherin (purple, plasma membrane). The yellow boxes
indicate areas where there is close association or co-localization between Δ264 CFTR and cadherin. Cotransfection of F508-del CFTR-GFP and Δ264 CFTR-mCherry occurred in 21.1% of the cells (27/128); of
the cells stained for cadherin (purple), 100% (10/10) showed co-localization or close association between
Δ264 CFTR and F508-del. (B) Δ27-264 CFTR and F508-del become localized to the plasma membrane.
(A) CFBE41o- parental cells were plated on coverslips and co-transfected with Δ27-264 CFTR-mCherry
(red, Δ27-264 CFTR) and F508-del CFTR-GFP (green, F508-del). Co-transfection of F508-DEL CFTR-GFP
and Δ27-264 CFTR-mCherry occurred in 23.5% of the cells (35/150); of the cells stained for cadherin
(purple), 100% (9/9) showed co-localization or close association between Δ27-264 CFTR and F508-del.
Representative extended-focus images are shown, and data were selected from one of four independent
experiments. (C) The graphs show Pearson’s correlation coefficients of Δ264 CFTR and Δ27-264 CFTR and
cadherin when F508-del CFTR is co-transfected into cells, as compared to control samples (no F508-del
CFTR). The coefficients were calculated using Imaris Imaging Software. Pearson’s correlation coefficients
were increased with F508-del CFTR co-transfection. Results are means ±SE. (n = 4) ****p<0.0001.

together with earlier binding studies [15], lead us to suggest that transcomplementation
occurs via a bimolecular interaction between the transcomplementing truncated form and
F508-del. We showed previously that when transcomplementation occurs, F508-del is functionally repaired and its residence time at the plasma membrane is extended [15, 33]. Several studies have demonstrated transcomplementation of F508-del utilizing different truncated forms of CFTR [33]. What they all have in common is the NBD1 domain. We would
hypothesize that the most likely scenario is that the transcomplementing truncated CFTR
acts as a molecular chaperone [15]by binding to F508-del and allowing it to attain a stable
and functional conformation that allows it to traffic to and function normally at the plasma
membrane.
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Fig. 6. Δ264 and Δ27-264 CFTR interact with F508-del. CFBE41o- cells were plated on coverslips and
transfected with Δ264 (A) or Δ27-264 CFTR-mCherry (B) and ΔF508 CFTR-GFP. At 48 h post-transfection,
the cells were fixed, and slides were mounted using mounting medium without anti-fade. Acceptor
photobleaching was performed. Samples were bleached using the 561nm laser line of a Zeiss LSM
510 confocal microscope. Samples were then excited using the 488-nm laser line, and changes in green
fluorescence were measured. (A) The left column is the image before photobleaching with a 561-nm laser,
and the right column is the image after photobleaching. FRET efficiency was calculated by measuring the
changes in the 488-nm signal before and after photobleaching. The statistical analysis of the FRET efficiency
was obtained from the images. Results are means ±SE (n = 4). The FRET efficiency for the control sample is
0, since there was no green signal present to measure because of the single transfection.

Will the restoration of function by transcomplementation be therapeutic? Since therapeutic transcomplementation would have to restore the function of the endogenous F508del, a therapeutic benefit would fundamentally depend upon the efficiency of the rescue
and the magnitude of the level of expression of the mutant F508-del. We addressed these
requirements by utilizing CFBE41o- cells, which stably express additional F508-del, and the
parental cells, which only express small amounts of endogenous CFTR. Neither ∆264 CFTR
nor ∆27-264 CFTR produces chloride currents on its own [15], but each can rescue functional F508-del chloride channels. Therefore, we measured the short-circuit current in each
of these cell lines. Although the magnitude of the currents was greater in the cells stably
expressing additional F508-del, there was a 2-fold increase in the currents generated after
rescue by transcomplementation, in both the cells stably expressing additional F508-del and
in parental cells expressing endogenous levels of F508-del. Cormet-Boyaka and colleagues
[25], using their transcomplementation vector, also showed rescue of CFTR-generated Clcurrents in F508-del- containing CFBE41o- cells. In addition, they observed that CFTR-dependent Cl- transport was rescued in F508-del-bearing CF mice, as assessed by nasal po-

1275

Physiol Biochem 2019;52:1267-1279
Cellular Physiology Cell
© 2019 The Author(s). Published by
DOI: 10.33594/000000089
and Biochemistry Published online: 27 April 2019 Cell Physiol Biochem Press GmbH&Co. KG

Smith Bergbower et al.: Restoring Function of F508-del by Transcomplementation

Fig. 7. Functional restoration of F508-del. Ussing chamber experiments were performed to evaluate
CFTR-mediated Cl- secretion in parental CFBE41o- cells or cells stably expressing F508-del (F508del) or
wt CFTR after treatment with either ∆27-264- or ∆264-containing AAV2/1 virus. The data show that
transcomplementation rescues the function of wt CFTR (A), F508-del (B) and parental cells (C). Original
short-circuit current recordings in untreated cells (black line) or after incubation of ∆27-264-, or ∆264-containing AAV2/1 virus (10 µl, 7 days) in cells kept at 37°C. Corresponding ∆Isc summary data are
normalized to untreated CFBE41o- cells. Data are expressed as the CFTRinh172-sensitive short-circuit
current (∆Isc), calculated by subtracting the Isc after CFTRinh172 treatment from the peak forskolingenistein-stimulated Isc. Normalized responses calculated by normalizing the ∆Isc response to the untreated
condition. Statistical significance is indicated as follows: ns, no significant difference; *P<0.05; **P<0.01;
***P<0.001 (n=4-5 for each condition) when compared with the control condition. Amiloride (100 µM) was
present during the whole duration of each experiment to avoid interference by ENaC-mediated Na+ currents.

tential difference, when their transcomplementing vector was instilled into the nose using
an adenoviral vector. These data suggest that transcomplementation will be therapeutic;
however, definitive proof of this concept awaits further study.
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For patients with CF, new therapies based on chemical compounds that either potentiate chloride channel activity or rescue the processing of mutant CFTR have been approved
by the FDA. The most striking effect of these therapies was first observed in the treatment
of patients with G551D using the potentiator Ivacaftor (VX-770) [34, 35]. Subsequently, Orkambi, the combination of the potentiator Kalydeco (Ivacaftor) and the corrector Lumacaftor
(VX-809), was approved for the treatment of patients with homozygous F508-del mutations
[36]. In targeting the basic defects caused by certain mutations in the gene encoding CFTR,
these new therapies provide a substantial improvement over previous treatments, which
mainly targeted the symptoms associated with this progressive disease. However, there are
over 1000 different mutations in CF patients [3], and many of these mutations affect CFTR
in ways that are either too severe to be treated by VX-770, VX-809, or their combination, or
that cannot be rescued at all by the existing therapies. Therefore, the most fundamental way
to help every patient with CF is with gene therapy. As in any gene therapeutic approach for
CF, there are numerous challenges before an efficient clinical therapy can be achieved. These
challenges include targeting the proper cells necessary for restoration of CFTR function,
achieving therapeutic levels of gene transfer and transduction or endogenous gene editing,
and overcoming the body’s defenses against the introduction of foreign DNA, which may include both innate and acquired immunity (reviewed in [5, 37]). However, given the renewed
enthusiasm for gene therapeutic approaches, this is an opportune time for overcoming these
challenges.
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