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We previously generated an adenoassociated viral gene ther-
apy vector, rAAV-A264 cystic fibrosis transmembrane conduct-
ance regulator (CFTR), missing the first four transmembrane
domains of CFTR. When infected into monkey lungs, A264
CFTR increased the levels of endogenous wild type CFTR pro-
tein. To understand this process, we transfected A264 CFTR
plasmid ¢cDNA into COS7 cells, and we noted that protein
expression from the truncation mutant is barely detectable
when compared with wild type or AF508 CFTR. A264 CFTR
protein expression increases dramatically when cells are treated
with proteasome inhibitors. Cycloheximide experiments show
that A264 CFTR is degraded faster than AF508 CFTR. VCP and
HDACS, two proteins involved in retrograde translocation from
endoplasmic reticulum to cytosol for proteasomal and aggreso-
mal degradation, coimmunoprecipitate with A264 CFTR. In
cotransfection studies in COS7 cells and in transfection of A264
CFTR into cells stably expressing wild type and AF508 CFTR,
A264 CFTR increases wild type CFTR protein and increases lev-
els of maturation of immature band B to mature band C of
AF508 CFTR. Thus the adenoassociated viral vector,
rAAV-A264 CFTR, is a highly promising cystic fibrosis gene
therapy vector because it increases the amount of mature band C
protein both from wild type and AF508 CFTR and associates
with key elements in quality control mechanism of CFTR.

The cystic fibrosis transmembrane conductance regulator
(CFTR)? is the CI~ channel defective in cystic fibrosis (CF) (1).
The most common disease-causing mutation in CFIR is a
missing phenylalanine at position 508 (AF508 CFTR) (2). Wild
type (WT) CFTR is well known to function at the plasma mem-
brane (1), whereas AF508 CFTR is recognized as a mutant pro-
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tein by the cell, retained in the ER, incompletely glycosylated,
and subsequently degraded (3). Because of this, AF508 CFTR
cannot function at the plasma membrane. How WT and
mutant CFTR are processed and trafficked to the plasma mem-
brane has been studied extensively (4). Very early studies (3)
identified three forms of CFTR, a fully glycosylated band C, an
incompletely glycosylated band B, and a core-glycosylated band
A. Very little core-glycosylated CFTR can be detected in the
cells, but significant amounts of both B and C bands of WT
CFTR can be detected especially in transfected cells (3). The
presence of significant quantities of the immature B band of
WT CFTR has been attributed to inefficient processing of WT
CFTR to completely glycosylated forms (4). AF508 CFTR is not
processed past the ER, so it is mostly detected as the immature
band B. Processing of AF508 CFTR to mature band C can occur
if cells containing this mutant are cultured at a lower tempera-
ture (5). Many avenues are being pursued as potential therapies
for CF to correct mutant trafficking of AF508 CFTR (6).

Our group has been interested in another approach for a CF
therapy, replacing the defective gene by gene therapy using
adenoassociated viral vectors (7). A major limitation to the suc-
cess of AAV gene therapy for CF is that the large size of the
CFTR cDNA insert fills the packaging capacity of AAV viral
particles precluding inclusion of a highly efficient promoter. To
overcome this limitation, AAV2/5 pseudotyped vectors were
designed to express a truncated version of CFTR (A264) miss-
ing the first 264 amino acids of CFTR, driven by a chicken
B-actin  promoter rAAV-CB-A264 CFTR (pTR2-CB-
A264CFTR) (8). Our group showed previously that this trun-
cated form was capable of generating CFTR channels when
expressed in Xenopus oocytes with characteristics associated
with WT CFTR (9). We also showed that A264 CFTR sup-
pressed the inflammatory pathology induced by Pseudomonas
aeruginosa beads or Aspergillis fumigatus in CFTR knock-out
mouse models (8, 10, 11). We delivered this vector to the air-
ways of Rhesus macaques, and to our surprise, rather than
detecting robust expression of A264 CFTR, we observed an
increase in the expression of band C protein originating from
the endogenous wild type CFTR of the monkey (7). Fragments
of WT CFTR are known to cause increased processing of AF508
CFTR band B to C (12) through a process called transcomple-
mentation. However, the mechanism of how this occurs is
poorly understood.

This study aims to understand how the quality control mech-
anism of the cell processes A264 CFTR and to show that A264

VOLUME 283 +NUMBER 32+AUGUST 8, 2008



A264 CFTR Increases Wild Type and AF508 Processing

CFTR does indeed function to efficiently increase the amounts
of both WT and AF508 CFTR protein detected in Western blot
experiments. The dual purpose of this study is to gain insights
into mechanisms that result in AF508 CFTR processing from
immature to mature forms and to provide new strategies for
gene therapy vectors for CF.

EXPERIMENTAL PROCEDURES

Cell Culture—African green monkey kidney cells (COS7)
obtained from American Type Tissue Culture (ATCC) were
maintained in 1X Dulbecco’s modified Eagle’s medium high
glucose, penicillin (100 units/ml), streptomycin (100 wg/ml),
and 10% fetal bovine serum. Media and other components were
purchased from Invitrogen. The CFBE 4lo— cell line was
derived by Dieter Gruenert from a patient with CF and trans-
fected with additional quantities of WT CFTR and selected for
stable expression of WT CFTR (13). These cells were provided
to us by Dieter Gruenert. The CFBE410-AF508 CFTR cells
originated from the parental CFBE 410— cell line derived by
Dieter Gruenert but were subsequently stably transduced with
a lentivirus containing AF508 CFTR (14). These cells were pro-
vided to us by J. P. Clancy.

Plasmids and Constructs—The construct pEGFP WT CFTR
mammalian expression vector was from Bruce A. Stanton (15).
The AF508 CFTR mutation was generated by site-directed
mutagenesis in pEGFP-WT CFTR by PCR using AF508 prim-
ers. WT CFTR, AF508 CFTR, and A264 CFTR were subcloned
into pCDNA3.1 with CBA and cytomegalovirus promoters
(Invitrogen). The plasmids were transfected into the cells using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions. After 48 h of transfection, the cells were har-
vested and used for immunoprecipitation and immunoblotting.

Treatment— After transfection, cells were treated either with
proteasome inhibitors, MG132 (Calbiochem), PS-341/Bort-
ezomib (Millennium Pharmaceuticals), and lactacystin (Cal-
biochem) or the lysosomal inhibitor E64 (Calbiochem) for 16 h
unless indicated otherwise. Cycloheximide (Sigma) was used at
25 ug/ml for various times as indicated.

Immunoprecipitation—Cells were lysed directly on plates
using M-PER protein lysis buffer (Pierce) containing protease
inhibitor mixture (Pierce) after washing with ice-cold phos-
phate-buffered saline. Total protein extracts (500 ug/ml) were
incubated with 50 ul of protein A/G-agarose beads (Santa Cruz
Biotechnology, Inc.) for 3 h at 4 °C. After preclearing, 2.5 ug of
both CFTR 169 and M3A7 (R & D Systems) antibodies were
added to each tube. After 1 h, protein A/G-agarose beads (50
wl) were added to each tube, and tubes were incubated over-
night at 4 °C. Beads were washed once with lysis buffer, fol-
lowed with two washes with phosphate-buffered saline. The
beads were suspended in Laemmli sample buffer (30 ul) con-
taining B-mercaptoethanol, vortexed for 1 min, resolved by
4-10% SDS-PAGE, and detected using the respective primary
antibodies as described below.

Immunoblotting—Cells were harvested and processed as
described previously (16). Briefly, cells were solubilized in lysis
buffer (50 mm NaCl, 150 mm Tris-HCI, pH 7.4, 1% Nonidet
P-40) and in complete protease inhibitors (Roche Applied Sci-
ence). The cell lysates were spun at 14,000 X gfor 15minat4 °C
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FIGURE 1. A264 CFTR (left) runs at a molecular weight lower than that of
wild type CFTR (right). COS7 cells were transfected with 4 ug of pTR2-CB-
A264CFTR and 4 ng of pCDNA3.1-WT CFTR. After 48 h, cells were lysed, and
the total lysate was analyzed by Western blot using anti-human CFTR anti-
bodies (C terminus-specific) from R & D Systems. Loading was evaluated with
GAPDH antibodies (US Biological) in all experiments even if data are not
shown. (n = 8).

to pellet-insoluble material. The supernatants were subjected
to SDS-PAGE and Western blotting followed by enhanced
chemiluminescence (Amersham Biosciences). The chemilumi-
nescence signal on the polyvinylidene difluoride membrane
was directly captured by FujiFilm LAS-1000 plus system with a
cooled CCD camera. Quantification was carried out within the
linear range using the ImageGauge version 3.2 software (Fuji-
Film). CFTR was detected with monoclonal anti-human CFTR
(C terminus) antibody (1:1500; R & D Systems, Inc.). Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), used as a load-
ing control, was detected with monoclonal GAPDH antibody
(1:10,000; US Biological). Rabbit polyclonal VCP and HDAC6
antibodies were purchased from Santa Cruz Biotechnology,
Inc., and used at final concentration of 2 ug/ml.

RESULTS

Processing of A264 CFTR—When A264 CFTR ¢cDNA was
transfected into COS7 cells, A264 CFTR protein expression is
barely detectable (Fig. 1). This could be the consequence of an
inefficient promoter driving only small amounts of gene tran-
scription or of enhanced protein degradation resulting in
reduced steady state amounts of detectable protein. The former
is unlikely because we utilized a powerful CBA promoter with a
cytomegalovirus enhancer known to express mRNA in high
levels in these cells (8). To evaluate this, we transfected into
COS7 cells the same amount of CBA-WT CFTR, CBA-AF508
CFTR, or CBA-A264 CFTR cDNA. In Western blot experi-
ments, WT and AF508 CFTR proteins are detectable at very
high levels, whereas A264 CFTR is barely detectable. The
results verified that CBA is a powerful promoter and is not the
cause of low amounts of detectable A264 CFTR protein in
transfection experiments.

To evaluate the degradation of A264 CFTR, we treated cells
with the inhibitor, MG132, a nonspecific inhibitor of proteaso-
mal degradation. Fig. 2 shows that in the absence of MG132
(lane 5), A264 CFTR is barely detectable under these exposure
conditions. In sharp contrast, in the presence of MG132, large
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routes, we tested for possible inter-
actions of A264 CFTR with VCP, a
member of the protein complex
involved in extraction of CFTR from
the ER membrane and retrograde
translocation of CFTR to the pro-
teasome (19), and with HDACS6, the
ubiquitin interacting deacetylase
that promotes the movement of
CFTR to aggresomes (20). As
expected, both A264 and AF508
CFTR do indeed associate both with
VCP and HDACS6 (Fig. 4). We also
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amounts of A264 CFTR can be detected. We have obtained the
same results with the proteasomal inhibitors, lactacystin (data
not shown) and PS341 (discussed later), confirming that the
data were indeed the result of proteasome inhibition.

To study this further, we compared A264 to AF508 CFTR
protein levels in the presence of proteasome inhibitors. As
shown in Fig. 24, in the absence of MG132, again A264 CFTR
protein is barely detectable. In contrast, even though only half
the amount of AF508 cDNA was transfected compared with
that of A264 CFTR, AF508 CFTR detectable protein is much
higher than the protein detected from A264 CFTR. Comparing
the sensitivities of A264 and AF508 CFTR to MG132, Fig. 2B
shows clearly that AF508 CFTR is not as sensitive to MG132
(compare lanes 4 with 2) as A264 CFTR (compare lanes 3 with
1). To evaluate how much is degraded by the lysosome, we
utilized the inhibitor E64. As shown in Fig. 2C, the amounts of
A264 CFTR protein detected is not significantly affected by
lysosomal inhibition. Summary data are shown in Fig. 2D.

To evaluate how fast A264 protein is degraded compared
with AF508 and WT CFTR, we treated transfected cells with
cycloheximide. As shown in Fig. 34, WT CFTR protein is rela-
tively stable following cycloheximide treatment. This is in sharp
contrast to AF508 and A264 CFTR whose proteins are degraded
much faster. Among the three forms shown in Fig. 3, A and B,
A264 CFTR protein is degraded the fastest.

Because A264 is more efficiently degraded compared with
AF508 CFTR, we hypothesized that it would interact with key
components involved in CFTR degradation. CFTR can be
degraded either in the proteasome (17) or sequestered and per-
haps degraded in aggresomes (18). To evaluate these two
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FIGURE 2. A, proteasome inhibition is shown. Cells were transfected with A264 cDNA and treated with MG132.
A264 CFTR protein expression is not detectable in the absence but is increased dramatically in the presence of
proteasome inhibitors (upper panel) (n = 4). B, cells were transfected with A264 or AF508 CFTR and treated with
MG132. A264 CFTR protein expression is not detectable in the absence of MG132 (lane 1) but is increased
dramatically by proteasome inhibition (lane 3). Note that AF508-CFTR is detectable in the absence of MG132
(lane 2) and increases modestly in the presence of MG132 (lane 4); lanes 5 and 6 are negative controls (n = 7).
The two panels are from the same gel. C, COS7 cells were transfected with A264 CFTR and treated with
lysosome inhibitor (E64) for 16 h. There is very little change in band density among all the treatment groups and
A264 CFTR in the absence of the inhibitor. D, summary data for proteasomal and lysosomal inhibition experi-
ments is shown. Only MG132 significantly increases A264 CFTR protein expression.

mental Fig. 1), we were still able to
pull down both VCP and HDAC6 by
immunoprecipitation. Pull down of
both VCP and HDAC6 by A264
CFTR indicates that A264 CFTR
uses a similar degradation pathway
as reported earlier for AF508 and
WT CFTR (20). To evaluate this fur-
ther, we utilized the HDAC6 inhib-
itor, tubacin (21). Tubacin is a
recently identified and highly specific small molecule inhibitor
of HDAC6-mediated aggresome formation (21). We compared
the effects of tubacin on both A264 and AF508 CFTR protein
levels to those obtained with the more specific proteasome
inhibitor, PS-341/Bortezomib (Fig. 5). As expected, the steady
state amounts of A264 CFTR protein detected by Western blot-
ting are again dramatically increased (~60-fold) either by
MG@G132 or PS-341, showing again that the amount of A264
CFTR protein is exquisitely sensitive to proteasome inhibitors.
Tubacin, on the other hand, has a very small effect on the
amount of A264 CFTR protein (~40-fold less than PS-341).
The small effect of tubacin on the amounts of A264 CFTR pro-
tein demonstrates that the majority of this truncated CFTR
protein is processed through proteasomal degradation.

Neither proteasome nor HDACS6 inhibition has large effects
on the B band of AF508 CFTR suggesting that at the steady state
a significant pool of the immature band of AF508 CFTR protein
resides in the ER. In contrast, the most dramatic effect is on
band C. When MG132 is applied alone, there is an ~7-fold
increase, and when both MG132 and tubacin are applied
together, there is an 11-fold increase in the steady state levels of
band C of AF508 CFTR detected by Western blot. This indi-
cates that if both proteasomal degradation and aggresome for-
mation pathways are inhibited, we rescue the AF508 CFTR tar-
geted for degradation and at the same time favor the processing
of AF508 to mature band C.

Taken together, our data suggest that A264 CFTR is effi-
ciently degraded by the proteasome as compared with AF508
CFTR and lacks the biosynthetic arrest in the ER. The mecha-
nism of the efficient degradation of A264 CFTR involves inter-
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FIGURE 3. A, degradation assayed by inhibition of protein synthesis. COS7
cells were transfected with either WT, AF508, or A264 CFTR and treated with
cycloheximide (25 wg/ml) for the indicated times (n = 4 for WT CFTR and
AF508 CFTR, n = 3 for A264 CFTR). In this experiment, exposure times for the
Fuji density measurements were 3 s for WT CFTR, 40 s for AF508 CFTR, and 5
min for A264 CFTR. This gave approximately equal density values at time O for
the graph in B. Please note that the exposure times were varied in this exper-
iment so that we could accurately measure the change in density following
exposure to cycloheximide treatment for the various times especially for
A264 CFTR. C indicates control. B, summary data of cycloheximide experi-
ments. The differences in the rate of decay between A264 CFTR and AF508
CFTR are significantly different using the mean at time point 0-5, p < 0.05.

actions with key elements of the quality control mechanism of
the cell such as VCP and HDACS.

A264 CFTR Increases Expression of WT CFTR—In our previ-
ous experiments, when we infected the lungs of Rhesus mon-
keys with AAV5 A264 CFTR virus, we expected to detect robust
expression of A264 CFTR protein, instead, to our surprise we
saw increased amounts of the monkey’s endogenous WT CFTR
protein (7). We tested this further in transfection and cotrans-
fection experiments of WT and A264 CFTR cDNA into COS7
cells. When A264 CFTR cDNA is transfected alone, A264 CFTR
protein is again barely detectable (Fig. 64, Ist lane) compared
with the transfection of WT CFTR cDNA alone (2nd and 4th
lanes). Note the increase in mature band C protein when WT
CFTRis cotransfected with A264 CFTR ¢cDNA (Fig. 64, 3rd and
Sth lanes). One possibility is that the increase in detectable WT
CFTR protein is caused simply by transfecting two genes into
the cells. To eliminate this possibility, we cotransfected WT
CFTR and A264 CFTR with CD4 cDNA, a non-CFTR mem-
brane protein.

Fig. 64 shows that CD4 cDNA cotransfection reduces both
A264 CFTR (compare lane I to 2) and WT CFTR (lane 5) pro-
tein, and cotransfection with A264 CFTR cDNA increases the
amount of WT CFTR protein detected. Fig. 6B shows the sum-
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FIGURE 4. Both AF508 CFTR and A264 CFTR are associated with VCP and
HDAC6 protein complex. Cos-7 cells were transfected with AF508 or A264
CFTR and treated with 10 um MG-132 for 8 h. A, CFTR was immunoprecipi-
tated (/P) from 500 p.g of total protein and immunoblotted for VCP or HDAC6
(left panel). Protein from non-CFTR transfected Cos-7 cells was used as a neg-
ative control for CFTR immunoprecipitation, whereas total protein extracts
(25 ng) were loaded as positive control (right panel). Higher amounts of both
VCP and HDAC6 are coimmunoprecipitated with A264, as compared with
AF508 CFTR. B, VCP or HDAC6 immunoprecipitated with AF508 or A264 CFTR
for each group is shown as percentage change (mean = S.D.) from AF508
protein complex. Statistics were also compared with the AF508 protein
complex.

mary data where the total amount of cDNA transfected was
kept constant at 8 ug. Note that when coexpressed with A264
CFTR, thereis a significant increase in detectable C band of WT
CFTR.

The result shows that cotransfection of A264 cDNA signifi-
cantly increases WT CFTR protein. The observation that
cotransfection with CD4 cDNA produces a reduction in detect-
able protein for both WT and A264 CFTR is strong evidence
that the enhanced effect of A264 on WT CFTR is not caused
simply by transfecting two plasmids. However, to be sure that
this is not the case, we transfected CFBE41o— cells that were
stably transduced previously with WT CFTR cDNA. Fig. 7
clearly shows that WT CFTR protein is increased when A264
CFTR cDNA is transiently transfected into the cells. Thus, the
conclusion from this work is that A264 CFTR does indeed
enhance the processing of WT CFTR.

A264 CFTR Rescues AF508 CFTR—To study whether A264
CFTR affects the maturation of AF508 CFTR, additional trans-
fection and cotransfection experiments in COS7 cells were per-
formed (Fig. 8, A and B). Mature C band from AF508 CFTR was
significantly increased by 55% in cells cotransfected with AF508
CFTR and A264 CFTR versus cells transfected with AF508
CFTR cDNA alone (Fig. 8, A and B). Note that when cotrans-
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FIGURE 5. A264 CFTR is degraded primarily by the proteasome. Cells were
transfected either with A264 CFTR or AF508 CFTR and were treated either
with MG132, tubacin alone, or MG132 plus tubacin at 10 wm for 16 h (A).
B, cells transfected either with A264 CFTR or AF508 CFTR were treated either
with MG132 or PS341. A264 CFTR or AF508 CFTR control bands (absence of
inhibitors) were quantified and normalized to control = 1. The following fold
increases were obtained for A264 CFTR with inhibitors:MG132 =54 =22 (p <
0.001); PS341 = 62 = 21 (p < 0.001); tubacin alone = 1.5 = 0.08 (p < 0.001);
tubacin plus MG132 = 59 = 8 (p < 0.001). The following fold increases were
obtained for AF508 CFTR. Band B: MG132 = 4 = 0.04 (p < 0.001); PS341 =
2.7 £ 0.05 (p < 0.001); tubacin alone = 1.8 = 0.3 (p < 0.005); tubacin plus
MG132 =5.4 = 0.2 (p <0.001). The following fold increases were obtained for
AF508 CFTR.Band C: MG132 =7 * 2 (p < 0.001); PS341 = 2 = 0.5 (p < 0.001);
tubacin alone = 2 = 0.5 (p < 0.01); tubacin plus MG132 = 11 = 3 (p < 0.001).
All fold increases were log-transformed and tested for significance and found
to be significantly different from control. Note that the fold changes following
inhibition of the proteasome either with MG132 or PS341 are much greater
for A264 CFTR than for AF508 CFTR. Also note that there is a highly significant
increase in band C of AF508 CFTR compared with control when cells are
treated with MG132, PS341, or tubacin plus MG132. n = 3 for all experiments.

fected with AF508 CFTR ¢DNA, A264 CFTR protein is not
detectable (Fig. 84).

Fig. 9 shows the results of experiments on CFBE410-AF508.
The CFBE410-AF508 CFTR cells were previously stably trans-
duced with a lentivirus containing AF508 CFTR cDNA (14).
Fig. 9, lane 7, note that even though the cells were transduced
prior to our experiments with a lentivirus containing AF508
CFTR, in the absence of A264 CFTR bands B and C of AF508
CFTRs are barely detectable in cells. When the cells were tran-
siently transfected with an additional amount of AF508 CFTR
c¢DNA (Fig. 9, lane 6), the primary effect is an increase in band B
and a small increase in detectable band C protein. In contrast,
when increasing amounts of A264 CFTR cDNA were tran-
siently transfected into these cells (Fig. 9, lanes 1-5), the detect-
able band C protein originating from the stably expressed
AF508 CFTR is increased to a much greater extent than band B.

To check the difference in mass between C and B bands, we
used two different glycosidases (data not shown). Peptide
N-glycosidase F (N-glycanase), which completely removes core
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FIGURE 6. A, cells were transfected or cotransfected either with WT or A264
CFTR or with CD4. Note that cotransfection of A264 CFTR or WT CFTR with
CD4 reduces detectable A264 CFTR (compare 1st lane (A264 CFTR alone) with
2nd lane (A264 CFTR + CD4)) and WT CFTR protein (compare 5th lane (WT
CFTR alone) with 4th lane WT CFTR + CD4). This is in sharp contrast to the
result with A264 CFTR; when cotransfected with WT CFTR, A264 CFTR
increases detectable CFTR protein (compare 5th with 3rd lane). GAPDH exper-
iments showed equal loading (data not shown), n = 5. B, summary data is
shown; only C band density was measured. Data are significantly different.
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FIGURE 7. CFBE410— WT CFTR cells were transfected with A264 CFTR.
These human bronchial epithelial cells were derived from a CF patient but
stably express WT CFTR (created by and a gift from Dieter Gruenert (13)).
Note that transfection with A264 CFTR increases detectable WT CFTR pro-
tein. The increase peaks when 2 ug of A264 CFTR is transfected (p < 0.004
for2 ng),n = 8.

and complex glycosylation from CFTR, and endoglycosidase H,
which removes only unprocessed core oligosaccharides, were
used (22). Endoglycosidase H was very effective in removing the
B band. Peptide N-glycosidase F in our experiments reduces C
band (data not shown).

DISCUSSION

A264 CFTR Is Functional—A full structure of CFTR has yet
to be solved, but homology modeling based upon the structural
information for other ABC transporters such as SAV1866 (23)
suggests that cytosolic loops 1 and 2 may interact with one or
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B, summary data is shown. Both C and B band densities were measured. Data
are significantly different only for an increase in C band. The control (no A264
CFTR transfected) is normalized to 100% compared with the % increase with
A264 CFTR. *, data are significantly different for the increase in C band only.
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FIGURE 9. CFBE410— AF508 CFTR cells were transfected with A264 or
with AF508 CFTR. These human bronchial epithelial cells were derived from
a CF patient but stably expressing AF508 CFTR transduced with lentivirus (gift
from J. P. Clancy (14)). Note that transfection with A264 CFTR increases
detectable band C (p < 0.02 for 8 g of A264 CFTR transfected). Lane 6 shows
the same cells transfected with an additional amount of AF508 CFTR to indi-
cate the size of the B and C bands. Lane 7 depicts the cells that express AF508
CFTR as they were received from J. P. Clancy.n = 5.

two of the nucleotide binding domains of CFTR (24). Because
A264 CFTR is missing cytosolic loops 1 and 2 as well as the first
four membrane-spanning domains, the question then can be
raised about the protein conformation and functionality of
A264 CFTR.

Functional data are available from electrophysiological
experiments in Xenopus oocytes expressing CFTR truncation
mutants where membrane-spanning domains 1-4 were pro-
gressively removed (9). Functional C1™ channels with ion selec-
tivity identical to wild type CFTR were generated by all of these
mutants, including A264 CFTR. On the other hand, removing
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more than four membrane-spanning segments did not produce
functional channels. Thus, despite missing these predicted
domains and inter-domain interactions with nucleotide bind-
ing domains, these mutants are still capable of forming selective
ion channels (9).

We also observed in previous studies single channel activity
similar to wild type CFTR when A264 CFTR cDNA was trans-
fected into IB3-1 cells (8). IB3-1 are CF bronchial epithelial cells
containing two mutant alleles of CFTR, AF508/W1282X. There
are low levels of AF508 CFTR protein expression but no expres-
sion of W1282X protein (25). Based upon the experiments
reported here, the channel activity noted in the IB3-1 cell
experiments could have come either directly from A264 CFTR
or from AF508 rescued through transcomplementation of the
endogenous AF508 CFTR. It is difficult to ascribe the channel
activity measured in the IB3-1 cells transfected with A264
CFTR ¢DNA to channels expressed from A264 CFTR protein.
However, AF508 CFTR is well known to have a very low single
channel activity when rescued to the cell surface (26). In con-
trast, the single channel activity of A264 CFTR observed in
Xenopus oocytes injected with A264 CFTR mRNA is closer to
that of WT CFTR than to AF508-CFTR (9). Thus, based upon
these distinct differences in open probabilities of AF508 CFTR
versus A264 CFTR, we surmise that the single channel record-
ings in the IB3-1 cells transfected with A264 CFTR cDNA are
indeed from A264 CFTR channels at the cell surface or at least
a combination of channel activity both from A264 and AF508
CFTR.

In another functional assay, a model of airway inflammation
in a CFTR knock-out mouse was created utilizing A. fumigatus
crude protein extract (Af-cpe) to mimic allergic bronchopul-
monary aspergillosis. Intratrachial infection of these mice with
AAV5 A264 CFTR partially corrected aberrant cytokine signal-
ing and ameliorated the allergic bronchopulmonary aspergillo-
sis in gut-corrected CFTR knock-out mice (11). Thus, despite
our observations that A264 CFTR is rapidly degraded, it has
been shown in CF knock-out mice that A264 CFTR is capable of
at least of partial correction of the induced inflammatory
pathology. How A264 CFTR is functioning was not studied. But
because these knock-out mice did not have AF508 CFTR, it is
likely that the functional correction is indeed coming from
A264 CFTR protein expression at the surface of the mice airway
cells.

A264 and AF508 CFTR Degradation—Our data show that
when large amounts of A264 CFTR cDNA are transfected into
cells, the mutant protein is barely detectable. This is in contrast
to AF508 CFTR whose immature B band is readily detectable. It
is known that newly synthesized core-glycosylated AF508
CFTR is produced at the same rate as core-glycosylated WT
CFTR band B (27). This suggests that the quality control mech-
anism is not able to distinguish between WT and AF508 CFTR
before the formation of band B. The impact of the AF508 CFTR
mutation is to limit the conversion of immature band B into
mature band C, the more complex-glycosylated form of CFTR.

In contrast to AF508 CFTR, which in the steady state we
show resides in the ER, A264 CFTR is recognized by the quality
control mechanism and rapidly degraded. As shown by others,
portions of transmembrane segments 1—4 do play a role in the
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stability of CFTR (28). Thus, the maturation of AF508 CFTR
toward biosynthetic arrest in the ER is likely to involve the for-
mation of a stable intermediate early in biosynthesis (27), a
situation that does not occur for A264 CFTR. The relative sta-
bility of the immature band of AF508 CFTR compared with
other more efficiently degraded forms of CFTR, such as A264
CFTR, makes it possible to develop CF therapeutics targeted
specifically at continuing the processing of AF508 CFTR to the
plasma membrane (4).

Our data show that A264 CFTR is very sensitive to protea-
some inhibitors. To understand this phenomenon, we showed
that A264 is associated with VCP and HDACS6, both known to
be involved in the ER-associated degradation of CFTR (20).
p97/VCP and gp78 form complexes with polyubiquinated, mis-
folded proteins for translocation from the ER for proteasomal
degradation. Interference in the VCP-CFTR complex leads to
accumulation of immature AF508 CFTR in the ER and partial
rescue of AF508 CFTR to the cell surface (29). HDACS6, on the
other hand, is the microtubule-associated deacetylase, which by
coupling with dynein motors translocates polyubiquitinated
misfolded proteins to aggresomes (30). HDAC6 is known to
bind to polyubiquitinated CFTR (20). p97/VCP and HDAC6
work together in controlling polyubiquinated CFTR with p97/
VCP enhancing chain turnover favoring proteasome degrada-
tion and HDACS6 inhibiting turnover to promote aggresome
accumulation (20). Both p97/VCP and HDACS6 associate with
A264 CFTR and with AF508 CFTR suggesting that they share
similar degradation pathways. Our data also indicate that the
majority of the A264 CFTR is likely to process primarily
through the proteasomal degradation pathway because protea-
somal inhibition results in the appearance of much more
detectable protein, whereas inhibiting HDAC6 with tubacin
has little effect.

Transcomplementation—Previous studies have reported
transcomplementation of AF508 CFTR in cells transfected with
only parts of CFTR (12). These fragments are themselves
extremely efficiently degraded and thereby improve the matu-
ration of AF508 CFTR from B to C bands. We show here that
A264 CFTR increases the amount of WT CFTR protein expres-
sion and causes maturation of immature band B to mature band
C of AF508 CFTR. How does A264 CFTR allow for the process-
ing of mutant CFTR? Our data show that one way to increase
processing of bands B to C of AF508 CFTR is to inhibit both
proteasomal degradation and HDAC6 together. Perhaps by
associating with both p97/VCP and HDAC6, A264 CFTR
affects both proteasomal degradation and aggresomal accumu-
lation of AF508 CFTR allowing for the processing of bands B to
C. Consistent with this is that inhibition of 97/VCP is already
known to rescue AF508 CFTR (29). We hypothesize that by
engaging the processes involved in extraction of AF508 CFTR
from the ER membrane, necessary for proteasome degradation,
A264 CFTR redirects a pool of AF508 CFTR toward maturation
of the C band.

Itis possible that A264 CFTR also engages the quality control
machinery prior to the proteasome and thus induces the mat-
uration of the ER-localized form of AF508 CFTR. Alterations
of components of early quality control, involved in recogni-
tion of misfolded protein, are known to rescue AF508 CFTR.
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One of the first CFTR binding partners to be identified and
documented to affect CFTR processing was the molecular
chaperone Hsp70 (31). It was later demonstrated that Hsp70
disassociates from WT CFTIR during its movement to the
Golgi. In contrast, Hsp70 remains associated with AF508 CFTR
in the ER suggesting that Hsp70 plays a role in blocking AF508
CFTR transport out of the ER (32). Several other early quality
control proteins have more recently been added to the list. For
example, the co-chaperone HspBP1 inhibits the C terminus of
Hsp70-interacting protein (CHIP) to stimulate CFTR matura-
tion (33). Thus, it is clearly possible that A264 CFTR engages
other components of quality control involved in the recogni-
tion of misfolded proteins to allow for the continued processing
of AF508 CFTR out of the ER.

In summary, our data suggest that transcomplementation of
AF508 CFTR by A264 CFTR most likely occurs because A264
CFTR interacts with proteins in the ER-associated degradation
pathway. Our previous data show that A264 CFTR can function
as an ion channel at the plasma membrane in Xenopus oocytes
(9) and can correct the inflammatory lung disease phenotype
induced by presensitizing CF of knockout animals to A. fumiga-
tus and then instilling Pseudomonas-laden beads (8, 11). Our
new data show that the A264 CFTR viral vector has a dual ben-
efit. When rAAV-A264 CFTR is transfected into CF cells, A264
CFTR itself can function as a Cl~ channel (9), and at the same
time it can promote the expression of A508 CFTR band C. This
dual effect makes the rAAV-A264 CFTR a highly promising CF
gene therapy vector.
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