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Abstract

Background: Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), the dysfunctional
ClI- channel in Cystic Fibrosis, undergoes complex biosynthesis at the endoplasmic reticulum
involving several molecular chaperones including Hsp70 and many co-chaperones. Bcl-2-
associated athanogenes (BAGs) constitute a protein family sharing an Hsc70-binding domain.
BAG-1 possesses an ubiquitin-like domain (Ub-LD) responsible for proteasomal association
and for promoting substrate release from Hsc70/Hsp70 in vitro by accelerating the chaperone
ATP/ADP exchange rate. Methods: Herein, we studied the in vivo effect of BAG-1 on the
turnover and processing of wild type (wt)- and F508del-CFTR, the most frequent mutation in
CF patients. Results: Results show that BAG-1 associates with both wt- and F508del-CFTR (in
higher yields with the latter) through its Ub-LD and independently of Hsc70. Moreover, the
immature form of F508del-CFTR (but not of wt-CFTR) is stabilized by BAG-1 overexpression,
albeit in a cell-type specific way, without detectable maturation. Data also show that BAG-1
and the proteasome inhibitor ALLN are not additive on stabilizing F508del-CFTR and this
effect depends on BAG-1 Ub-LD. Moreover, under BAG-1 overexpression, a reduction in
ubiquitinylated-CFTR occurs suggesting that BAG-1 competes with Ub. Conclusion: Overall,
data are compatible with a mechanism in which BAG-1 stabilizes F508del-CFTR by direct
binding, probably competing out ubiquitin to partially avoid its proteasomal degradation.
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Introduction

The genetic disease Cystic Fibrosis is caused by mutations in the Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR) which lead to the absence or malfunction
of CFTR protein, a cAMP-regulated Cl channel localized at the apical membrane of epithelial
cells. The most prevalent disease-causing mutation, found in about 90% of CF patients, is the
deletion of a phenylalanine residue at position 508 (F508del) [1].

CFTR is a member of the ABC (ATP-binding cassette) transporters super-family, and
its structure comprises two membrane-spanning domains (MSDs), two nucleotide-binding
domains (NBDs) and a regulatory domain (RD). Given its multi-domain structure, CFTR
undergoes a fairly complex biosynthetic pathway at the endoplasmic reticulum (ER) [2] in
which several molecular chaperones and co-chaperones from both the ER-membrane and
the cytosol have been shown to participate. These include: Hsp70/Hsc70 [3], calnexin[4, 5],
Hdj-2 [6], Hsp90 [7], Hdj-1/Hdj-2 [5, 8], HspBP1 [9], (reviewed in [2]), CHIP, BAG-2 [10] and
cysteine string protein (Csp) shown to regulate the exit of CFTR from the ER and Hsc70/
Hsp70-CHIP-mediated CFTR degradation [11].

CFTR biogenesis initiates with its co-translational folding into the ER membrane where
the protein is core-glycosylated, originating an immature precursor form (~145 KDa),
known as band B. Wild-type (wt)-CFTR undergoes maturation through the Golgi, originating
a ~170-kDa complex form (band C) [12]. Depending on the cell type, only a fraction (25% to
70%) of precursor wt-CFTR matures [13], the remaining undergoes ubiquitination (Ub) and
degradation by the proteasomal pathway (UPP) [14, 15]. Farless F508del-CFTR (undetectable
in most cell types) leaves the ER due to its inefficient folding and incomplete conformational
maturation [13]. Indeed, the ER quality control (ERQC) targets the misfolded protein to UPP-
degradation [14, 15] and thus very little protein reaches the cellular membrane. However,
proteasome inhibitors only partially prevent CFTR degradation, indicating that key factors
in the CFTR degradative pathway remain unidentified [14, 15].

We have previously shown that co-overexpressing Hsp70 and Hsp40 [5] stabilizes wt-
butnot F508del-CFTR. Our studies with glycosidase inhibitors and the ER-chaperone calnexin
have also shown that calnexin-mediated and glycan-dependent ER-associated degradation
(GERAD) occurs for wt-CFTR, but that most F508del-CFTR undergoes glycan-independent
ER-associated degradation (ERAD) through an earlier, plausibly Hsc70/Hsp70-mediated
proteolytic pathway [16]. These results, together with data from several other groups, led us
to propose a multi-checkpoint model for the ERQC where wt- and F508del-CFTR are mostly
discarded at two different major ERQC checkpoints, having as major mediators the calnexin
and Hsc70-machineries, respectively [16]. More recently, we have proposed the existence
of a third checkpoint mediated by recognition of arginine-framed tripeptides, or AFTs [17].
Notwithstanding, the ERQC checkpoint mediated by Hsc70 remains the most critical for
retention and degradation of F508del-CFTR [16].

Anumber of Hsc70 interactors (e.g., co-chaperones) are known to regulate Hsc70 activity
towards a pro-folding or pro-degradative pathway for Hsc70 client proteins (reviewed in
[2]). Among these are the Bcl-2-associated athanogenes (BAGs)- family proteins, which were
originally identified by their ability to associate with the anti-apoptotic protein Bcl-2 [18].
Thus far, BAG proteins have been reported to affect diverse cellular behaviours ranging from
cell division and apoptosis to cell migration and differentiation by modulating the activity
of molecular chaperones, protein kinases, receptor signalling and transcription factors [19].
BAG-1, the founding member of the BAG family [18, 20] is also a co-chaperone of Hsc70 [21,
22] and in vitro it was shown to promote substrate release from Hsc70 and ATP hydrolysis
by accelerating the ATP/ADP exchange rate [21, 22]. BAG-family proteins share a conserved
domain of approximately 100 amino acids in length responsible for Hsc70 binding, also
called the BAG domain (BD), which modulates (positively or negatively) the activity of this
chaperone, but differ in their N-terminus depending on the translation initiation site. [19].
BAG-1 also possesses an Ub-like domain (Ub-LD) at its amino-terminus which was proposed
to constitute a physical link between the Hsp70/Hsc70 machinery and the proteasome
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[23]. Indeed, BAG-1 was proposed to influence Hsp70/Hsc70 decision between promoting
folding or degradation of its substrates [23, 24]. It was also put forward that both BAG-1
and BAG-2 regulate the activity of the E3-Ub-ligase, CHIP: BAG-1 stimulating CHIP-mediated
degradation, while BAG-2 inhibiting it [10]. Recently it has been shown in a reconstituted
cell-free system, that the pro-folding role of Hsc70 during co-translational CFTR folding is
counterbalanced by its role in posttranslational targeting to UPP. Importantly, this balance
was regulated by the integrated expression of co-chaperones such as BAG-1 [25].

Here, we examined the in vivo effect of overexpressing murine BAG-1 on the biogenesis
and maturation of wt- and F508del-CFTR and explore its in vivo interaction with CFTR and
Hsc70, by using various BAG-1 mutants lacking the HSP70 binding domain and the Ub-LD.
Murine BAG-1, which we chose to examine here, corresponds to the human BAG-S isoform of
26 kDa [18, 26]. Our findings indicate that the immature form of F508del-CFTR (but not of
wt-CFTR) is stabilized by BAG-1 overexpression in a Ub-LD-dependent manner, but without
detectable maturation of F508del-CFTR. We find that BAG-1 can bind CFTR directly i.e.,
independently of its Hsp70-binding domain. Our data also indicate that stabilization results
from competition between BAG-1 and Ub.

Materials and Methods

Cell lines, Plasmids and Transfections

Baby hamster kidney (BHK), chinese hamster ovary cells (CHO) cell lines stably transfected with
wt- and F508del-CFTR and cystic fibrosis bronchial epithelial cells (CFBE) transduced with either wt- or
F508del-CFTR were cultivated as previously described [27, 28]. CHO K1 (CCL61) were purchased from
ATCC (Manassas, VA, USA). When indicated in the figure legend, cells were submitted to stress by heat shock
(HS) for 90 min at 43 °C, and then allowed to recover at 37 °C for various periods of time.

We used murine BAG-1 cDNA because it is the closest to hamster, which is organism of origin of the
CFTR-stable expressing cells we used in the present study. Two isoforms of BAG-1 have been identified
in mouse; BAG-1S (p32) and BAG-1L (p50) [29]. We used the murine BAG-1S (p32) cDNA (Accession no.
NM-009736) encoding 222 aa which was excised from pGEX-4T-1 with an EcoRI/Xhol hydrolysis [18]. This
fragment was cloned into pEGFP-C2 (Clontech, Mountain View, CA, USA) and pcDNA3 (Invitrogen, Paisley,
UK). The following deletion mutants of murine BAG-1 were used: BAG-1-AN missing the first 89 aa, i.e,,
lacking the Ub-like domain (Ub-LD), BAG-1-AC lacking the last 47 aa, and BAG-1 90-200, missing the first
90 aa (Ub-LD), and the last 19 aa, i.e., part of the Hsc70/Hsp70 interacting domain [30]. All these mutants
were cloned into pcDNA3. Lipofectin (Invitrogen) was used in transient transfections to deliver 5 pg of the
constructs to CHO and BHK cells stably expressing wt- or F508del-CFTR grown in p60 dishes.

Expression of BAG-1 was down-regulated using specific siRNA (Silencer Select s1865 from Ambion).
CFBE-wt or F508del cells seeded on 96-well plates were transfected with 1.2 pmol of siRNA (either specific
to BAG-1 or negative control) and analysed at 48h, 72h or 96h post-transfection.

Antibodies

The antibodies (Abs) used for CFTR were the mouse monoclonal Ab M3A7, (Chemicon, Temecula,
CA, USA) or the rabbit polyclonal Ab 169 [31]. For BAG-1 the Abs used were the rabbit polyclonal PC115
(Calbiochem, San Diego, CA, USA) and the goat polyclonal AF815 (R&D systems, Minneapolis, MN, USA),
raised against human and mouse BAG-1, respectively and the rabbit polyclonal sc-939 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) recommended for detection of Bag-1 from mouse, rat and human.
Other antibodies were: rat monoclonal anti-Hsc70 SPA-815 and rabbit anti-Hsp70 SPA-812 from Stressgen
(Victoria, BC, Canada), anti-beta actin AC-40 from Sigma-Aldrich (St Louis, MO, USA) and anti-Ubiquitin FK1
from Biomol (Plymouth Pike, PA, USA).

SDS-PAGE and immunoblotting

Cells were lysed with sample buffer [1.5% (w/v) SDS, 5% (v/v) glycerol, 0.001% (w/v) Bromophenol
Blue, 0.5 mM dithiothreitol and 31.25 mM Tris, pH 6.8]. Total protein was quantified by a modified micro
Lowry method and aliquots were loaded onto 7% or 10% (w/v) polyacrylamide gels for electrophoretic
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separation and transferred onto nitrocellulose filters (Schleicher & Schuell, Dassel, Germany). The filters
were probed with anti-BAG-1, anti-Hsp70 or anti-CFTR Abs (see above). As a loading control, blots were
re-probed with the anti-beta-actin Ab (see above). Blots were developed using the SuperSignal West Pico
Chemiluminescent system (Pierce, RockFord, IL, USA).

Pulse-chase and CFTR immunoprecipitation (IP)

Twenty-four hours post-transfection cells were starved for 30 min in methionine-free medium
and then pulsed for 30 min at 37°C in the same medium supplemented with 150 pCi [3*S]-methionine
(ICN Biomedicals, Irvine, CA, USA). Pulse-chase experiments, followed by IP with an anti-CFTR Ab were
performed as previously described [5]. Where indicated, cells were incubated before the pulse with 200 uM
ALLN (Sigma) for 120 min [32]. Briefly, cells were chased for the indicated time periods in complete medium
supplemented with 1 mM nonradioactive methionine, lysed in 1 ml of RIPA buffer and CFTR IP carried
out with an anti-CFTR Ab and Protein G-Agarose beads (Roche, Basel, Switzerland). Immunoprecipitated
proteins were eluted with sample buffer and then separated by SDS-PAGE. SDS-PAGE, fluorography,
densitometry and statistical analysis were also as described [5]. Differences are considered as significant
for p values < 0.05.

Pull-down assays

For the pull-down assays, cells were lysed in chaperone buffer [50 mM Tris, 150 mM NaCl, 10 mM
ammonium molybdate, 0.09% (v/v) NP40, pH 7.4] and CFTR was immunoprecipitated with an anti-CFTR
Ab and Protein G-Agarose beads as above (Roche). Immunoprecipitated proteins were eluted with sample
buffer for 1h at room temperature, electrophoretically separated by SDS-PAGE and immunoblotted as
described above.

Results

BAG-1 expression after transient transfection and under stress conditions

Since BAG-1 acts as a modulator of the activity of Hsc70/Hsp70 chaperone, we tested
whether its overexpression affects biosynthesis or maturation of wt-CFTR and F508del-
CFTR. First, we transfected cells stably expressing the normal or mutant (F508del) forms
of CFTR with a recombinant expression vector containing BAG-1 cDNA, or with the empty
vector (mock) as a negative control and we evaluated the expression of the heterologous BAG-
1 (mouse) by Western blot (Fig. 1A). Results obtained show that the AF815 antibody (Ab)
did not detected BAG-1 in mock-transfected cells (lanes 1,3) but only in significant levels 24h
post-transfection with the BAG-1 construct, either in wt- or F508del-CFTR CHO expressing
cells (lanes 2,4, respectively). The BAG-1 Ab used here is able to detect the 3 different BAG-1
mouse isoforms, as described by the manufacturer (see Methods). Densitometric analysis of
the results evidences the increase in the amount of immature F508del-CFTR at steady state
under BAG-1 overexpression (Fig. 14, lane 4, upper panel and Fig. 1B).

To look for a possible effect of BAG-1 in regulating Hsp70 expression (or vice-versa),
which in turn might influence CFTR biogenesis [5, 33], we then assessed Hsp70 levels under
heat-shock (HS) stress (Fig. 1C) in CHO cells with and without BAG-1 overexpression. By
using the SPA-812 anti-Hsp70 Ab, which does not recognize the constitutive variant Hsc70
(see Methods), Hsp70 was only immunodetected when wt- or F508del-CFTR cells were
subjected to HS (lanes 2, 4, 6 and 8). These results confirm a HS triggered Hsp70 induction
as expected. However, neither BAG-1 nor the liposome transfection per se induced a
stress response, as shown by lack of Hsp70 induction in either mock- (lanes 1, 5) or BAG-
1-transfected non-HS cells (lanes 3, 7), in contrast to viral methods of DNA delivery [34].
Interestingly, the induction of Hsp70 which is very intense at recovery post-HS (18h) in
mock-transfected cells (lanes 2 and 6 in Fig. 1C) as expected, is drastically reduced in wt-
or F508del-CFTR cells overexpressing BAG-1 (Fig. 1C, lanes 4 and 8). Conversely, BAG-1-
transfection consistently resulted in lower BAG-1 expression levels in cells subjected to HS
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Fig. 1. Inmunodetection of heterologously expressed BAG-1 (Bcl-2-associated athanogenes) and its effect
on Hsp70 induction by heat-shock (HS). (A) BAG-1 was immunodetected with the AF815 antibody (Ab)
in Chinese hamster ovary (CHO) cells stably expressing wild-type (wt)- or F508del-CFTR 24h after being
transiently transfected with pcDNA3 murine BAG-1 construct (lanes 2 and 4) or with an empty pcDNA3
vector as a mock control (lanes 1 and 3). CFTR expression levels were also assessed in the same cells after
BAG-1 transfection and as a loading control, filters were probed for -actin. (B) Densitometric analysis of
Western blots showing the percentage of either wt- or F508del-CFTR at steady state in BAG-1 transfected
cells normalized to the amount in mock-transfected cells. Asterisk indicates statistically significant difference
from the mock-transfected cell line (p<0.05). (C) Hsp70 was immunodetected with SPA-812 Ab in CHO wt-
CFTR or F508del cells 24h post-transfection either with the BAG-1 pEGFP-C2 construct (lanes 3, 4, 7 and 8)
or with the empty vector (lanes 1, 2, 5 and 6). To test whether BAG-1 affects induction of Hsp70 by HS, cells
were analyzed either at 18h post-recovery from HS (lanes 2, 4, 6 and 8) or without stress (lanes 1, 3, 5 and
7). To assess for BAG-1 overexpression, filters were also probed for BAG-1. As a loading control, filters were
probed for B-actin (lower panels). (D) BAG-1 was immunodetected with the AF815 Ab in CHO wt-CFTR cells
24h after transient transfection with pEGFP-BAG-1 (lanes 5-8) or with empty pEGFP (lanes 1-4) at various
times (8h, 12h, 24h) after recovery from a HS of 90 min at 43 °C (lanes 2-4 and 6-8) or without HS (lanes 1
and 5). As a loading control, filters were probed for B-actin.

and 6h-, 12- or 24h-recovery (Fig. 1D, lanes 6, 7 and 8, respectively), in comparison to non-
HS cells (Fig. 1D, lane 5).

In vivo effect of BAG-1 on the processing and degradation of wt-CFTR

To assess the effect of BAG-1 overexpression on the turnover rate and processing
efficiency of wt-CFTR, metabolic pulse-chase experiments followed by CFTR IP were
performed in CHO cells stably expressing wt-CFTR (Fig. 2A).

Data show no apparent effect of BAG-1 overexpression either in the turnover rate of
immature wt-CFTR (band B) or in its processing efficiency into the mature form, band C
(Fig. 24, lanes 7-12) in comparison to mock-transfected cells (Fig. 24, lanes 1-6). Results
plotted graphically after densitometric analysis of immature and mature forms validate
these observations (Fig. 2B and C, respectively). Indeed, statistical comparison of the slopes
of the two lines (see Methods) confirmed that the degradation rate of the core-glycosylated
form of wt-CFTR (band B) after BAG-1 transfection was not significantly altered relative to
mock-transfected cells (Fig. 2B). Similarly, no significant difference occurred between the
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Fig. 2. BAG-1 overexpression does not affect turnover or processing of wt-CFTR. (A) CHO cells stably
expressing wt-CFTR were transfected with the pcDNA3 BAG-1 construct (lanes 7-12) or with the empty
pcDNA3 vector (lanes 1-6). 24h post-transfection, cells were subjected to a 30 min pulse-labelling with [3>S]
methionine and chased for the indicated time periods. After cell lysis, CFTR was immunoprecipitated (IP)
and separated by SDS-PAGE followed by fluorography (see Methods). Arrows indicate the position of bands
B and C of CFTR. (B) Turnover rate of the immature form (band B) of wt-CFTR in CHO cells transfected with
BAG-1 or mock-transfected. As the turnover of immature CFTR is exponential, results are presented as the
logarithm of the ratio of the amount of band B at a given chase time (P) to the amount (P ) at the beginning
of the experiment. The turnover rate of immature form (band B) of wt-CFTR is shown as the slope of the line
plotting the natural logarithm of the P/P ratio against time. (C) Efficiency of conversion of the immature
form (band B) into the mature form (band C) of wt-CFTR in cells transfected with BAG-1. Conversion of
band B into band C is shown as a percentage of the total mature protein recovered at a certain chase time
relatively to the total amount of labelled immature protein (band B) at the end of the pulse period (t=0).
Symbols and error bars are means + SEM of the values at each point. Squares and diamonds represent data
from BAG-1 transfected cells and empty-vector control, respectively. Images are representative of a total of
n=13 experiments.

maturation efficiency of wt- CFTR in mock- and BAG-1-transfected cells (Fig. 2C) being of
approximately 40%, in agreement with previous studies in these cells [5, 16, 17].

In vivo effect of BAG-1 on the processing and degradation of F508del-CFTR

Similarly to wt-CFTR experiments, we also assessed the effect of BAG-1 overexpression
on the turnover and processing of F508del-CFTR stably expressed in CHO cells (Fig. 3A).
Data show that the turnover rate of immature F508del-CFTR in cells transfected with in
BAG-1 is decreased in comparison to that in cells transfected with the empty vector (Fig.
3B). Although small, this effect was reproducible and statistically significant (p<0.05).
Nevertheless, we could not detect maturation of F508del-CFTR into the fully-glycosylated
form under BAG-1 overexpression (Fig. 34, lanes 7-12).

To further characterize the stabilization of F508del-CFTR by BAG-1, we determined
whether inhibition of the proteasome further enhanced CFTR stability under BAG-1
overexpression. Summary of data from pulse-chase analysis (Fig. 3C) shows that the
proteasome inhibitor ALLN causes a stabilization of immature F508del-CFTR in mock-
transfected cells when compared to cells incubated only with DMSO (compare 1%t and 2"¢
bars in Fig. 3C). As shown above, transfection with BAG-1 causes a stabilization of immature
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(DMSO) and pulse-chased followed by CFTRIP (n = 3). Data are expressed as % (+ SEM) of band B remaining
after the 1h chase. (D) CHO cells stably expressing F508del-CFTR were transfected with either the pcDNA3-
BAG-1-AN construct or the pcDNA3 empty vector (mock) and pulse-chased followed by CFTR IP. Time
points analysed were at Oh and 1h after pulse. Images are representative of a total of n=3 experiments. (E)
Amount of Band B (shown as percentage of initial amount) remaining after the 1h chase for cells expressing
F508del-CFTR and transfected with BAG-1 full length, BAG-1-AN or the empty vector.

F508del-CFTR (compare 1t and 3™ lanes in Fig. 3C). However, ALLN causes no further
stabilization of immature F508del-CFTR in BAG-1-transfected cells in comparison to vehicle-
treated cells (Fig. 3C, last two bars), suggesting that the presence of BAG-1 may prevent
F508del-CFTR from the UPP.

To further characterize this effect, we also assessed if this stabilization was observed if
cells were transfected with BAG-1-AN, a BAG-1 variantlacking the N-terminus, corresponding
to its ubiquitin-like domain (Ub-LD). F508del-CFTR Band B stability was assessed by pulse-
chase in cells transfected with either this variant or mock-transfected (Fig. 3D). Quantification
of Band B remaining at 1h of chase shows that, contrary to full-length BAG-1, this deletion
variant does not promote stabilization of mutant CFTR (Fig. 3E), which presents turnover
levels similar to those in the untransfected control.

Down-regulation of BAG-1 destabilizes F508del-CFTR expressed in human bronchial cells

In order to assess whether BAG-1 down-regulation caused the opposite effect on
CFTR, we had to use a different cell line because neither CHO nor BHK cells express BAG-
1 endogenously. Accordingly, we used the human bronchial epithelial cell lines CFBE,
transduced to stably express either wt- or F508del-CFTR. These cell lines have endogenous
BAG-1 expression, thus allowing its down-regulation through siRNA transfection.
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Fig. 4. Down-regulation of BAG-1 in human bronchial epithelial cells destabilizes F508del-CFTR. (A) CFBE-
wt or -F508del cells were transfected with either BAG-1 siRNA or a scrambled siRNA. 48h, 72h or 96h post-
transfection, protein extracts were prepared and CFTR analysed by Western blot. (B) Levels of CFTR were
determined by densitometry and plotted as the percentage of CFTR at steady state in BAG-1 transfected
samples normalized to levels of CFTR at steady-state in cells transfected with scrambled siRNA. (C) Levels
of BAG-1 were determined by densitometry and plotted as the percentage of CFTR at steady state in BAG-1
transfected samples normalized to levels of CFTR at steady-state in cells transfected with scrambled siRNA.
Asterisk indicates statistically significant difference from the same cells transfected with scrambled siRNA
(p <0.05).

CFBE-wt or F508del cells were transfected with either a siRNA specific for BAG-1 or a
scrambled siRNA (negative control). Protein extracts were collected 48h, 72h or 96h post-
transfection and analysed by WB for either BAG-1 or CFTR (Fig. 4A). We were able to detect
down-regulation of BAG-1 levels to about 70% of control-transfected cells (Fig. 4A-C). At this
reduction of BAG-1 levels, we detected a decrease in the steady-state levels of F508del-CFTR
that is, however, not observed for wt-CFTR (Fig. 4B, compare grey and black bars).

Characterization of a possible association in vivo between of BAG-1 and CFTR

Since BAG-1 has been shown to interact directly with multiple cellular targets, it seems
plausible that BAG-1 may also associate in vivo with CFTR. However, since BAG-1 can also
bind to Hsc70/Hsp70 [21, 22] and Hsc70/Hsp70 also associates with CFTR, an indirect
interaction between CFTR and BAG-1 can also occur using Hsc70/Hsp70 as mediator.

To distinguish between these two possibilities, we used additional BAG-1 constructs,
which also clarify which of the two BAG-1 functional domains (C-term-Hsp70-binding or
N-term-Ub-LD) are required for the in vivo CFTR/BAG-1 interaction. Constructs used were
(Fig. 5A): BAG-1-AN lacking the Ub-like domain (Ub-LD); BAG-1-AC that misses the critical
residues for Hsc70/Hsp70 interaction, also called the BAG domain (BD); and BAG-1 90-200,
missing the first 90 aa (Ub-LD) and the last 19 aa (part of the BD), used here as a null control.

Results from pull-down of CFTR followed by immunoblotting of BAG-1 (Fig. 5B) show
that full-length BAG-1 associates with both wt-CFTR (lane 2) and F508del-CFTR (lane 7), but
in higher yields with the latter. The same result was obtained for BAG-1-AC, lacking the aa
residues required for interaction with Hsc70/Hsp70, with both wt-CFTR and F508del-CFTR
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arrows). The band detected in the mock-transfected cells (lanes1 and 6), probably IgG, was discarded as
unspecific. To assess for CFTR immunoprecipitation, an aliquot of the immunoprecipitate was also assessed
for CFTR (middle panel). As a loading control aliquots of the total lysates were removed prior to the IP,
separated by SDS-PAGE and immunoblotted for beta-actin (lower panel). (C) Pull-down of CFTR followed
by immunoblotting of Ub under BAG-1 overexpression and ALLN-treatment. IP of CFTR, in CHO wt-CFTR
and F508del-CFTR cells transfected with BAG-1 (lanes 1, 2 and 5, 6) or the empty vector (lanes 3, 4 and 7,
8) and in the presence (lanes 2, 4, 6, 8) or in the absence (lanes 1, 3, 5, 7) of ALLN, was carried out as in
Methods. Proteins recovered in CFTR pull-downs were then separated by SDS-PAGE and immunoblotted for
Ub (upper panel). As a loading control aliquots of the total lysates were removed prior to the IP, separated
by SDS-PAGE and immunoblotted for CFTR, beta-actin and BAG-1 (3 lower panels, respectively). Data show
that ALLN does not cause an increase in the ubiquitinated forms of F508del-CFTR in cells overexpressing
BAG-1 (lane 6) in contrast to the effect of this compound in mock-transfected cells (lane 8) or in wt-CFTR
expressing cells either BAG-1 (lane 2) or mock-transfected (lane 4). (D) Pull-down of CFTR followed by
immunoblotting of Ub under BAG-1AN overexpression and ALLN-treatment. IP of CFTR in F508del-CFTR
CHO cells transfected with BAG-1AN (lanes 3 and 4) and in the presence (lanes 2, 4) or in the absence (lanes
1, 3) of ALLN was carried out as described in (C). Loading controls as in (C).

(Fig. 5B, lanes 4 and 9, respectively). These results demonstrate that BAG-1 interacts with
CFTR independently of Hsc-70. In contrast, BAG-1 deletion mutants, BAG-1-AN and BAG-1
90-200 were not found to associate with either wt- (lanes 3 and 5) or F508del-CFTR (lanes 8
and 10), thus demonstrating that the Ub-LD is required for the BAG-1/CFTR interaction. The
upper band detected in the mock-transfected cells (lanes1 and 6) is unspecific, probably IgG.
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Together with the stabilization effect that it causes on F508del-CFTR (Fig. 3), these results
suggest that, through direct binding via its Ub-LD, BAG-1 may compete with Ub towards
F508del-CFTR binding, partially preventing proteasomal degradation of the latter.

To further investigate this mechanistic role of BAG-1 as a competitor of ubiquitin for
F508del-CFTR binding, we examined the appearance of ubiquitinated forms of CFTR under
BAG-1-overexpression. To this end, CHO cells stably expressing wt- or F508del-CFTR and
transfected with either BAG-1 or the empty vectors were incubated with the proteasome
inhbitor ALLN or DMSO (vehicle). After CFTR IP, its ubiquitinated forms were detected by
WB with an anti-polyUb Ab (Fig. 5C). Results show that treatment of wt-CFTR expressing
cells with ALLN causes the appearance of ubiquitinated (high molecular mass) forms of
CFTR in either mock- or BAG-1-transfected cells in equivalent amounts (Fig. 5C, lanes 2 and
4, respectively). Similarly, when mock-transfected F508del-CFTR cells are treated with ALLN,
a significant accumulation of Ub-CFTR is observed in comparison to vehicle-treated cells
(Fig. 5C, lanes 8 and 7, respectively). In contrast, in BAG-1-transfected cells, ALLN treatment
does not cause Ub-CFTR to accumulate, as shown by the similar (and low) levels of Ub-CFTR
forms in F508del-CFTR cells treated with either ALLN or vehicle (Fig. 5C, lanes 6 and 5,
respectively). These data further indicate that BAG-1 overexpression precludes F508del-
CFTR from undergoing polyubiquitination.

Moreover, when the same experiment was performed using BAG-1-AN (lacking the
Ub-LD) instead of full-length BAG-1, to transfect F508del-CFTR expressing cells, the ALLN-
treatment caused again appearance of high molecular Ub-F508del-CFTR forms, which
were in equivalent amounts to those in mock-transfected cells (Fig. 5D, lanes 4 and 2,
respectively). This result shows that the Ub-LD of BAG-1, above demonstrated to be required
for the association of BAG-1 with CFTR, is required to prevent occurrence of F508del-CFTR
ubiquitination under ALLN.

Discussion

The main purpose of this study was to contribute to the basic understanding of the
mechanism of ER retention and ER-associated degradation (ERAD) of the most common
mutant protein responsible for Cystic Fibrosis - F508del-CFTR. The identification of
components of the machinery retaining the mutant protein in the ER and selecting it for the
proteolytic pathway may lead to a better understanding of this process. Ultimately, this may
help to develop agents that promote cell surface rescuing of F508del-CFTR, in a therapeutic
strategy aimed at correcting the basic defect in CE.

Overexpression of BAG-1 confers protection from the stress response

Induction of cytosolic molecular chaperones, e.g., Hsp70 and Hsp90, is a major
protective mechanism against cellular stress and constitutes the so-called HS response. The
activation of this pathway occurs mostly through transcriptional regulation of heat shock
factor 1 (HSF1), which binds to HS elements located in the promoter region of HS genes
leading to an increase in their expression. The response to HS is also subjected to negative
feedback regulation through which overproduction of Hsp70 attenuates HSF1 activity by
direct binding to the monomeric factor, inactivating it (reviewed in [35]).

Here, we show that the well-known induction of Hsp70, which follows a HS treatment as
widely described [36, 37], is drastically reduced in cells overexpressing BAG-1. We interpret
these data by the described effect of BAG-1 in promoting substrate release from Hsp70 [21,
22], which thus makes more Hsp70 available for the feedback inhibition of HSF1 [35]. This
constitutes novel in vivo evidence of an inhibitory effect of BAG-1 on Hsp70 induction by HS.
Indeed, BAG-1 has been described to induce conformational changes in Hsp70 upon binding
to its ATPase domain [38], this interaction plausibly reduces Hsp70 binding affinity to ATP,
hence inhibiting the Hsp70 chaperone activity [39]. This is consistent with the previously
reported role of BAG-1 inhibiting Hsp70 activity in vivo, even overriding the stimulatory

1129


http://dx.doi.org/10.1159%2F000343303

Cellular Physiology Cell Physiol Biochem 2012;30:1120-1133

. . DOI: 10.1159/000343303 © 2012 S. Karger AG, Basel
and B|OChem|stry Published online: October 05, 2012 www.karger.com/cpb

Mendes/Farinha/Felicio et al.: BAG-1 Stabilizes F508del-CFTR

action of another Hsp70 co-chaperone, Hip [40]. This inhibitory effect of BAG-1 in vivo is
compatible with a role for BAG-1 in recovery from stress acting as a “buffering protein”
helping to restore the levels of induced chaperones back to resting conditions.

Interestingly, we also found here the opposite effect, i.e., that the expression levels of
BAG-1 detected after BAG-1 transfection are consistently reduced in cells subjected to HS,
suggesting that this effect may result from the high levels of chaperones induced by HS.
Alternatively, this may be simply due to the overall protein synthesis which occurs during HS
due to preference given to 5’'Cap-independent mRNAs translation [34, 41]. Notwithstanding,
itwas shown that BAG-1itselfisa substrate of the E3-Ubligase, CHIP and ubiquitin attachment
to BAG-1 does not interfere with Hsc/Hsp70 binding [24, 42]. Hence the high Hsp70 levels
induced by HS may promote formation of the CHIP/BAG-1/Hsp70 ternary complex targeting
more BAG-1 for degradation.

BAG-1 associates in vivo with CFTR independently of Hsc70 and stabilizes the immature

form of F508del CFTR

Results shown here demonstrate that BAG-1 associates in vivo both with wt-CFTR
and F508del-CFTR, but in higher yields with the latter (Fig. 5). Data also reveal that this
interaction is independent of Hsc70, as BAG-1 lacking the HSc70/Hsp70 interaction domain
still interacts with CFTR (wt- or F508del) [3, 5]. Several reports in the literature have shown
direct association of BAG-1 with different proteins namely Raf-1 kinase [30]; retinoic acid
receptor [43]; ubiquitin [44]; hepatocyte growth factor receptor and platelet-derived growth
factor [45].

However, because Hsp70 was also found in co-IPs of CFTR and BAG-1, we cannot
exclude that the role of BAG-1 on F508del-CFTR stabilization is completely independent of
the Hsc70 chaperone. Moreover, since BAG-1 deletion mutants without the Ub-LD were not
found in association with CFTR (either wt or F508del), we conclude that the Ub-like region
is required for the direct interaction between BAG-1 and CFTR.

Our data shown here demonstrate that the immature form of F508del-CFTR is
significantly stabilized under BAG-1 overexpression. However that effect is abolished when
the Ub-LD is missing. Moreover, we have also demonstrated that in human bronchial cells the
down-regulation of endogenous BAG-1 destabilizes F508del-CFTR, but not wt-CFTR.

Notwithstanding, BAG-1 overexpression does not cause F508del-CFTR to undergo
maturation, indicating that the stabilization occurs either for an off-pathway intermediate
(not occurring for wt-CFTR) or at a checkpoint where wt-CFTR is not halted [16]. Although
previous studies suggested that BAG-1 stimulates sorting of client proteins to the proteasome
[24], this effect was shown to involve Hsp70 (see above). Our data shown here clearly
demonstrate that the stabilizing effect exerted by BAG-1 on F508del-CFTR is independent of
its Hsp70 binding domain. It thus seems plausible that the effect we observe here for BAG-1,
which is mediated by the Ub-like domain overrides its role in UPP described previously [24].
Notwithstanding, it remains possible that the F508del-CFTR stabilization by BAG-1 is due
to its release from Hsc70/Hsp70 machinery, which has been proposed to be involved in the
major checkpoint for F508del-CFTR degradation [16].

On the other hand, the occurrence of BAG-1/CFTR complexes containing Hsp70 (also
detected here) could still promote F508del-CFTR degradation, in accordance with the role
for BAG-1 in stimulating the CHIP-mediated degradation, through formation of the Hsc70/
BAG-1/CHIP complex [24]. However, the direct association of BAG-1 to CFTR, competing
ubiquitin out of F508del-CFTR binding, seems to override the former, but just for F508del-
CFTR and not for wt-CFTR where the two opposing roles seem to balance each other.

Similarly to our observations for F508del-CFTR, overexpression of BAG-1 was also
shown to induce an increase in levels of tau protein, which was shown to be due to an
inhibition of protein degradation by the proteasome together with upregulation of tau
refolding by Hsp70 [46]. In fact, BAG-1 cannot be envisaged as a general accelerator of
protein degradation, as different target proteins have been shown to be differently affected
by the regulatory function of BAG-1: while it enhances the function of Bcl-2, Raf-1 protein

1130


http://dx.doi.org/10.1159%2F000343303

Cellular Physiology Cell Physiol Biochem 2012;30:1120-1133

DOI: 10.1159/000343303 © 2012 S. Karger AG, Basel

and B|OChem|stry Published online: October 05, 2012 www.karger.com/cpb

Mendes/Farinha/Felicio et al.: BAG-1 Stabilizes F508del-CFTR

kinase [18], androgen receptor and hepatocyte growth factor receptor [47], it inhibits the
retinoic acid receptor and glucocorticoid receptor activities [43].

BAG-1 competes with ubiquitin for F508del-CFTR binding

Further characterization of F508del-CFTR stabilization by BAG-1, showed that
treatment of BAG-1-transfected cells with the proteasome inhibitor ALLN caused no
additional stabilization of F508del-CFTR, in deep contrast to mock-transfected cells.
Moreover, in BAG-1-overexpressing cells, a significant decrease in ubiquitinated forms of
F508del-CFTR was observed in comparison to mock-transfected cells. Of note, the Ub-LD
of BAG-1 is required to prevent polyubiquitination of F508del-CFTR under ALLN. Overall,
these data are compatible with a mechanism in which BAG-1 stabilizes F508del-CFTR by
direct binding (see above), most probably by competing out ubiquitin and partially avoiding
F508del-CFTR from undergoing proteasomal degradation.

Altogether, our data are still compatible with a twofold role of BAG-1 on F508del-CFTR
stabilization also involving the Hsc70 chaperone: firstly by promoting release of F508del-
CFTR from the Hsc70/Hsp70 machinery that targets the mutant to degradation via CHIP
interaction [48] and secondly by competing with ubiquitin through direct binding of
F508del-CFTR, thus preventing its proteasomal proteolysis.
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