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Background: The cystic fibrosis transmembrane conductance regulator (CFTR), a chloride channel critical for ionic home-

ostasis in epithelial cells, is mutated in cystic fibrosis.

Results: FKBP8 stabilizes WT and AF508 CFTR in the ER and appears to act downstream of Hsp90.
Conclusion: FKBPS is critical for the biogenesis of WT and AF508 CFTR.
Significance: Our findings suggest that FKBP8 is a late acting chaperone for WT and AF508 CFTR.

Cystic fibrosis (CF) is caused by mutations in the apical chlo-
ride channel cystic fibrosis transmembrane conductance regu-
lator (CFTR) with 90% of patients carrying at least one deletion
of the F508 (AF508) allele. This mutant form of CFTR is charac-
terized by a folding and trafficking defect that prevents exit from
the endoplasmic reticulum. We previously reported that AF508
CFTR can be recovered in a complex with Hsp90 and its co-
chaperones as an on-pathway folding intermediate, suggesting
that A508 CF disease arises due to a failure of the proteostasis
network (PN), which manages protein folding and degradation
in the cell. We have now examined the role of FK506-binding
protein 8 (FKBP8), a component of the CFTR interactome, dur-
ing the biogenesis of wild-type and AF508 CFTR. FKBP8 is a
member of the peptidylprolyl isomerase family that mediates
the cis/trans interconversion of peptidyl prolyl bonds. Our
results suggest that FKBP8 is a key PN factor required at a post-
Hsp90 step in CFTR biogenesis. In addition, changes in its
expression level or alteration of its activity by a peptidylprolyl
isomerase inhibitor alter CFTR stability and transport. We pro-
pose that CF is caused by the sequential failure of the prevailing
PN pathway to stabilize AF508-CFTR for endoplasmic reticu-
lum export, a pathway that can be therapeutically managed.
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The ability of a protein to fold is dictated both by the ener-
getic minimization of amino acids in the peptide sequence (1)
and by the chaperoning properties of the protein homeostasis,
or proteostasis, network (PN)® (2). The PN includes the stress-
inducible heat shock proteins (Hsp) and constitutively
expressed homologs, as well as chaperonins and protein refold-
ing complexes. Other components of the PN direct misfolded
or slowly folding proteins to the ubiquitin/proteasome and
autophagy/lysosomal degradation systems (2—7). Misfolding
diseases can occur as a result of alterations of the protein fold in
response to inherited and sporadic causes leading to either loss-
of-function or gain-of-toxic function conformers that trigger
human pathophysiology (7).

Cystic fibrosis (CF), the most common lethal genetic disease
in the Caucasian population, is caused by mutations in the cys-
tic fibrosis transmembrane conductance regulator (CFTR) pro-
tein. CFTR is a cAMP-regulated chloride channel expressed at
the apical surface of epithelial cells. Over 90% of patients carry
at least one Phe-508 deletion allele (AF508-CFTR), which leads
to impaired folding and rapid degradation of the mutant pro-
tein by endoplasmic reticulum-associated degradation (ERAD)
(3,9-11). The absence of CFTR at the cell surface contributes
to loss of hydration of the epithelial lining of the lung and other
tissues, triggering the progressive pathology characteristic of
the disease (12).

CFTR folding is critically dependent on the activity of multi-
ple chaperone proteins, including the cytosolic heat shock pro-
tein (Hsp) 70 and 90 systems (13—19). The folding defect asso-
ciated with AF508-CFTR results in a prolonged association

® The abbreviations used are: PN, proteostasis network; CF, cystic fibrosis;
CFTR, cystic fibrosis transmembrane conductance regulator; ER, endoplas-
mic reticulum; ERAD, endoplasmic reticulum-associated degradation; FBD,
FK506-binding domain; PPlase, peptidylprolyl isomerase; Hsp, heat shock
protein; FKBP, FK506-binding protein; TPR, tetratricopeptide repeat; LZ,
leucine zipper; DM-CHX, N-(N',N’-dimethylcarboxamidomethyl)cyclohex-
imide; HBE, human bronchial epithelial cell expressing WT CFTR; CFBE, cys-
tic fibrosis bronchial epithelial cell expressing AF508-CFTR.
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with the Hsp40-Hsp70 chaperone system, resulting in its deg-
radation via the ubiquitin proteasome pathway (9, 17, 19 -24).
Hsp90 is a key member of the PN (2) and also plays a critical role
in the folding of multiple client proteins, including CFTR (18,
25-29). Hsp90 is not generally considered to function during
co-translational folding of de novo synthesized proteins (28).
Rather, the chaperone activity of Hsp90 and its associated co-
chaperones are thought to regulate the structure of more
mature clients, which occupy multiple folded states, to mediate
function (27). The ATPase activity of Hsp90 can be slowed by
silencing the expression of the accelerator of Hsp90 ATPase,
Ahal (18, 30, 31). We previously showed that Ahal silencing
promotes the maturation and trafficking of AF508-CFTR to the
cell surface and re-establishes channel activity (18, 30). This
indicates that the misfolded AF508 channel is recognized by
components of the PN (18, 32-36).

To begin to understand, mechanistically, the operation of the
Hsp70/90 system in the folding of WT- and AF508-CFTR, we
have now investigated the role of the FK506-binding protein
(FKBP) isoform 8 (FKBP8). FKBP8 is the only FKBP family
member recovered in the CFTR interactome that preferentially
associated with AF508-CFTR (18), suggesting that it functions
ata critical step in the folding of CFTR. FKBPs define a family of
enzymes that mediate the cis/trans conversion of peptidyl-
prolyl bonds through their peptidylprolyl isomerase activity
(PPIase), a critical step in folding of both de novo synthesized
(37, 38) and mature proteins (39 —41). The integrating feature
of this family is the presence of a PPIase domain. This subfamily
of PPIases is further characterized by their ability to bind to the
immunosuppressive drugs, FK506 and rapamycin, that act as
inhibitors of isomerase activity. FKBP12 represents the proto-
typical member of this enzyme family. FKBP12 contains a single
FK506-binding domain (FBD) (Fig. 1), and its binding to immu-
nosuppressive drugs results in the inhibition of calcineurin
phosphatase activity and subsequent inhibition of the immune
cascade (42-44). Higher molecular weight members of this
family, such as FKBP51, -52, and -8, contain additional
domains, such as tetratricopeptide (TPR) and calmodulin bind-
ing domains (Fig. 1) (45). These TPR domain-containing family
members also harbor a leucine zipper motif (LZ) spanning res-
idues 278 -306 of human FKBPS8, which overlaps with its TPR
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domain and is involved in mediating protein-protein interac-
tions (45).

FKBP8 represents a unique member of the FKBP family in
that it is localized to both ER and mitochondrial membranes
through its C-terminal transmembrane domain, and its N-ter-
minal functional regions reside in the cytosol (46). FKBP8 is
able to bind to Hsp90 through its tripartite TPR motif (47),
consistent with what has been shown for related family mem-
bers, such as FKBP51 and -52 (48 —51). However, unlike what is
seen with FKBP51 and -52, which facilitate delivery of client
proteins through their ability to bind Hsp90 and client simul-
taneously, Hsp90 binding prevents the ability of FKBP8 to
interact with client proteins (47). This raises the possibility that
FKBP8 has an additional independent role in the PN. In fact,
this hypothesis is supported by data showing that FKBP8 exhib-
its Hsp90-independent chaperoning activity that determines
the stability and anti-apoptotic activity of Bcl-2 (52) and that
FKBP8 is required for the Hsp90-independent stability and
function of the voltage-dependent potassium channel, HERG
(53). In the case of CFTR, one possibility is that FKBP8 exhibits
an independent function that mediates the ER retention of the
AF508 mutant. Alternatively, FKBP8 could be a component of
an “on-pathway” folding intermediate that the AF508 mutant
cannot resolve. The latter possibility is in agreement with
recent data showing that FKBP8 is required for the trafficking
of WT-CETR (54).

Herein, we demonstrate the mechanism of FKBP8 activity in
CFTR biogenesis. We find that silencing of FKBP8 results in the
accumulation of AF508- and WT-CFTR in a trapped folding
intermediate. This results in destabilization of the protein and a
concomitant loss of channel activity. Thus, in the absence of
FKBP8 even WT-CFTR becomes prone to degradation, high-
lighting the need for a critical PPlase-dependent step in CFTR
maturation. Moreover, we provide evidence that FKBP8 is able
to bind to CFTR independently of Hsp90 and exhibits a prefer-
ence for the export-competent pool of CFTR, suggesting that
FKBPS is a late acting chaperone and functions downstream of
the Hsp90-dependent folding step. Consequently, FKBP8 may
fine-tune or complete the folding of the CFTR conformation
that is subject to ER export. We therefore suggest that FKBP8 is
a key component of the on-pathway PN, mediating the proper
folding and maturation of both WT- and AF508-CFTR. There-
fore, FKBP8 is a new and important target to consider in the
therapeutic management of cystic fibrosis.

MATERIALS AND METHODS

Reagents and Antibodies—Antibodies for CFTR used in this
study are as follows: the M3A7 antibody (NBD2) from Dr. John
Riordan (University of North Carolina), and the 3G11 antibody
(NBD1) obtained from the CF Folding Consortium. The FKBP8
antibody was a gift from Dr. Michiko Shirane (Kyushu Univer-
sity). The N-(N',N’-dimethylcarboxamidomethyl)cyclohexim-
ide (DM-CHX) was a kind gift from Dr. Gunther Fisher (Max
Planck Research Unit for Enzymology of Protein Folding). The
FKBP51 and FKBP52 antibodies were a kind gift from Dr. David
Smith (Mayo Clinic, Scottsdale, AZ).

DNA Constructs—Full-length FKBP8 was PCR-amplified
using the following forward (5'-CCG GTA TCT AGA ATG
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GCA TCG TGT GCT GAA-3’) and reverse (5'-GCG CAA
GGA TCC TCA GTT CCT GGC AGC GAT-3’') primers and
cloned into the Xbal/BamHI restriction sites of pcDNA3.1 con-
taining an N-terminal Myc tag.

Immunofluorescence—CFBE4lo— cells stably expressing
AF508-CFTR were grown on glass coverslips and fixed in PBS
containing 4% paraformaldehyde at room temperature for 15
min. Cells were then washed with three changes of PBS and
incubated with blocking buffer (PBS containing 1% BSA, 2%
normal goat serum, and 0.4% saponin) for 20 min. Coverslips
were then incubated for 1 h with primary antibodies (M3A7 at
1:100 (mouse) and FKBP8 at 1:300 (rabbit)) diluted in blocking
buffer. Coverslips were washed with five changes of PBS + 0.1 m
glycine and reblocked as before. Cells were then incubated for
1 h with secondary antibodies (goat anti-mouse Alexa488 and
goat anti-rabbit Alexa596) diluted at 1:300 in blocking buffer
and subsequently washed with PBS + 0.1 m glycine as before.
Coverslips were mounted and imaged.

SiRNA Treatment of HBE and CFBE Cells—Cells were seeded
in 12-well or 60-mm dishes at a density of 1 or 5 X 10° cells,
respectively, 1 day prior to transfection. Transfection com-
plexes were prepared by combining 600 nm siRNA diluted in
Opti-MEM and 2 pl (12-well) or 8 ul (60 mm) of RNAiMax
transfection reagent (Invitrogen) diluted in Opti-MEM. This
mixture was then added to the dish containing Opti-MEM
media to a final siRNA concentration of 50 nv and gently mixed
to ensure proper distribution of the transfection mixture. Opti-
MEM was replaced with growth media (a-minimal essential
medium containing 10% FBS, 2 mm L-glutamine, and 2 pg/ml
puromycin (CFBE) or 1 pg/ml blasticidin (HBE)) 24 h after
transfection. Cells were then transfected as above for a second
time and cultured for an additional 48 h. Prior to the comple-
tion of the second incubation, temperature-corrected CFBE
cells were transferred to a 30 °C/5% CO, incubator 24 h prior to
harvesting cells. Double siRNA transfections were performed
as above but using 25 nuM final of each pair of siRNAs (siFKBP8
+ scramble, siAhal + scramble, or siFKBP8 + siAhal).

Treatment of HBE and CFBE Cells with DM-CHX—Cells
were seeded as for siRNA treatment. Once the cells had reached
confluency, they were treated with DM-CHX at the indicated
concentration or Hepes, pH 7.8, at a final concentration of 78.9
M for 24 h at 37 °C/5% CO,, prior to harvesting. Temperature-
corrected CFBE cells were cultured for 24 h at 30 °C/5% CO,
prior to harvesting.

Preparation of Cell Lysate and Western Blotting—Cells were
washed twice with ice-cold PBS, and 50 ul of lysis buffer (50 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 1% Triton X-100, and 2 mg/ml
of complete protease inhibitor mixture) was added to each well.
Cells were lysed on ice for 30 min with occasional mixing. The
lysates were collected and spun at 14,000 X g for 20 min at 4 °C.
The protein concentration in the supernatants was assessed by
the Bradford assay using the Coomassie Protein Assay Reagent
(Pierce catalog no. 1856209). 15 ug of total protein were sepa-
rated by 8% SDS-PAGE, transferred to nitrocellulose, and incu-
bated with primary antibody at the indicated dilutions over-
nightat4 °Cin TBS + 0.1% Tween 20 + 5% milk. Nitrocellulose
were subsequently incubated with the appropriate HRP-conju-
gated secondary antibody diluted at 1:10,000 in TBS + 0.1%
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Tween 20 + 5% milk at room temperature for 1 h. The detec-
tion was performed by chemiluminescence using ECL reagent.

Immunoprecipitation—Lysates were prepared as described
for Western blotting, and 1.0 mg of total protein was pre-
cleared by incubating with y-bind beads (GE Healthcare) for 1 h
at4 °C and subsequently incubated for 16 h at 4 °C with 20 ul of
M3A7 CFTR antibody cross-linked to y-bind beads (GE
Healthcare). The beads were washed with two changes of lysis
buffer without protease inhibitor mixture. Beads were pelleted
at 2000 X g for 1 min, and bound proteins were eluted by incu-
bation with 50 mm Tris-HCI, pH 6.8, containing 1% SDS at
room temperature for 30 min and at 37 °C for 5 min. Western
blots of eluted proteins were analyzed for CFTR recovery
(M3A7), Hsp90 (Assay Designs (SPA-846)), Hsp70 (Assay
Designs (SPA-812)), and FKBP8. The blots were visualized as
described above.

Iodide Efflux Assay—CFBE and HBE cells were cultured in
60-mm dishes and treated as described above. Cells were
washed five times with loading buffer (136 mm Nal, 3 mm
KNO;, 2 mm Ca(NOs),, 20 mm Hepes, 11 mm glucose, and pH
adjusted to 7.4) and subsequently incubated with 2.5 ml of load-
ing buffer for 1 h at room temperature. Cells were washed 15
times with efflux buffer (136 mm NaNO,, 3 mm KNO,, 2 mm
Ca(NO,;),, 20 mm Hepes, 11 mm glucose, and pH adjusted to
7.4) followed by two 1-min incubations with 2.5 ml of efflux
buffer that was collected for iodide concentration determina-
tion. Cells were then incubated with stimulation buffer (efflux
buffer containing 10 um forskolin (Sigma) and 50 um genistein
(Sigma)) four times for 1 min, and the buffer was collected for
iodide concentration determination. Stimulation buffer was
washed out by incubating cells with efflux buffer six times for 1
min, and the buffer was collected for iodide concentration
determination. The concentration of iodide at each time point
was determined using an iodide selective electrode (Analytical
Sensors and Instruments Ltd.) connected to a Beckman 390
pH/temperature/mV/ISE meter.

Analysis of FKBP8 on CFTR Stability in Yeast—The yeast
strain RSY620 (MATa, ade2-1, trp1-1, leu2-3,112, ura3-1, his3-
11,15, PEP4::TRPI) was propagated, and yeast growth medium
was prepared using established methods (55). To create a cop-
per-inducible vector for the controlled expression of FKBPS,
the FKBP8 coding sequence was amplified by PCR using the
following forward (5'-CCG GTA GGA TCC ATG GCA TCG
TGT GCT GAA CC-3’') and reverse (5'-GGC CAA AAG CTT
TCA GTT CCT GGC AGC GAT GAC C-3') primers, and the
resulting isolated fragment was inserted into the BamHI and
HindlIII restriction sites in plasmid pCu425-CUPI (56). RSY620
cells expressing HA epitope-tagged CFTR (57) were then trans-
formed with pCu-425-CUPI-FKBP8 or a vector control
(pCu425-CUPI). Double transformants were selected and
grown to early logarithmic phase (A4,, ~0.20) in synthetic
complete medium lacking uracil and leucine but supplemented
with glucose to a final concentration of 2%. The cells were incu-
bated with 1 mm copper sulfate for 4 h to induce maximal
expression of FKBPS8, and cycloheximide was added to a final
concentration of 100 ug/ml. A total of 2-2.5 ODs of cells were
removed (¢t = 0); the culture was shifted to 37 °C, and the same
number of cells was taken at the indicated times. The yeast were
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washed, and total protein was precipitated as described (57).
Proteins were resolved on 10% SDS-polyacrylamide gels, trans-
ferred to nitrocellulose, and probed with mouse monoclonal
anti-HA antibody (12CA5, Roche Applied Science). Signals
were visualized using horseradish peroxidase-conjugated sec-
ondary antiserum, and the results were quantified using the
Kodak 440CF Image Station and the associated Kodak 1D (Ver-
sion 3.6) software (Rochester, NY).

Data Analysis—The values represent densitometric analysis
of Western blots using an Alpha Innotech Fluorochem SP. In all
cases, the densitometry was performed below the saturation
limit of the antibody. For CFTR band C immunoblot analysis, a
doublet, representing the intermediate and C forms of CFTR,
was used for quantitation and is referred to as band C. For
FKBPS analysis, the slower migrating band seen in overexpres-
sion experiments represents the Myc-tagged form. Both bands
in the doublet were used for the quantitation of FKBP8 overex-
pression. In cases where the band C signal was very low, densi-
tometry was performed on longer exposures, and the value nor-
malized to the expected intensity on the band B quantified
exposure using a reference band that is below saturation on
both exposures. The values are expressed as a percentage of the
most intense band (% of maximum) and averaged. The error
bars represent the means = S.E. (n = 3).

RESULTS

Modulating FKBP8 Expression Alters CFTR Folding in the
ER—OQur previous data revealed that FKBP8 is preferentially
recovered in association with AF508-CFTR when compared
with WT-CFTR (18). Because FKBP8 is the only FKBP family
member recovered in CFTR immunoprecipitates, we consid-
ered the possibility that it could have a very specialized role in
CFTR biogenesis. In addition, FKBP8 has been localized to the
ER (58 —60). We therefore assessed whether AF508 and FKPB8
co-localized in our human bronchial epithelial cell line,
CFBE410—, expressing AF508-CFTR (referred to henceforth as
CFBE cells). Fig. 24 shows a high degree of co-localization
between the stably expressed AF508-CFTR and the endoge-
nous FKBPS in this lung epithelial cell line.

Given that FKBP8 and AF508-CFTR co-localize in the ER
and interact (18), we sought to define the potential role of
FKBPS8 in the folding, stability, and trafficking of CFTR. For this
purpose, transport of CFTR from the ER to the cell surface was
monitored by a change in migration on SDS-PAGE. ER-ac-
quired N-linked oligosaccharides (band B) (Fig. 2B) are pro-
cessed during trafficking through the Golgi to generate the
slower migrating band C glycoform, as shown for wild type
(WT) (Fig. 2D). In contrast, AF508 is misfolded at physiological
temperature (37 °C) and is transiently retained in the ER in the
band B glycoform prior to rapid degradation by the protea-
some. However, when AF508-expressing CFBE cells are cul-
tured at reduced temperature (30 °C), AF508-CFTR folds more
efficiently, resulting in the accumulation of band B glycoform
and a significant level of export from the ER. Therefore, band C
is formed in the Golgi prior to its delivery to cell surface (Fig.
2F).

Because FKBP8 is found preferentially associated with
AF508-CFTR (18), we examined whether it is part of an on-
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pathway productive folding complex, which AF508 is unable to
progress beyond at physiological temperature, or that it repre-
sents part of an off-pathway unproductive complex, mediating
the specific retention of mutant CFTR in the ER. If the latter is
accurate, then siRNA-mediated silencing of FKBP8 might dis-
solve this complex and alleviate the ER retention of AF508.
Silencing of FKBP8 in CFBE cells or in CFBE4lo— stably
expressing WT-CFTR (referred to henceforth as HBE cells)
resulted in a decrease in the level of both WT and mutant CFTR
(Fig. 2, B-E), consistent with a recent report showing destabi-
lization of WT-CFTR following silencing of FKBP8 (54). We
also examined whether the increased stability and trafficking of
AF508-CFTR seen at the permissive temperature of 30 °C (61)
is dependent upon FKBP8. We observed that silencing of
FKBP8 had the same effect on AF508 at the permissive temper-
ature (30 °C) as it did at physiological temperature (Fig. 2, F and
G). These data suggest that FKBP8 is required for the folding,
stability, and/or maturation of both WT- and AF508-CFTR.
Thus, FKBP8 performs an essential role in an on-pathway fold-
ing complex, leading to the productive maturation of CFTR.
To address the specificity of FKBP8 function, we took advan-
tage of the observation that FKPB8 is most closely related to
FKBP51 and -52, based on its domain arrangements and cyto-
solic exposure (Fig. 1). Therefore, we monitored the effect of
silencing these related FKBPs on the stability and trafficking of
both WT- and AF508-CFTR. A 96 and 94% reduction in the
respective levels of FKBP51 or -52 had no effect on the stability
of the band B pool of AF508-CFTR at physiological tempera-
ture (Fig. 2, Band C). These data suggest that the dependence of
CFTR on FKBPS for folding and stability in the ER is specific,
relative to closely related family members. In contrast, we
observed that silencing of FKBP8, FKBP51, or FKPB52 did
affect the extent of maturation of CFTR to band C of both WT
and AF508 at the permissive temperature of 30 °C (Fig. 2, D-G).
Specifically, the silencing of FKBP8 resulted in a 62 and 83%
reduction in band C for WT-and AF508-CFTR at 30 °C, respec-
tively. In contrast, silencing of FKBP51 and -52 resulted in a 45
and 40% respective reduction in the processing of WT- and
AF508-CFTR to band C. These results suggest that FKBP51,
-52, and -8 all contribute to the post-ER stability and/or traf-
ficking of both WT and AF508-CFTR, with the loss of FKBP8
causing the strongest effect on post-ER stability. These data
again support a critical role for FKBP8 in the management of
CFTR folding. Finally, it is important to note that none of the
FKBP siRNAs altered the levels of the core Hsp70 and Hsp90
chaperones (Fig. 2, B, D, and F). Therefore, the observed effects
by siRNA silencing of FKBPS, -51, and -52 do not reflect a major
change in the general PN environment of the cell.
Overexpression of FKBP8 Restores AF508-CFTR Folding and
Export—Given that the critical event in correcting CF disease is
prevention/correction of AF508-CFTR misfolding in the ER,
we initially focused our attention on the role of FKBPS8 at this
step in the exocytic pathway. Because we observed a destabiliz-
ing effect when FKBP8 was depleted, we monitored the effect of
FKBP8 overexpression on the stability and trafficking of AF508-
or WT-CFTR. A 3-fold increase in the expression of Myc-
tagged FKBP8 resulted in an ~2-fold correction of the traffick-
ing defect of AF508-CFTR at 37°C, consistent with the
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FIGURE 2. FKBP8 co-localizes with AF508-CFTR and its silencing reduces the stability of CFTR. A, CFBE410— cells stably expressing AF508-CFTR were
stained with M3A7 anti-CFTR antibody (/eft) and FKBP8-N1 anti-FKBP8 antibody (middle). The merged image (right) reveals significant co-localization. Immu-
noblot analysis of CFTR, Hsp90, and Hsp70 following the silencing of FKBP8 (siFK8), FKBP51 (siFK51), or FKBP52 (siFK52) in CFBE410— cells expressing
AF508-CFTR at 37 °C (B), or WT-CFTR (D), or AF508-CFTR at 30 °C (F). The knockdown was confirmed by immunoblot analysis of the respective FKBPs.
Quantitative analysis of AF508-CFTR band B (B) and C (C) glycoforms following knockdown of FKBP8, -51, or -52 in CFBE410— cells expressing AF508-CFTR at
37 °C(C), or WT-CFTR (E) or AF508-CFTR at 30 °C (G). G, E, and G data were normalized to the percent of the maximal signal and are shown as amean + S.E, n =
3. p values were determined by two-tailed t test using the scramble control as the reference point; asterisks indicate p < 0.05.

previously observed effects of FKBP8 on a mutant form of the
HERG potassium channel (53). Although we observed an
increase in both band B and C for AF508-CFTR at 37 °C (Fig. 3,
A and B), we did not observe an effect on the stability or traf-
ficking of WT (Fig. 3, C and D) or AF508-CFTR at 30 °C (Fig. 3,
E and F). These data emphasize that the steady-state pool of
FKBP8 supports the biogenesis of the more stably folded forms
of CFTR, whereas increased FKBP8 benefits the maturation of
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the otherwise destabilized AF508-CFTR protein at physiologi-
cal temperature. Similar to siRNA-mediated silencing of
FKBPS, overexpression of FKBP8 had no major effect on the
levels of Hsp70 and -90, indicating a direct correlation between
the level of FKBP8 expression and the stability of AF508-CFTR
that most likely reflects an on-pathway effect.

FKPB8 Stabilizes WT-CFIR in Yeast—In yeast, WT-CFTR is
unable to exit the ER and traffic to the cell surface (57, 62); thus,
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FIGURE 3. Overexpression of FKBP8 increases the stability of AF508-CFTR
at physiological temperature. Immunoblot analysis of CFTR, Hsp90, Hsp70,
and FKBP8 following lentiviral expression of FKBP8 in CFBE41o— cells
expressing AF508-CFTR cultured at 37 °C (A) or WT-CFTR (C) or AF508-CFTR
cultured at 30 °C (E). Quantitative analysis of AF508-CFTR band B (B) and C (C)
glycoforms following overexpression of FKBP8 in CFBE410— cells expressing
AF508-CFTR cultured at 37 °C (B), or WT-CFTR (D) or AF508-CFTR cultured at
30°C (F). B, D, and F data were normalized to the percent of the maximal
signal. Data are shown as a mean = S.E., n = 3. p values were determined by
two-tailed ttest using the control as the reference point; asterisks indicate p <
0.05.

it behaves like AF508-CFTR in mammalian cells. In fact, factors
isolated from yeast screens that impact CFTR only affect
AF508-CFTR biogenesis (20). Given that FKBP8 overexpres-
sion selectively stabilized AF508-CFTR in CFBE cells (Fig. 3, A
and B), we wanted to address whether the expression of human
FKBP8 (hFKBP8) would stabilize human WT-CFTR in yeast.
Indeed, the expression of hFKBP8 resulted in a dramatic
increase in the stability of WT-CFTR (Fig. 4). In yeast lacking
hFKBPS, a ti, of 69 min was observed for CFTR, whereas only
10% of the CFTR was degraded at this same time point when
hFKBP8 was expressed. In fact, the degradation rate was nearly
five times faster in the absence of hFKBP8 (compare —0.0073

in~' for mock and —0.0015 min~—' for FKBP8). Of note,
FKBP8 overexpression had no effect on the growth of yeast or
on the levels of Hsp70 or Hsp90 (data not shown). These data
further support a key role for FKBP8 in the folding of CFTR
prior to export from the ER.

Modulating the Expression of FKBP8 Alters the Channel
Activity of CFTR—Given the effect of modulating the expres-
sion levels of FKBP8 on the stability and trafficking of CFTR, we
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FIGURE 4. Overexpression of hFKBP8 in yeast increases the stability of
CFTR. Quantitative analysis of WT-CFTR remaining over time under mock
transformed conditions (closed squares) or following expression of hFKBP8
(open squares) is shown. FKBP8 expression was induced with copper sulfate
for 4 h and subsequently stopped with cycloheximide prior to analysis of
CFTR stability. The data were expressed as the fraction of CFTR remaining at
t = 0. Data are shown as a mean = S.E.,, n = 3. p values were determined by

two-tailed t test using the mock transformed yeast as the reference point;
asterisks indicate p < 0.05. A.U., arbitrary units.

wanted to see if these effects translated into a change in the
channel activity of CFTR at the cell surface as measured by
iodide efflux assay. As expected, silencing of FKBP8 did not
result in recovery of AF508-CFTR channel activity at 37 °C (Fig.
5, A and B). Moreover, we observed a decrease in the level of
activity of both AF508-CFTR at 30 °C and WT-CFTR following
FKBP8 silencing (Fig. 5, A-D), a result consistent with the
observed decrease in CFTR protein expression seen following
the knockdown of FKBP8 (Fig. 2) and in agreement with recent
results on the effect of FKBP8 silencing on WT-CFTR activity
in Calu3 cells (54). Surprisingly, the overexpression of FKBPS,
which yielded a 2-fold increase in AF508-CFTR band B as well
as a weak but significant appearance of band C (Fig. 3, A and B),
did not result in the appearance of CFTR channel activity at the
cell surface (data not shown). Interestingly, FKBP8 expression
also failed to promote CFTR trafficking to the plasma mem-
brane in yeast (data not shown). Thus, although a modest ele-
vation of FKBP8 expression accelerates a rate-limiting ER fold-
ing event, it is apparently insufficient to generate a fully
functional channel that resides at the cell surface.

FKBP8 Inhibitor DM-CHX Stabilizes AF508-CFTR—Given
our observations that siRNA-mediated knockdown of FKBP8
decreases CFTR stability in the ER, we investigated whether
FKPB8 plays an important role in the folding and/or maturation
of the protein through either its PPlase activity, associated with
the FBD (Fig. 1), or its chaperoning activity, associated with its
TPR/LZ domain, or both. To distinguish between these possi-
bilities, we treated CFBE and HBE cells with known inhibitors
of FKBP PPlase activity, namely FK506 and rapamycin, as well
as cyclosporin A, which targets the related cyclophilin family of
PPIases (63). These compounds had no effect on the stability or
trafficking of either WT- or AF508-CFTR (Fig. 6A). Because
FK506, rapamycin and cyclosporin A will inhibit the PPlase
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FIGURE 5. FKBP8 knockdown decreases CFTR channel activity. lodide
efflux analysis in CFBE410— cells expressing AF508-CFTR (A) or WT-CFTR (C)
following treatment with siFKBP8 (open symbols) or scramble (Scr) control
(closed symbols). Fold increase in iodide efflux at maximal stimulation for
CFBE410— cells expressing AF508-CFTR (B) or WT-CFTR (D) following treat-
ment with siFKBP8 (white bars) or scramble control (black bars), The data are
expressed as a ratio of the efflux upon stimulation divided by efflux under
pre-stimulation (basal) conditions. A and C, data were normalized to the per-
cent of the maximal signal. Data are shown as a mean = S.E,, n = 3. p values
were determined by two-tailed t test using the scramble control at the same
time as the reference point; asterisks indicate p < 0.05.

activity of all FKBP or cyclophilin family members, respectively,
the results represent the sum total effect of inhibiting all PPIase
family members. Therefore, to selectively target FKBPS, we
examined the effect of a previously characterized FKBP8-spe-
cific PPlase inhibitor DM-CHX (64) on CFTR stability and traf-
ficking in CFBE and HBE cells. Surprisingly, and in contrast to
the effect of FKBP8 silencing, DM-CHX treatment resulted in a
dose-dependent increase in the steady-state stability of both
AF508- and WT-CFTR (Fig. 6, Band C). Thus, the phenotype of
FKPBS silencing is distinct from inhibition of its enzymatic
activity. One possibility is that the slowing of the FKBP8 prolyl
isomerase activity by DM-CHX could provide an additional
degree of stability of transient, dynamic folding intermediates.
This is similar to what we previously showed for the coupling of
the co-chaperone Ahal to Hsp90; here, reducing Hsp90 ATP
turnover resulted in more efficient trafficking of AF508 (18).
Alternatively, inhibition of the enzymatic activity of FKBP8
might trap the WT- and AF508-CFTR clients in a stable inter-
mediate, isolating CFTR in a step insensitive to the degradation
machinery and thereby generating a stable pool of CFTR avail-
able to engage the ER export machinery.

In contrast to our observations, Banasavadi-Siddegowda et
al. (54) reported a destabilizing effect of DM-CHX on the mat-
uration of WT-CFTR to band C. However, these investigators
used a high dose of the inhibitor (200 um) for a brief 2-h treat-
ment followed by pulse-chase analysis. This dose reduces pro-
tein synthesis by >20% (64), and the destabilizing effect seen
could be the result of indirect effects on global protein synthesis
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FIGURE 6. FKBP8 inhibitor increased the stability of CFTR. A, immunoblot
analysis of AF508 (top) and WT-CFTR (bottom), following treatment of
CFBE41o— cells with the immunosuppressive drugs FK506, rapamycin, or
cyclosporin A at the indicated concentrations for 24 h at 37 °C.Band G, immu-
noblot analysis of AF508-CFTR (B) or WT-CFTR (C) following the treatment of
the respective CFBE410— cells with the indicated concentrations of the
FKBP8-specific inhibitor DM-CHX. Quantitative analysis of the band B (B) and
C(Q) glycoforms of AF508-CFTR or WT-CFTR are shown on the right. Immuno-
blot for FKBP8is also shown. Data in Band Care shown as fold-change relative
to control condition and as a mean = S.E., n = 3. p values were determined by
two-tailed t test using Hepes treatment as the reference point; asterisks indi-
cate p < 0.05.

over the 2-h time frame. Additionally, Banasavadi-Siddegowda
et al. (54) only monitored pulse-chase data for WT-CFTR mat-
uration and therefore limited their analysis to the effect of the
compound on de novo synthesized CFTR. In contrast, our treat-
ment scheme involved much lower doses of DM-CHX, which
do not affect global protein synthesis (64), for a 24-h dosing
regiment. Moreover, we monitored the steady-state pool of
CFTR, which accounts for both de novo synthesized and exist-
ing pools of CFTR.

Effect of FKBP8 on Recruitment of Heat Shock Proteins by
CFTR—We previously demonstrated that the AF508-CFTR
interactome (18) contains significantly more core chaperone
components, including Hsp70 and Hsp90, when compared
with that seen in the WT-CFTR interactome (18). Further-
more, we observed a decrease in the association of these core
PN components under conditions in which CFTR trafficking
occurs at 30 °C (65).° The latter observation suggests that a
reduced recovery of core chaperones is indicative of improved

¢ Coppinger, J. A, Hutt, D. M., Razvi, A., Koulov, A. V., Pankow, S., Yates, J. R, Ill,
and Balch, W. E. (2012) A chaperone trap contributes to the onset of cystic
fibrosis. PLoS One, in press.
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titative analysis of the recovery of Hsp70, Hsp90, and FKBP8 by co-immuno-
precipitation of CFTR following treatment with siFKBP8 or scramble control
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following culture of the CFBE410— cells at the indicated temperature. Data
for Hsp70 and -90 are shown as a ratio to total CFTR. Data were then normal-
ized to the scramble condition that was set to 1. FKBP8 data are shown as a
ratio to band B (B). All data are shown as mean = S.E. p values were deter-
mined using a two-tailed t test where asterisks indicate p =< 0.05 and pound
signs indicate p < 0.10. C, immunoblot analysis of CFTR and FKBP8 following
immunoprecipitation of FKBP8 from CFBE cells expressing no CFTR (—/—),
wild-type CFTR (WT), or AF508-CFTR at 37 or 30 °C. The left panels show the
input for the experiment, and the right panels represent the immunoprecipi-
tated material. D, immunoblot analysis of CFTR, Hsp90, and FKBP8 following
immunoprecipitation of AF508-CFTR from CFBE410— cells cultured at 37 °C
using more stringent washing conditions to remove Hsp90/70 than shown in
A. E, immunoblot analysis of CFTR, Hsp90, and FKBP8 following immunopre-
cipitation of AF508-CFTR from CFBE410— cells treated with the FKBP8 inhib-
itor DM-CHX or Hepes control (“—") at 37 °C. The samples were washed as in D.
Cont, control.

folding, stability, and/or trafficking, whereas their persistent
association correlates with reduced folding and stability. We
therefore examined the effect of FKBPS silencing on the recov-
ery of core chaperones bound to either WT'- or AF508-CFTR to
determine the impact on the fate of both WT and mutant CFTR
function.

Following knockdown of FKBP8, we observed an increase in
the chaperone/CFTR ratio for Hsp70 and Hsp90 with both
AF508- and WT-CFTR at physiological temperature, a result
that was coupled to the destabilization of CFTR (Fig. 7, A and
B). There are two possible interpretations for this result. One
possibility is that FKBP8 presented a hurdle for CFTR progres-
sion to the Hsp70/Hsp90 containing a folding intermediate and
that its silencing alleviated this road block. Alternatively, the
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ability of CFTR to progress beyond the Hsp70/90 checkpoint is
linked to the PPIase activity of FKBPS8, a step that is already
severely compromised by the F508 deletion in NBD1. Given
that Hsp70 has been implicated in the co-translational folding
of CFTR and that Hsp90 is critical for stabilizing an early fold-
ing intermediate during CFTR biogenesis (9, 17-25, 30, 65), it is
more likely that FKBPS8 is acting at a late step in CFTR
biogenesis.

To determine how FKBP8 may function in promoting CFTR
folding, we monitored its level of recovery with CFTR by immu-
noprecipitation. Given that FKBP8 is an ER membrane protein
and that only band B CFTR is recovered in an FKBP8 immuno-
precipitation (Fig. 7C), we normalized its recovery to the band B
ER glycoform, as opposed to total CEFTR, which also reflects
post-ER trafficking events. We observed that the ability of
CFTR to bind FKBP8 correlated directly with its capacity to exit
the ER (Fig. 7B). This observation, in combination with the loss
of chaperone proteins under permissive trafficking conditions
of 30 °C for AF508, supports our hypothesis that FKBP8 is a late
acting PN component. This interpretation is also consistent
with the fact that we observed a more persistent association of
FKBP8 with AF508-CFTR following stringent washing condi-
tions that removed Hsp90 (Fig. 7D). Furthermore, we observed
an increase in FKBP8 binding to AF508-CFTR following treat-
ment with the FKBP8 inhibitor, DM-CHX (Fig. 7E). Together,
these results suggest that FKBP8 acts at a late stage in the chap-
erone bucket brigade during CFTR biogenesis. Furthermore,
we suggest that FKBP8 uncouples the ERAD machinery from
CFTR folding intermediates and promotes CFTR association
with the ER export machinery.

FKBP8 Is Required for Ahal-mediated Correction of
AF508-CFTR—To further test our hypothesis that FKBP8 is a
late acting CFTR chaperone, functioning downstream of the
Hsp90-dependent folding step, we monitored the effect of
simultaneously silencing FKBP8 and the Hsp90 co-chaperone
Ahal. We previously showed that Ahal increases the stability
and trafficking of both AF508- and WT-CFTR (Fig. 8, A-F).
Increased trafficking in response to Ahal silencing is character-
ized by an increase in the trafficking index (C/B ratio) (Fig. 8, B,
D and F) (65). Consistent with the data in Fig. 2, the silencing of
FKBPS alone resulted in the destabilization of both AF508- and
WT-CFTR (Fig. 8, A—F). When we silenced both FKBP8 and
Ahal, we observed a minimal effect on the stability of the ER
pool (band B) of AF508-CFTR at either 37 or 30 °C (Fig. 8, A—D)
and WT-CFTR (Fig. 8, E and F). However, the ability of the
stabilized AF508- and WT-CFTR pool to exit the ER was dra-
matically reduced in the absence of FKBPS, resulting in a
depleted band C pool (Fig. 8, A-F) and a reduction of the C/B
ratio (Fig. 8, B, D and F) (65). If FKBP8 were acting upstream of
Ahal, then the destabilizing effect of FKBP8 silencing would
provide a reduced pool of CFTR that could be rescued by Ahal
silencing, resulting in a reduction in band B levels, but the traf-
ficking index should remain the same. However, because we see
similar stability of the ER pool of CFTIR in the presence or
absence of FKBP8, we suggest that CFTR encounters the stabi-
lizing effect of reduced Ahal levels before it requires FKBP8.
These data, coupled with the chaperone interaction data above,

JOURNAL OF BIOLOGICAL CHEMISTRY 21921



FKBPS8 PPlase Activity Manages a Late Stage of CFTR

A N B
TN
AF5°08 ‘Q’l& & é‘f”;*"" 25 ] 37°C % O Scramble 0.6
e & s & 9 S 53- %*# W siFKBPS
. <«C To T N siAha § =
CFTR 8 xo kX B siFKBPS + siAhat 0.4 i
< - “’0‘
L L Rl §22 & * % i
—— B p—— E - K \ % =
e - &g i \ N o5
HSP70 S v v s s e S 231' ::::: *# § :E:E
FKBP8 = == - 50 1| |+ NB \ % \ %
L= NE N TN
e ) :
C D
x
®
AF508 & <& .3’1'.65‘ 05 2430°C * [ Scramble 0.6
3¢ o £ & Oy 25 N » W siFkeps
<«C B s { N siAhat o
CFTR " ' ' s ﬁg { B siFKBPS + siAhat 0.4
LA o5 1 5
G E \ q (=4
HSPQO‘-—---~—- o © \ 3 020
R YAV I L — o ‘6 p \ , '
P 1% * N K
FKBP8 w= ws -—— o0 § ;
- u_ L4 d
Aha 0- ‘ 0
L ““ m band B band C C/B
E F 4
x
®
wT & &‘&éf‘*;"p 23 " *
d 2 & 2 ®E 340 Scramble L
20O | MW siFKBP8
crR W W BR R <C ﬁﬁ.i 1S sianat
<B 23 21 siFKBPS + siAhal
£
Hspgo--———--- _:E b
HSP70 ~r v v v s e e Og 14 \ #
T® \
FKBP8 we s -~ 52 . * §
Anhat 0- N\
' B N band B band C

FIGURE 8. FKBP8 facilitates the Aha1-mediated correction of CFTR trafficking. Immunoblot analysis of CFTR, Hsp90, Hsp70, FKBP8, and Aha1 following
siFKBP8, siAha1, or siFKBP8 + siAha1 treatment of CFBE410— cells expressing AF508-CFTRat 37 °C (A), AF508-CFTRat 30 °C (C), or WT-CFTRat 37 °C(E) is shown.
Quantitative analysis of CFTR band B (B) and C (C) glycoforms following siRNA-mediated silencing in CFBE41o— cells expressing AF508-CFTR at 37 °C
(B), AF508-CFTR at 30 °C (D), or WT-CFTR at 37 °C (F). B and D, CFTR glycoform analysis is normalized to band B in the scramble control, and in F, the data are
normalized to band C in the scramble control due to the low levels of band B in WT-CFTR lysates. B, D, and F, the data are shown as a fold increase relative to
scramble control as a mean = S.E,, n = 4. p values were determined by two-tailed t test using the scramble control or siAha1 as the reference points. The
asterisks indicate p < 0.05 relative to scramble control, and the pound signs indicate p < 0.05 relative to siAha1.

help support the temporal placement of FKBPS8 at a step in
CFTR biogenesis that is downstream of the Hsp90-dependent
folding step.

DISCUSSION

FKBP family members have been shown to exhibit both co-
chaperoning and chaperoning activities. The prototypical
member of the FK506-binding protein family, FKBP12, modu-
lates the electrophysiological properties of both ryanodine
receptors and inositol 1,4,5-triphosphate receptors and thus
acts as a chaperone to modulate the properties of these calcium
channels (68 —72). Conversely, the role of FKBP52 as an Hsp90
co-chaperone in the functional cycling of steroid hormone
receptors is well established (73-76). Although the similar
domain organizations between FKBP52 and FKBPS8 (Fig. 1)
would suggest a common cellular function, a difference in their
ability to interact with client proteins suggests otherwise.
Whereas FKBP52 can only bind to the SHR receptor in the
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presence of Hsp90 (77— 81), the binding of FKBPS to a client,
Bcl-2, is abolished upon Hsp90 recruitment (47). One possibil-
ity is that FKBP8 delivers client proteins to Hsp90, an event
requiring client release upon binding of the TPR domain of
FKBP8 to the C terminus of Hsp90. Alternatively, the func-
tional pairing between FKBP8 and Hsp90 may work in the other
direction; FKBP8 may be recruited to Hsp90 and accept the
transfer of a nearly folded Hsp90 client(s) for final chaperoning
of the prolyl bonds. The pre-binding of FKBP8 with Hsp90 in
this case would serve to couple transfer of the Hsp90-client
complex to FKBPS.

Our data reveal that the loss of FKBP8 results in the accumu-
lation of CFTR in an Hsp70/90 folding intermediate complex
(Fig. 7, A and B). Therefore, it is unlikely that FKBPS8 acts
upstream of the core chaperone machinery. Combined with the
observed effects of the double silencing of FKBP8 and Ahal
(Fig. 8), we instead propose a model in which FKBP8 plays a late
acting role in directing CFTR for ER export (Fig. 9). In this view,
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in a first step, CFTR associates with a functional Hsp90 dimer,
which is regulated by the co-chaperone Ahal (18). FKBP8 is
subsequently recruited to this complex via its Hsp90-interact-
ing TPR motif (Fig. 9, step I), allowing for the binding partners
to be in close proximity to one another to ensure proper client
transfer. Following the release of the CFTR client from Hsp90,
FKBPS, via its TPR/LZ domain, binds to CFTR and increases
client stability (Fig. 9, step 2). This step is blocked upon FKBP8
silencing, leading to its accumulation in a “chaperone trap” (Fig.
7, A and B) and subsequent targeting for ERAD (Fig. 2) (19, 22,
66, 82). Conversely, the overexpression of FKBP8 results in
increased stability and trafficking of AF508-CFTR (Figs. 3 and
4). The final chaperoning step for FKBPS8 is the transfer of the
client from its TPR/LZ domain to the FBD, which contains the
PPlase activity (Fig. 9, step 3). This late step completes the pro-
tein fold, perhaps through the isomerization of prolyl bonds to
allow the protein to adopt a more final, compact structure. This
hypothesis is supported by recent evidence on the mechanism
of action of a subclass of FKBP proteins that contain chaperone
domains (8).

The substrate specificity of FKBPs containing only an FK506-
binding domain, such as that seen in FKBP12, is dictated by the
amino acid in the —1 position, with Leu-Pro being isomerized
with 400-fold increased efficiency compared with Glu-Pro (8).
However, when the chaperone domain of the immunophilin
SlyD was grafted onto FKBP12, substrate specificity was elimi-
nated, and the isomerization of a Xaa-Pro library exhibited sim-
ilar rates for all 20 amino acids in the Xaa position (8). In this
case, the non-native substrate was recognized by the chaperone
domain, and the rate-limiting step in this enzymatic process
was dictated by the rate of transfer of the substrate from the
chaperone domain to the enzymatic domain (8). Indeed, FKBP8
harbors an N-terminal PPlase domain and a TPR/LZ domain
that exhibits chaperone activity. The proposed intramolecular
shuttling of the client from the TPR/LZ domain to the FBD
domain (Fig. 9, step 3) would be inhibited by the addition of
DM-CHX or by the deletion of the FBD domain, which blocks
access to the catalytic pocket of the FKBP8 FBD (64). This
would result in the accumulation of CFTR bound to the chap-
erone domain in FKBP8 (Fig. 9, step 2), and it accounts for the
increased stability of CFTR upon addition of the PPIase inhib-
itor. This model also explains the difference seen between the
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siRNA-mediated knockdown of the protein and the use of a
chemical inhibitor.

Overall, our data support a role for FKBP8 as a critical com-
ponent that chaperones the maturation of CFTR in the ER. In
the absence of this PN factor, CFTR accumulates in an early
folding intermediate bound to the core chaperone components,
resulting in reduced trafficking to the cell surface and targeting
to ERAD of even the otherwise stable WT-and AF508-CFTR at
30 °C. TPR domain containing proteins, such as FKBP8, have
long been viewed as accessory co-chaperones involved in mod-
ulating the activity of the core Hsp70 and Hsp90 proteins. In
contrast, the activity of FKBP8 shown in this report and for
additional client proteins, such as Bcl-2 (52) and the HERG
potassium channel (53), reveals that the function of a co-chap-
erone may be more complex then previously thought. A related
phenomenon has recently been observed for the Hsp90
co-chaperone, p23, which appears to possess Hsp90 indepen-
dent chaperone functions (67). Furthermore, the temporal
ordering of FKBPS in the chaperone cycle provides new insight
into the more general role of co-chaperones in mediating the
folding of the large cohort of metastable clients, such as CFTR.
We suggest that the identification of FKBP8 as both a co-chap-
erone of the Hsp90 system and as a chaperone functioning in
late-acting events in the CFTR folding cascade provides a new
molecular target for the development of pharmacological
approaches to overcome CF disease associated with the AF508-
CFTR mutant.
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