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Sodium 4-phenylbutyrate (4PBA) improves the intracellular
trafficking of�F508-CFTR in cystic fibrosis (CF) epithelial cells.
The underlying mechanism is uncertain, but 4PBA modulates
the expression of some cytosolic molecular chaperones. To
identify other 4PBA-regulated proteins that might regulate
�F508-CFTR trafficking, we performed a differential display
RT-PCR screen on IB3-1CFbronchiolar epithelial cells exposed
to 4PBA. One transcript up-regulated by 4PBA encoded ERp29,
a luminal resident of the endoplasmic reticulum (ER) thought to
be a novel molecular chaperone. We tested the hypothesis that
ERp29 is a 4PBA-regulated ER chaperone that influences
�F508-CFTR trafficking. ERp29mRNA and protein expression
was significantly increased (�1.5-fold) in 4PBA-treated IB3-1
cells. In Xenopus oocytes, ERp29 overexpression increased the
functional expression of both wild-type and �F508-CFTR over
3-fold and increased wild-type cystic fibrosis transmembrane
conductance regulator (CFTR) plasma membrane expression.
In CFBE41o� WT-CFTR cells, expression of and short circuit
currentsmediated by CFTR decreased upon depletion of ERp29
as did maturation of newly synthesized CFTR. In IB3-1 cells,
�F508-CFTR co-immunoprecipitated with endogenous ERp29,
and overexpression of ERp29 led to increased �F508-CFTR
expression at the plasma membrane. These data suggest that
ERp29 is a 4PBA-regulated ER chaperone that regulates WT-
CFTR biogenesis and can promote �F508-CFTR trafficking in
CF epithelial cells.

Cystic fibrosis (CF)3 is the most common lethal autosomal
recessive disease among Caucasians and results from a paucity
of functional cystic fibrosis transmembrane conductance regu-
lator (CFTR). CFTR is a cAMP-activated chloride (Cl�) chan-
nel that is localized in the apical plasmamembrane of epithelial
cells where it has an integral role in regulating the transport of
electrolytes and water. The most common mutation of CFTR,
�F508-CFTR (deletion of a phenylalanine at position 508), is a
temperature-sensitive trafficking mutant (1). �F508-CFTR is
retained in the endoplasmic reticulum (ER) where it has pro-
longed associations with several cytosolic chaperones belong-
ing to the heat shock protein (Hsp) family (2–5) and with the
ER-resident chaperone calnexin (6–9). �F508-CFTR is tar-
geted for rapid intracellular degradation (10) at least in part by
the ubiquitin/proteasome system (11, 12) and so mostly fails to
reach its appropriate subcellular location at the apical mem-
brane (13, 14). Molecular chaperones are potential therapeutic
targets to facilitate improvement of �F508-CFTR trafficking,
but so far, little is known about the exact role of the chaperones
in CFTR folding and trafficking. Of particular note, investiga-
tions of classical ER chaperones, including BiP/grp78, endo-
plasmin/grp94, and calreticulin, have failed to demonstrate a
central role for these ER chaperones in promoting the proper
folding, assembly, and trafficking of CFTR (2, 3, 6, 15).
Sodium 4-phenylbutyrate (4PBA) improves �F508-CFTR

intracellular trafficking in CF epithelial cells such as the IB3-1
CF human bronchiolar epithelial cell line (genotype �F508/
W1282X) as early as 4–8 h after exposure and restores CFTR
function at the plasma membrane without altering CFTR
mRNA expression (16). Because CFTR mRNA expression was
not altered by 4PBA and because 4PBA and other butyrates are
considered transcriptional regulators, we previously investi-
gated whether 4PBA alters expression ofmolecular chaperones
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implicated in �F508-CFTR trafficking. We initially focused on
70-kDa heat shock cognate protein (Hsc70), a cytosolic chap-
erone involved in targeting a number of cellular proteins for
ubiquitination and proteasome degradation (17). After 48 h of
4PBA treatment, both the expression of Hsc70 and complex
formation betweenHsc70 and�F508-CFTRdecreased in IB3-1
cells. This Hsc70��F508-CFTR complex may target �F508-
CFTR for rapid intracellular degradation by the ubiquitin/pro-
teasome pathway (4). Our group subsequently observed that
4PBA decreases the steady-state expression of Hsc70 by
increasing the rate ofHsc70mRNAturnover and that this effect
requires new mRNA synthesis (18). These data suggested that
IB3-1 cells undergo a complex response to 4PBA, a notion that
has since been confirmed in genomics and proteomics profiling
experiments (19, 20). Moreover, it appears that multiple ele-
ments of this 4PBA response (i.e. 4PBA-regulated genes or tar-
gets) could influence �F508-CFTR trafficking.
To identify candidate 4PBA targets that might improve

�F508 trafficking, we performed differential display RT-PCR
on 4PBA-treated IB3-1 cells. One cDNA species exhibiting a
time-dependent increase in PCR product abundance encoded
ERp29, which was of particular interest given the dearth of
knowledge about ER chaperones involved in CFTR folding.
ERp29 is a resident of the ER lumen (21) that, although
expressed ubiquitously in mammalian tissues, is generally
abundant in epithelia (22, 23). Several lines of evidence impli-
cate ERp29 as a distinct type of molecular chaperone (24, 25),
but direct evidence for a chaperone activity and identification
of physiological client proteins (i.e. folding substrates) remain
lacking. Notably, ERp29 lacks classical chaperone and oxi-
doreductase activities (26) but exhibits chaperone-like proper-
ties at both the biophysical and cellular levels (27–31). It has
also been inferred that ERp29 prefers hydrophobic substrates
such as membrane proteins (29, 32).
Recognizing parallels between the epithelial expression of

ERp29 and CFTR, we tested the hypothesis that increased
expression of ERp29 in response to 4PBA would contribute to
improved �F508-CFTR trafficking. Our data establish that
4PBA leads to increased ERp29 expression and that ERp29
overexpression can improve trafficking of both wild-type
(WT-) CFTR and �F508-CFTR. We also observed that reduc-
tions in ERp29 expression led to decreased WT-CFTR expres-
sion and maturation of newly synthesized channel as well as
decreasing CFTR-mediated chloride transport in CFBE41o�
cells that expressWT-CFTR. These data therefore suggest that
increased expression of ERp29 may contribute to improved
�F508-CFTR trafficking in response to 4PBA and that ERp29
may indeed act as a chaperone of a medically important plasma
membrane protein.

EXPERIMENTAL PROCEDURES

Cell Culture—IB3-1 CF epithelial cells (genotype �F508/
W1282X) (68) were cultured as described previously (4, 18).
Immortalized CFBE41o� bronchial epithelial cells that stably
overexpressWT-CFTR (CFBE41o�WT) after lentiviral trans-
duction and puromycin selection (33) were a generous gift of
Dr. J. P. Clancy (University of Alabama at Birmingham). Cells
were routinely cultured at 37 °C as described previously (33).

Human colon adenocarcinoma T84 cells (cell line CCL248,
American Type Culture Collection, Manassas, VA) were cul-
tured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium
and Ham’s F-12 medium (Invitrogen) supplemented with 100
units/ml penicillin, 0.1 mg/ml streptomycin, and 5% fetal
bovine serum at 37 °C in 5% CO2. IB3-1 and T84 cells, which
endogenously express�F508- orWT-CFTR, respectively, were
studied alongside our other model systems that utilized heter-
ologous overexpression to minimize potential artifacts con-
founding these data.
Antibodies—Rabbit antiserum to ERp29 (anti-ERp29) was as

described previously (22) or obtained from GeneTex (San
Antonio, TX). Rabbit anti-BiP/grp78 was purchased from
Sigma-Aldrich.Mousemonoclonal anti-CFTR (clone CF3) was
from Abcam (Cambridge, MA), and mouse monoclonal anti-
CFTR-C terminus (clone 24-1) was from R&D Systems (Min-
neapolis, MN). Rabbit CFTR antiserum 169 directed against a
human CFTR R-domain peptide was described previously (34).
Mouse monoclonal anti-CFTR directed against NBD2 (clone
596) was obtained from Dr. John Riordan (University of North
Carolina-Chapel Hill) via the CF Foundation Therapeutics
CFTR antibody distribution program.Mousemonoclonal anti-
CFTR direct against NBD1 (clone 3g11) was obtained from Dr.
William Balch (Scripps Institute, San Diego, CA) via the CFTR
Folding Consortium. Mouse monoclonal anti-GAPDH was
fromMillipore (Billerica, MA).
Differential Display RT-PCR—Differential display RT-PCR

was performed using the RNAimageTM kit (GenHunter). Total
RNA was isolated from IB3-1 cells treated with 1 mM 4PBA for
0, 4, 8, or 24 h using the RNAwiz reagent (Ambion, Austin, TX)
according to the manufacturer’s instructions. Reverse tran-
scription used an oligo(dT)-anchored primer, and the subse-
quent PCR assay (40 cycles: 94 °C, 15 s; 40 °C, 2min; 72 °C, 30 s;
final cycle: 72 °C, 5 min) used the same anchored primer in
combination with 16 different arbitrary primers (HAP-1 to
HAP-16) in the presence of [�-33P]dATP (Amersham Biosci-
ences). PCR products were resolved on an 8 M urea, 6% poly-
acrylamide gel and visualized by autoradiography. Differen-
tially expressed cDNAs were extracted, reamplified by PCR,
and cloned into pCRII (Invitrogen). The cloned inserts were
sequenced by automated analysis (Nucleic Acid Research Core,
Children’s Hospital of Philadelphia) and identified by Blast
search.
Cloning ofHumanERp29 cDNA—Afull-length ERp29 cDNA

was isolated by PCR using ERp29-specific primers 5�-CCGGC-
GATATGGCTGCCG-3� and 3�-AGGAGCTGTAAAAAGG-
CTGTCTGT-5� and total RNA obtained from IB3-1 cells that
underwent randomly primed reverse transcription using
Superscript II reverse transcriptase (Invitrogen). The ERp29
cDNA was cloned into pCRII vector and then subcloned into
pSK(�) (Stratagene) (pSK-ERp29) by digestion with HindIII/
XhoI. The ERp29 cDNAwas similarly subcloned into pcDNA4
(Invitrogen) by digestion with BamHI/NotI. All constructs
were confirmed by sequencing.
Ribonuclease (RNase) Protection Assay—Quantification of

ERp29 mRNA by ribonuclease protection was performed
essentially as described previously (4, 18) using the Direct Pro-
tect assay kit (Ambion). The ERp29-specific probe template
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comprised a 258-bp 3�-fragment obtained by digestion of pSK-
ERp29 with SacI, and the probe was synthesized using aMaxis-
cript T3 kit (Ambion). Hybridization to 18 S rRNA using pTRI-
18S (Ambion) as a template served as an internal control. The
expression of ERp29 mRNA relative to that of 18 S rRNA was
determined by fluorography and densitometry as described
previously (4, 18) with statistical analysis as described below.
Quantitative PCR for CFTR mRNA Expression—Total

mRNA was extracted with TRI Reagent� (Applied Biosystems,
Ambion) from CFBE41o� WT cells. cDNA was synthesized
from total RNA using oligo(dT) primers and reverse transcrip-
tion reagents from Applied Biosystems. PCR for CFTR and
GAPDH was performed using TaqMan Fast Master Mix and a
predesigned primer-probe set for CFTR and GAPDH (Applied
Biosystems) on a StepOne real time PCR machine (Applied
Biosystem).
Depletion of ERp29 by siRNA—ERp29 expression was

depleted using an ERp29 siRNA (Dharmacon/Thermo Fisher
Scientific) that had been demonstrated previously to specifi-
cally decrease ERp29 expression in primary cultures of alveolar
type II cells.4 ERp29 siRNA was delivered to CFBE41o� WT
cells by transfection with Lipofectamine RNAimax reagent
(Invitrogen) or to T84 cells by electroporation according to a
commercially available optimized protocol and reagents
(Amaxa, Lonza, Cologne, Germany). Control siRNA (Dharma-
con/Thermo Fisher Scientific) was delivered under conditions
identical to those of the ERp29 siRNA. Cells were either used
for pulse-chase experiments (described below) or lysed for
immunoblot (described below) or quantitative PCR analysis
(described above) 48 h after electroporation or transfection.
Immunoblot—IB3-1, CFBE41o� WT, or T84 cell lysates

were prepared in radioimmune precipitation assay buffer (150
mM NaCl, 50 mM Tris-HCl, pH 8, 1% Triton-X100, 1% sodium
deoxycholate, 0.1% SDS) containing a protease inhibitor mix-
ture (1:1000 dilution; Sigma). Lysates were passed through a
22-gauge needle and cleared by centrifugation (15,000 � g, 15
min, 4 °C). Protein content was determined with Bio-Rad DC
reagents, and bovine �-globulin was used as a standard. Equal
amounts of protein were resolved by SDS-PAGE and trans-
ferred to nitrocellulose as described previously (16). Nonspe-
cific binding was blocked by incubation with 5% nonfat milk in
TBS (10 mM Tris-HCl, pH 8, 150 mM NaCl) and 0.05% Tween
20. Primary and horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies were applied in TBS, 0.05% Tween 20, 1%
BSA. Immunoreactivity was detected by chemiluminescence
(ECL, AmershamBiosciences) and fluorography andwas quan-
titated by densitometry (4, 18).
For experiments examining the presence of ERp29 in the cell

culture media, IB3-1 cells were grown in T-25 tissue culture
flasks. Cells were then incubated in fresh medium (5 ml) with-
out (control) orwith 1mM4PBA for 24 h orwere placed in fresh
medium (5ml) without or with 1mM 4PBA for 24 h after trans-
fection with ERp29 cDNA (4 �g, 24 h). The conditioned media
were then collected, and cell lysates (total volume, 0.5 ml) were
prepared as above. Fresh, unconditioned medium served as a

negative control. Proteins in the collected media were concen-
trated 10-fold (final volume, 0.5ml) using an iCONConcentra-
tor (molecular mass cutoff, 9 kDa; Thermo Scientific) accord-
ing to themanufacturer’s protocol. Equal amounts of cell lysate
proteins were resolved by SDS-PAGE, and the corresponding
volume of concentrated, conditioned media was similarly
resolved by SDS-PAGE. ERp29 was then detected by immuno-
blot as described.
Immunoprecipitation—Lysates of IB3-1 cells were prepared

as described above except that SDSwas omitted from the radio-
immune precipitation assay buffer. Antiserum directed against
ERp29 (10 �l) (22) was incubated with cell lysates (200 �g of
protein) at 4 °C overnight. Immune complexes were captured
with protein A/G-agarose beads (Santa Cruz Biotechnology,
Santa Cruz, CA) and released by heating the samples at 65 °C
for 20min in 2� SDS-PAGE sample buffer. CFTRwas detected
by immunoblotting as above.
Pulse-Chase Analysis of CFTR Maturation—ERp29 expres-

sion was specifically depleted in CFBE41o� WT cells as
described above. Forty-eight hours after siRNA delivery, cells
were starved inMet/Cys-deficient growth media for 1 h, pulse-
labeled with [35S]Met/Cys (400 �Ci/ml; PerkinElmer Life Sci-
ences), for 30 min and then chased with complete media con-
taining an excess of unlabeled Met/Cys for 0–4 h prior to lysis
in radioimmune precipitation assay buffer. CFTR was recov-
ered from 500 �g of whole cell lysate protein by immunopre-
cipitation with protein A/G-Sepharose beads to which mono-
clonal anti-CFTR (clone 3G11) was covalently coupled
(Crosslink IP kit, Thermo Scientific); covalent coupling was
performed according to the manufacturer’s instructions. Pre-
cipitated CFTR was resolved by SDS-PAGE and detected by
fluorography. Depletion of ERp29 in these pulse-chase experi-
ments was confirmed by immunoprecipitation with anti-
ERp29, resolution of precipitated protein by SDS-PAGE, and
fluorography (data not shown).
Transepithelial Ion Transport Measurements in Ussing

Chambers—CFBE41o� WT cells were grown as polarized epi-
thelial monolayers on SnapWells (Costar, Corning Life Sci-
ences, Lowell, MA) and used when transepithelial resistance
was�500 ohm�cm2 as assessed by anEVOMohmmeter (World
Precision Instruments, Sarasota, FL). After achieving this
resistance, cells were transfected with control siRNA or ERp29
siRNAwith Lipofectamine Plus (Invitrogen) 48 h prior to assay.
For short circuit current measurements, cells were mounted

in a modified, vertical Ussing chamber, and the monolayers
were continuously voltage-clamped to 0 mV after fluid resis-
tance compensation using automatic voltage clamps (VCC 600,
Physiologic Instruments, SanDiego, CA). Filters weremounted
in Bath Solution (115 mM NaCl, 25 mM NaHCO3, 2.4 mM

KH2PO4, 1.2mMK2HPO4, 1.2mMMgCl2, 1.2mMCaCl2, 10mM

glucose) warmed to 37 °C. The solutionwas pregassed and then
continuously gas-liftedwith a 95%O2, 5%CO2mixture yielding
a pH of 7.3–7.4. The short circuit current (Isc) was digitized at
0.05 Hz, and data were stored on a computer hard drive using
Acquire and Analyze software build 2.2 (Physiologic Instru-
ments). The data acquisition softwaremeasured transepithelial
resistance automatically by passing a 5-mV, 0.2-s bipolar pulse
across the monolayer and calculating resistance (R) by Ohm’s4 S. Guttentag, personal communication.
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law (V � IR); these resistance values remained stable through-
out these experiments. A positive deflection in Isc is defined as
the net movement of a cation toward the apical bath.
Amiloride (Sigma-Aldrich) was dissolved as 1000� stocks in

Bath Solution. Forskolin and 3-isobutyl-1-methylxanthine
(IBMX) (Sigma-Aldrich) were dissolved as 1000� stocks in
DMSO. CFTRinh-172 (35) was obtained from the CFTRmodu-
lator library (Dr. Robert Bridges, Rosalind Franklin Chicago
Medical School) and dissolved as a 1000� stock in DMSO. A
basolateral to apical chloride gradient was imposed by replac-
ing the apical bathing solution with a low chloride buffer con-
taining 115 mM sodium gluconate, 25 mM NaHCO3, 2.4 mM

KH2PO4, 1.2mMK2HPO4, 1.2mMMgCl2, 1.2mMCaCl2, and 10
mM glucose. This buffer was also pH 7.3–7.4 when gassed with
a 95% O2, 5% CO2 mixture. CFTR functional expression was
determined in the presence of 10�M amiloride andwas defined
as Isc that was inhibited by apical application of 10�MCFTRinh-
172 after treatment of the cells with 10�M forskolin and 100�M

IBMX and imposition of the basolateral to apical chloride
gradient.
Expression of Human CFTR and Human ERp29 in Xenopus

Oocytes—Human CFTR (WT or �F508) and human ERp29
were expressed in Xenopus oocytes as described previously (35,
36). Briefly, WT-CFTR, �F508-CFTR, and ERp29 cRNAs were
prepared using a cRNA synthesis kit (mMESSAGE mMA-
CHINE, Ambion) according to the manufacturer’s protocol.
cRNA concentrations were determined spectroscopically.
Oocytes were obtained from adult female Xenopus laevis
(Nasco, Fort Atkinson, WI) under a protocol approved by the
Institutional Animal Care andUseCommittee of theChildren’s
Hospital of Philadelphia. Harvested oocytes were enzymatically
defolliculated and maintained at 18 °C in modified Barth’s
saline (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.3 mM

Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, 15 mM Hepes, pH
7.6 supplemented with 10 �g/ml sodium penicillin, 10 �g/ml
streptomycin sulfate, and 100 �g/ml gentamicin sulfate). Each
batch of oocytes obtained from an individual frog was injected
(50 nl/oocyte) using a Nanoject II microinjector (Drummond
Scientific, Broomall, PA) with CFTR cRNA (WT or �F508; 10
ng) or a combination of ERp29 (1, 10, and 30 ng) and CFTR (10
ng) cRNAs dissolved in RNase-free water.
Electrophysiological Analyses in Xenopus Oocytes—Whole-

cell current measurements were performed 24–48 h after
injection using the two-electrode voltage clamp (TEV) method
as described previously (35, 36). Oocytes were placed in a 1-ml
chamber containingmodified ND96 buffer (96mMNaCl, 1 mM

KCl, 0.2 mM CaCl2, 5.8 mM MgCl2, 10 mM Hepes, pH 7.4) and
impaledwithmicropipettes of 0.5–5-megaohm resistance filled
with 3 M KCl. The whole-cell currents were measured by volt-
age clamping the oocytes in 20-mV steps between �140 mV
and �60 mV adjusted for resting transmembrane potential.
Whole-cell currents were digitized at 200Hz during the voltage
steps, recorded directly onto a hard disk, and analyzed using
pClamp software (version 8 or 8.1; Axon Instruments, Foster
City, CA). To reduce the potential for error from series resis-
tance, the voltage clamp (Axon Geneclamp 500B) was config-
ured to clamp the bath potential to 0 mV. In this configuration,
we independently monitored the oocyte membrane potential

during our clamp protocol and routinely observed membrane
potentials that were 	5% depolarized from our target holding
potentials.
CFTR was activated by perfusion of the oocyte with buffer

containing 10 �M forskolin and 100 �M IBMX for 25 min (35,
36). In all experiments, CFTR-mediated Cl� current (or func-
tional expression) was defined as the difference between cur-
rentmeasured before and 20min after perfusionwith forskolin/
IBMX. Whole-cell currents were recorded at �100 mV for
comparisons, and all measurements were performed at room
temperature.
Surface Biotinylation of CFTR in Oocytes—Surface expres-

sion of CFTR in oocytes was determined by surface biotinyla-
tion usingmodifications of techniques we have used previously
(37). cRNA for WT-CFTR (10 ng) was injected into Xenopus
oocytes either alone or with ERp29 cRNA. After 48 h, oocytes
were mechanically stripped of their vitelline membranes in
hypertonic medium (300mM sucrose inmodified Barth’s saline
without penicillin, streptomycin, and gentamicin), and surface
proteins were labeled with sulfo-NHS-biotin (Pierce). Oocytes
(10 per group) were subsequently lysed in 0.15 M NaCl, 0.01 M

Tris-HCl, pH 8.0, 0.01 M EDTA, 1.0% Nonidet P-40, 0.5%
sodium deoxycholate, 1.0 mM phenylmethylsulfonyl fluoride,
0.1 mM N-p-tosyl-L-lysine chloromethyl ketone, 0.1 mM L-1-
tosylamide-2-phenylethyl chloromethyl ketone, and 2 �g/ml
aprotinin for 1 h at 4 °C and centrifuged at 13,000� g for 15min
at 4 °C. CFTR was precipitated with CFTR antiserum 169 (34)
overnight at 4 °C, recovered with protein A/G-Sepharose
(Pierce), and subjected to SDS-PAGE. Biotinylated CFTR was
detected onblots by probingwith a streptavidin-HRP conjugate
(Invitrogen).
Surface Biotinylation of �F508-CFTR and ERp29 in IB3-1

Cells—IB3-1 cells were incubated with or without 1 mM 4PBA
for 24 h or transfected for 24 h with 4 �g of pCDNA4-ERp29
using the Lipofectamine Plus reagent (Invitrogen) according to
the manufacturer’s instructions. Cells were rapidly cooled to
4 °C, washed in 1� PBS containing 0.1 mM CaCl2 and 1 mM

MgCl2, and then incubated twice with 0.5 mg/ml sulfo-
succinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate
(sulfo-NHS-SS-biotin; Pierce) in 10 mM triethanolamine, 0.1 M

borate buffer, pH 8 for 25 min at 4 °C. Nonreacted sulfo-NHS-
SS-biotin was quenched by washing cells with 1� PBS, 192 mM

glycine, 25 mM Tris-HCl, pH 8.3. Cells were then washed twice
with 1� PBS containing 0.1 mM CaCl2 and 1 mM MgCl2 and
lysed in radioimmune precipitation assay buffer. Biotinylated
proteins were captured using neutravidin-agarose beads
(Pierce), eluted into Laemmli 2� sample buffer, and resolved by
SDS-PAGE. Biotinylated CFTR was detected by immunoblot
analysis using a monoclonal antibody directed against residues
103–117 of CFTR (clone CF3, Abcam). Biotinylated ERp29 was
detected using anti-ERp29 (GenTex).
Densitometry and Statistical Analyses—Densitometry of

fluorograms was performed using an Alpha-Innotech 2200
Image Analysis System (Alpha-Innotech, San Leandro, CA)
with two-dimensional integration of the selected band. The
density of the lane surrounding the band was similarly deter-
mined by two-dimensional integration and used as a base-line
density for background subtraction. For comparisons within an
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experiment, the density of the zero time or control was arbi-
trarily set to 1.0, and data are expressed relative to this control
(mean 
 S.E.). Statistical significance was then determined by
Student’s t test or one-way ANOVA as appropriate. For exper-
iments examining the influence of ERp29 overexpression on
WT- or �F508-CFTR functional expression in oocytes, data at
�100-mV holding potential are presented as mean 
 S.E. with
significance determined by one-way ANOVA in comparison
with oocytes injected with WT- or �F508-CFTR alone.
For all other data, statistical significancewas determined by a

two-tailed analysis using either Student’s t test or a one-way
ANOVA as appropriate. All statistical analyses were performed
with SigmaStat version 2.03. A p value of �0.05 was considered
significant.

RESULTS

4PBA Increases ERp29Expression in IB3-1CFEpithelial Cells—
In IB3-1 cells, 4PBAdecreases steady-stateHsc70 expression by
increasing the rate of Hsc70 mRNA turnover (4, 18). Interest-
ingly, the increase in Hsc70 mRNA turnover requires new
mRNA synthesis (18), suggesting that 4-PBA causes a more
global cellular adaptation. We performed differential display
RT-PCR on RNA isolated from IB3-1 cells treated with 1 mM

4PBA to characterize alterations in gene expression associated
with cellular adaptation to 4PBA. Among the mRNA species
that were differentially expressed over the 24-h exposure, we
identified ERp29 as exhibiting a time-dependent increase in
abundance (data not shown). This finding was of particular
interest because no ER chaperones have been clearly identified
as 4PBA targets before. We confirmed and quantitated this
4PBA-induced increase in ERp29 mRNA abundance using a
ribonuclease protection assay (Fig. 1). ERp29 mRNA expres-
sion increased significantly by �50% after 2 h and remained
similarly elevated throughout the 24-h exposure to 4PBA.
A corresponding increase in whole-cell expression of ERp29

protein was observed by immunoblot analysis of lysates from
4PBA-treated IB3-1 cells (Fig. 2A). Densitometric analysis sug-
gested that ERp29 protein expression increased by a maximum
of �50% after 4–8 h of 4PBA treatment (Fig. 2B). In contrast,
using similar techniques, we found that Hsc70 expression

decreased�40% in IB3-1 cells after treatment with 1mM 4PBA
for 24–48 h (4, 18).
Because ERp29 expression is reported to be induced by ER

stress in some circumstances (25, 28, 38), we assessedwhether 1
mM 4PBA was causing a generalized ER stress or an unfolded
protein response. Increased expression of BiP/grp78, another
ER-luminal chaperone, is a characteristic of ER stress or an
unfolded protein response (39). As shown in Fig. 2C, BiP
expression, normalized to the cytosolic marker GAPDH, did
not change upon exposure to 1 mM 4PBA. Furthermore, IB3-1
cellular morphology was not affected by 1 mM 4PBA over the
course of our experiments. These data aswell as previous obser-
vations that 1 mM 4PBA does not alter expression of calnexin
(16) and several other ER chaperones in IB3-1 cells (19) suggest
that at suchmoderate exposures 4PBA causes neither a general
alteration of ER chaperone expression nor a cellular stress
response. However, BiP/grp78 and several other stress
response proteins were reported to be up-regulated after
harsher exposures to 4PBA (5 mM, 48 h; Ref. 20). We also
observed changes in IB3-1 cell morphology (including modest
rounding of cells) upon such harsher 4PBA exposures (data not
shown). These observations further suggest that there are sig-
nificant differences between the IB3-1 cellular responses to 1
versus 5 mM 4PBA with 5 mM 4PBA inducing a cellular stress
response that was not evident upon exposure to 1 mM 4PBA.
Depletion of ERp29 Is Accompanied by Decreased Expression

of WT-CFTR—Induction of ERp29 in 4PBA-treated bronchio-
lar epithelial cells led us to hypothesize that ERp29 is a chaper-
one for CFTR. Notably, ERp29, although ubiquitously ex-
pressed, is enriched in lung and has been implicated in
membrane protein biogenesis (22, 23, 29, 32, 40). We initially
tested this hypothesis using an RNA interference approach in
CFBE41o� WT bronchial epithelial cells, which overexpress
WT-CFTR, and in T84 colonic epithelial cells, which endoge-
nously express WT-CFTR. As shown in Fig. 3 (A and B), deliv-
ery of ERp29-directed siRNA toCFBE41o�WTcells caused an
�50% decrease in ERp29 and �40% decrease in CFTR whole-
cell expression relative to cells transfected with control siRNA.
Similarly, there was a 60% decrease in ERp29 andCFTR expres-

FIGURE 1. 4PBA increases ERp29 mRNA expression in IB3-1 cells. A, ERp29 transcript was quantitated using a ribonuclease protection assay in IB3-1 cells
treated for the indicated times with 1 mM 4PBA as described under “Experimental Procedures.” The hybridization of 18 S rRNA as an internal standard was
constant under these conditions. These data are representative of n � 8 independent experiments. B, relative amount of ERp29 mRNA compared with the zero
time point was determined by densitometry (n � 8 independent sample sets, each normalized by 18 S rRNA content). Means 
 S.E. are shown with significance
determined by one-way ANOVA in comparison with t � 0.
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sion in T84 cells (Fig. 3, C and D). In neither cell line was
expression of BiP/grp78 altered by delivery of ERp29 siRNA
(Fig. 3), suggesting that the siRNA-mediated depletion of
ERp29 caused neither a global alteration in ER chaperone
expression nor an ER stress response. This diminution of CFTR
expression upon ERp29 depletion was not due to decreased
CFTR mRNA in the ERp29 siRNA-treated CFBE41o� WT
cells; quantitative PCR showed that CFTRmRNAwas apparent
at 18–19 cycles in both control and ERp29 siRNA-transfected
CFBE41o� WT cells lines (n � 3 experiments). These data
provided initial support for the hypothesis that ERp29 is a chap-
erone for CFTR.
ERp29 Enhances Functional Expression of WT-CFTR and

�F508-CFTR in Xenopus Oocytes—We initially used the Xeno-
pus oocyte expression system and TEV technique to examine
the influence of ERp29 overexpression on functional expres-
sion of WT- and �F508-CFTR. Whole-oocyte currents were
measured 24–48 h after injection of cRNA encoding CFTR
(WTor�F508) alone or co-injection of cRNAs encoding CFTR
and ERp29.
Fig. 4A illustrates the whole-oocyte current/voltage (I/V)

relationship for oocytes injected with both WT-CFTR and
ERp29 prior to (closed circles) and after (open circles) 20 min of
incubation with 10 �M forskolin/100 �M IBMX (which activate
endogenous protein kinase A and subsequently CFTR). These
data suggest that ERp29 overexpression does not alter the char-
acteristic linear whole-cell I/V relationship that is typically
observed for forskolin/IBMX-activated CFTR in oocytes (36).
Fig. 4B shows the forskolin/IBMX-stimulated whole-cell cur-
rents measured at a holding potential of �100 mV in oocytes

injected with CFTR alone (10 ng) compared with currents
obtained in oocytes co-injected with CFTR (10 ng) and increas-
ing amounts of ERp29 cRNA. In the corresponding immuno-
blot (Fig. 4B), no ERp29 expression was observed in oocytes
injected with CFTR alone, whereas overexpressed ERp29 was
readily detected in those injected with ERp29 cRNA.
With regard to CFTR functional expression, oocytes co-in-

jected with CFTR and 1 ng of ERp29 had forskolin/IBMX-stim-
ulated whole-cell currents that were �3.2-fold greater than
oocytes injected with CFTR cRNA alone (�5.4 
 1.1 �A, n �
29 versus �1.7 
 0.5 �A, n � 35; mean 
 S.E.; p 	 0.05 by
ANOVA). Interestingly, greater amounts of ERp29 cRNA were
less effective at enhancing CFTR functional expression. Specif-
ically, in oocytes co-injected with WT-CFTR and 10 ng of
ERp29 cRNA, the forskolin/IBMX-stimulated currents
(�3.3 
 0.5 �A, n � 27; p 	 0.05) were only �1.9-fold greater
than the control, whereas in oocytes injected with 30 ng of
ERp29 cRNA (�2.7 
 0.3 �A, n � 13; p not significant), the
forskolin/IBMX-stimulated currents were not significantly dif-
ferent fromoocytes injectedwithCFTR alone.Oocytes injected
with ERp29 cRNA alone had forskolin/IBMX-stimulated cur-
rents that were not significantly different from uninjected
oocytes, confirming that the observed forskolin/IBMX-stimu-
lated currents were indeed CFTR-mediated.
To assess the mechanism by which ERp29 overexpression

increased CFTR functional expression, we determined the
amount of CFTR in the plasma membrane by surface biotinyl-
ation (Fig. 4C). Oocytes were co-injected with cRNAs encoding
CFTR and increasing amounts of ERp29 (0, 1, 10, and 30 ng),
and CFTR surface expression was determined 48 h after injec-

FIGURE 2. 4PBA increases ERp29 protein expression in IB3-1 cells. IB3-1 cells were incubated at 37 °C with 1 mM 4PBA for the indicated times. Equal amounts
of whole-cell lysate protein were resolved on 10% SDS-polyacrylamide gels. A, representative immunoblot performed with an ERp29-specific rabbit polyclonal
antibody (22). B, densitometric analysis (mean 
 S.E.) of 10 independent experiments normalized to zero time. Statistical significance was determined by
ANOVA in comparison with the t � 0 sample. C, expression of BiP/grp78 relative to that of GAPDH was determined by densitometry of immunoblots equivalent
to those in B (n � 4 independent experiments, all normalized to zero time). Immunoblots were probed with anti-BiP and anti-GAPDH, and each data set was
normalized by GAPDH content (mean 
 S.E.). By ANOVA, there were no significant differences for GAPDH or BiP/grp78 as a function of 4PBA exposure in these
experiments.
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tion. Surface expression of WT-CFTR was readily detected in
oocytes co-injected with CFTR and 1 ng of ERp29 cRNAs, less
robust in oocytes co-injected with CFTR and 10 ng of ERp29,
and not detected in oocytes injected with CFTR alone or in
oocytes co-injectedwith CFTR and 30 ng of ERp29.We suspect
that our inability to detect CFTR in the latter two cases (oocytes
injected with CFTR alone or co-injected with CFTR and 30 ng
of ERp29 cRNA) was due to surface expression levels being
below the limit of detection; this has been a consistent finding
in other experiments in our laboratory (not shown). Neverthe-
less, the observed surface expression pattern of CFTR parallels
that of CFTR activity as measured by TEV (Fig. 4B) with co-in-
jection of 1 ng of ERp29 cRNA causing the greatest CFTR sur-
face and functional expression. These data are therefore con-

sistent with ERp29 acting as a chaperone that promotes
WT-CFTR expression at the plasma membrane.
Next we examinedwhether ERp29 overexpression also influ-

enced the functional expression of �F508-CFTR. Although
�F508-CFTR is a “trafficking-defective” mutant, in oocytes,
�F508-CFTR is delivered to the plasma membrane (41)
because oocytes are maintained at 18 °C, and temperatures
�27 °C are permissive for �F508-CFTR trafficking (1, 42). As
shown in Fig. 5A, ERp29 overexpression did not alter the char-
acteristic linear I/V relationship of�F508-CFTR (36). Similarly,
Fig. 5B shows whole-cell currentsmeasured at a holding poten-
tial of �100 mV in oocytes co-injected with �F508-CFTR and
increasing amounts of ERp29 cRNA. Oocytes co-injected with
�F508-CFTR and 1 ng of ERp29 cRNA had �2.3-fold greater

FIGURE 3. Depletion of ERp29 is associated with decrease in WT-CFTR expression. ERp29-specific or control siRNA was delivered to CFBE41o� WT
bronchial epithelial cells that overexpress WT-CFTR (A and B) or T84 colonic adenocarcinoma cells that endogenously express WT-CFTR (C and D) as described
under “Experimental Procedures.” After 48 h, cells were lysed, and equal amounts of whole-cell lysate protein were resolved by SDS-PAGE. A, ERp29, CFTR,
BiP/grp78, and GAPDH (as a loading control) were detected by immunoblot in lysates of CFBE41o� WT cells. Data representative of three independent
experiments are shown. B, relative expression of ERp29 (gray bars) and CFTR (open bars) in CFBE41o� WT was quantified by densitometry of n � 3 independent
experiments as described under “Experimental Procedures.” C, ERp29, CFTR, BiP/grp78, and GAPDH (as a loading control) were detected by immunoblot in T84
cells. Data representative of three independent experiments are shown. D, relative expression of ERp29 (gray bars) and CFTR (open bars) in CFBE41o� WT was
quantified by densitometry of n � 3 independent experiments as described under “Experimental Procedures.” For B and D, data (mean 
 S.E.) were normalized
to control siRNA values, and expression of ERp29 and CFTR in control versus ERp29-specific siRNA-treated cells was compared by t test.
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forskolin/IBMX-stimulated currents (�0.9 
 0.3 �A, n � 22)
than did controls injected with �F508-CFTR cRNA alone
(�0.4
 0.0�A, n� 27; p	 0.05 byANOVA; Fig. 5B). Currents

obtained with co-injection of 10 ng of ERp29 (�0.9 
 0.2 �A,
n � 19) were similarly �2.25-fold greater than controls (p 	
0.05). In contrast, currents in oocytes co-injected with 30 ng of

FIGURE 4. ERp29 enhances functional and surface expression of WT-CFTR in Xenopus oocytes. X. laevis oocytes were injected with cRNAs for WT-CFTR (10
ng) or ERp29 (10 ng) alone or co-injected with WT-CFTR (10 ng) and either 1, 10, or 30 ng of ERp29 cRNA. A, I/V relationship (adjusted for resting transmembrane
potential) of whole-cell current was determined by TEV 24 – 48 h after co-injection with 10 ng of CFTR and 1 ng of ERp29 cRNAs before (closed circles) and after
(open circles) stimulation with forskolin/IBMX as detailed under “Experimental Procedures.” Data are presented as mean 
 S.E. for n � 29 oocytes. B, forskolin/
IBMX-stimulated currents at �100-mV holding potential (adjusted for resting transmembrane potential) were determined for oocytes injected with cRNA for
WT-CFTR alone (10 ng; closed bar) or ERp29 alone (10 ng; open bar that is not visible due to small magnitude) or co-injected with CFTR and either 1, 10, or 30 ng
of ERp29 cRNA (gray bars). Data are presented as mean 
 S.E. for the indicated number of oocytes, and statistical significance was determined by ANOVA in
comparison with oocytes injected with WT-CFTR alone. Immunoblot detection of ERp29 in similarly injected oocytes was performed as described under
“Experimental Procedures.” Groups of 10 oocytes were lysed, and 10% of this lysate (i.e. one oocyte equivalent) was loaded per lane. C, detection of CFTR at the
oocyte surface by surface biotinylation was performed 48 h after injection as described under “Experimental Procedures.” Biotinylated CFTR was revealed with
a streptavidin-HRP conjugate after precipitation with CFTR antiserum 169. Equivalent results were obtained in three independent experiments.

FIGURE 5. ERp29 enhances functional expression of �F508-CFTR in Xenopus oocytes. X. laevis oocytes were injected with cRNA for �F508-CFTR (10 ng) or
ERp29 alone (10 ng) or co-injected with cRNAs for �F508-CFTR (10 ng) and either 1, 10, or 30 ng of ERp29. A, I/V relationship (adjusted for resting transmem-
brane potential) of whole-cell current was determined by TEV for oocytes co-injected with 10 ng of �F508-CFTR cRNA and 1 ng of ERp29 cRNA before (closed
circles) and after (open circles) stimulation with forskolin/IBMX. Data are presented as mean 
 S.E. for n � 22 oocytes. B, forskolin/IBMX-stimulated current at
�100-mV holding potential (adjusted for resting transmembrane potential) of oocytes injected with �F508-CFTR alone (10 ng; closed bar) or ERp29 alone (10
ng; open bar) or co-injected with �F508-CFTR and either 1, 10, or 30 ng of ERp29 cRNA (gray bars). Data are presented as mean 
 S.E. for the indicated numbers
of oocytes, and the significance of differences from oocytes injected with �F508-CFTR alone was determined by ANOVA.
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ERp29 were not significantly higher than controls (�0.6 
 0.2
�A, n � 14 versus �0.4 
 0.0 �A, n � 27; p not significant).
Again, oocytes injected with ERp29 cRNA alone had forskolin/
IBMX-stimulated currents that were not significantly different
from uninjected oocytes, indicating that the forskolin/IBMX-
stimulated currents in these experiments were mediated by
�F508-CFTR. Together, these data suggest that ERp29
increases �F508-CFTR functional expression in oocytes in a
manner similar to its effect onWT-CFTR. Consistent with the
relatively low current values observed for �F508-CFTR (versus
WT-CFTR; Fig. 4), we were unable to detect �F508-CFTR at
the plasma membrane by surface biotinylation (not shown).
These data further support the hypothesis that ERp29 is a chap-
erone for CFTR.
Overexpression of ERp29 Increases �F508-CFTR Plasma

Membrane Expression in IB3-1 Cells—We next addressed
whether altered ERp29 expression modifies �F508-CFTR traf-
ficking to the plasma membrane in CF epithelial cells. Surface
biotinylation experiments were performed in IB3-1 cells that
overexpressed ERp29 or had been treated with 4PBA as a pos-
itive control (Fig. 6). �F508-CFTR was not detected at the sur-
face of IB3-1 cells grown under control conditions as expected
but was clearly present at the surface of these cells after treat-
ment with 1 mM 4PBA. When ERp29 was overexpressed by
transient transfection, surface expression of �F508-CFTR was
even more robust than in cells treated with 4PBA for 24 h,
commensurate with greater ERp29 overexpression revealed by
immunoblotting (Fig. 6A). Consistent with the data of Fig. 2,
densitometric analysis indicated that cells treated with 4PBA
had �40% increased ERp29 whole-cell expression of ERp29
(Fig. 6B, gray bars; #, p � 0.01 versus control; n � 3), whereas
ERp29-transfected cells had �4-fold increased expression.
Densitometry also indicated that ERp29-transfected cells had
4-fold greater �F508-CFTR surface expression than 4PBA-

treated cells, which in turn had �5-fold greater �F508-CFTR
surface expression than control cells (Fig. 6B, open bars; *, p 	
0.05 versus 1 mM 4PBA; n � 4). As a control for integrity of the
plasma membrane during these biotinylation experiments, we
assessed the recovery of biotinylated GAPDH in concurrent
experiments. In contrast to CFTR, biotinylated GAPDH was
undetectable in the neutravidin-precipitated proteins despite
strong detection of GAPDH immunoreactivity in whole-cell
lysate, confirming that our protocol specifically labeled pro-
teins at the cell surface (Fig. 6A,middle panel).
These data suggest that, in human CF bronchiolar epithelial

cells, overexpression of ERp29 promotes�F508-CFTR traffick-
ing to and expression at the cell surface. Furthermore, these
data imply that a mechanism of action for 4PBA on CFTR traf-
ficking may be via the induction of ERp29 expression. Finally,
these data imply that ERp29 increases �F508-CFTR functional
expression in oocytes (Fig. 4) by increasing channel number at
the oocyte plasma membrane, similar to its mechanism of
action on WT-CFTR.
ERp29 IsDetectable at Surface of IB3-1Cells and in IB3-1Cell

Growth Media—Previous data have suggested that ERp29 may
move through the secretory pathway and be found extracellu-
larly in some situations (milk and cultured thyrocytes; Refs. 27
and 43) but not others (tooth enamel proteins and plasma; Refs.
22 and 44). Therefore, we examined whether ERp29 could be
detected either at the surface or in the culture media of IB3-1
cells (Fig. 7).
As expected, whole cell expression of ERp29 was moderately

increased after treatment with 1 mM 4PBA and more so upon
transfection with ERp29 either in the absence or presence of
4PBA (Fig. 7A). By immunoblotting, ERp29 was readily
detected in the culture medium of IB3-1 cells under control
conditions and upon ERp29 transfection (Fig. 7B). In contrast,
ERp29 was not found in the culture medium of 4PBA-treated

FIGURE 6. Overexpression of ERp29 increases surface expression of �F508-CFTR in IB3-1 cells. IB3-1 cells were incubated without (Control) or with 1 mM

4PBA for 24 h or were transfected with ERp29 cDNA (4 �g, 24 h). Surface proteins were then biotinylated, captured with neutravidin beads, and resolved by
SDS-PAGE as described under “Experimental Procedures.” The first lane (Input) contains 20 �g of IB3-1 whole-cell lysate proteins, whereas lanes with captured
biotinylated samples (Biotinylation) contained 200 �g of total protein. A, top panel, CFTR was detected in the captured biotinylated fraction using monoclonal
anti-CFTR (clone CF3, Abcam). Middle panel, anti-GAPDH immunoblot demonstrating the presence of GAPDH in IB3-1 whole-cell lysate but not in the captured
biotinylated fractions. Lower panel, immunoblot detection of ERp29 in the biotinylated samples (20 �g of total protein) prior to neutravidin capture. These data
are representative of three to four independent experiments. B, densitometric analysis of ERp29 whole-cell expression (gray bars; expressed relative to control;
n � 3) and �F508-CFTR surface expression (open bars; expressed relative to 1 mM 4PBA; n � 4). Means 
 S.E. are shown. #, p � 0.01 versus control (t test); *, p 	
0.05 versus 1 mM 4PBA (ANOVA).
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IB3-1 cells, and 4PBA decreased ERp29 secretion from ERp29-
transfected cells. In control experiments, ERp29 was not
detected in fresh culture medium (Fig. 7B). Similarly, GAPDH
was undetectable in the conditioned culture medium (data not
shown), indicating that our detection of ERp29 therewas not an
artifact of cell lysis.
In surface biotinylation experiments (Fig. 7C), ERp29 was

undetectable at the surface of IB3-1 cells under control condi-
tions. However, treatment with 1 mM 4PBA, overexpression of
ERp29 via transfection, or the combination of ERp29 trans-
fection and 4PBA treatment all led to ERp29 being detected
at the IB3-1 cell surface. GAPDH was not detected in the
neutravidin-captured fraction (data not shown), again indi-
cating that ERp29 surface expression was not an experimen-
tal artifact. These data suggest that, in IB3-1 cells, ERp29 can
move beyond the ER and be externalized. Interestingly,
4PBA treatment increased the surface expression of ERp29
both in transfected and untransfected cells (Fig. 7C) while
decreasing the amount of ERp29 secreted into the culture
media (Fig. 7B). These data suggest that 4PBA promotes the
association of ERp29 with the IB3-1 cell surface in addition
to elevating ERp29 expression.
ERp29 Co-immunoprecipitates with �F508-CFTR in IB3-1

Cells—As the above data supported ERp29 being a chaperone
for CFTR, we investigated whether ERp29 interacts with WT-
CFTR and �F508-CFTR in epithelial cells using a co-immuno-
precipitation approach. ERp29 appears generally unable to
maintain stable interactions with clients following cell lysis (22,
27, 40, 45). However, as shown in Fig. 8, immunoprecipitation
of endogenous ERp29 resulted in modest recovery of �F508-
CFTR from IB3-1 whole-cell lysate. Because these experiments
were performed in the absence of 4PBA, this likely reflects
intracellular ERp29 and �F508-CFTR because IB3-1 cells
exhibit no surface expression of �F508-CFTR under these
conditions (Fig. 7A). Control immunoprecipitations lacking

anti-ERp29 were negative for �F508-CFTR. In contrast,
immunoprecipitation of endogenous ERp29 from lysates of
T84 cells did not result in recovery of endogenously
expressed WT-CFTR under identical experimental condi-
tions. These results are consistent with reports suggesting
that, in comparison with WT-CFTR, immature �F508-
CFTR has more robust interactions with a variety of chaper-
ones at or within the ER (2, 4, 6).
The observed co-immunoprecipitation of �F508-CFTR and

ERp29 is consistent with ERp29 influencing �F508-CFTR traf-
ficking via a direct or close interaction. Although such a stable
interaction was not evident for WT-CFTR, we feel a transient
interaction could still occur given the above data demonstrat-
ing that depletion of ERp29 decreases WT-CFTR expression
and that ERp29 overexpression can promote increased WT-
CFTR functional and surface expression in oocytes. These data
also provide provisional identification of CFTR as a putative
disease-relevant membrane protein substrate for ERp29. Fur-

FIGURE 7. Detection of ERp29 in growth medium and at surface of IB3-1 cells. IB3-1 cells were grown under control conditions (�), in the presence of 1 mM

4PBA (�), transfected with 2 �g of ERp29, or transfected with ERp29 in the presence of 1 mM 4PBA for 24 h as indicated. A, whole-cell lysates were prepared, and
ERp29 and GAPDH (as a loading control) were detected by immunoblot. Data are representative of n � 4 independent experiments. B, growth medium was
collected and concentrated 10-fold as described under “Experimental Procedures.” ERp29 was detected in the conditioned medium by immunoblot but not in
a similarly concentrated fresh culture medium control. Smaller or larger immunoreactive species were not detected. Immunoblots representative of n � 4
independent experiments are shown. C, surface proteins were biotinylated, captured with neutravidin beads, and resolved by SDS-PAGE as described under
“Experimental Procedures.” ERp29 was detected in the biotinylated fraction. The “Input” lane represents the immunoreactivity of 10% of the total protein
subjected to neutravidin capture in the Control lane. GAPDH immunoreactivity was absent from the biotinylated fraction (not shown), suggesting that
intracellular proteins were not labeled by biotin in this experiment. These data are representative of n � 4 independent experiments. IP, immunoprecipitation;
WB, Western blot.

FIGURE 8. ERp29 co-immunoprecipitates with �F508-CFTR in IB3-1 cells.
Whole-cell lysates of IB3-1 and T84 cells were prepared as described under
“Experimental Procedures.” ERp29 and its stably interacting partners were
then immunoprecipitated from equal sample amounts (200 �g of protein)
using anti-ERp29 and resolved by SDS-PAGE. Input, 20 �g of whole-cell lysate;
No ab, immunoprecipitation protocol performed with omission of anti-ERp29
as a control for nonspecific precipitation. CFTR (arrows) was detected with
monoclonal anti-CFTR (clone CF3). These data are representative of three
independent experiments. IB, immunoblot.
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ther work is required to establish whether the observed inter-
action between ERp29 and �F508-CFTR is direct or occurs via
intermediaries.
ERp29 Depletion Impedes CFTR Maturation and Decreases

CFTR Functional Expression—Because of its predominant ER
localization and its apparent traversal of the secretory pathway,
we hypothesized that ERp29 would influence the trafficking
and maturation of newly synthesized CFTR. Accordingly, we
performed a pulse-chase experiment in CFBE41o� WT cells
that had been treated with either ERp29-specific or non-target-
ing (control) siRNA (as in Fig. 3 above). As shown in Fig. 9,
under control conditions, newly synthesized CFTR progressed
over 1–2 h of chase from the lower molecular weight, ER-local-
ized form (Fig. 9, arrow B) to the higher molecular weight,
mature form that results from glycosyl processing in the Golgi
(Fig. 9, arrow C). The mature form predominated after 4 h of
chase. In contrast, after siRNA-mediated depletion of ERp29,
less immature CFTR (Band B) was present after pulse-labeling
even though, as described above, CFTR mRNA expression was
unchanged as assessed by quantitative PCR. Also, the appear-
ance of mature CFTR when ERp29 is depleted was at least
delayed if not frankly prevented. The rate at which Band B dis-
appeared (�20% over the 1st h of chase) when ERp29 was
depleted was similar to that under control conditions (�30%
over the 1st h). Together, these data suggest that ERp29 may
facilitate or promote both assembly of nascent CFTR in the ER
and its trafficking to and eventual maturation in the Golgi.
Because ERp29 appears to traverse the secretory pathway, this
may occur by ERp29 accompanying or “escorting” newly syn-
thesized CFTR throughout its trafficking itinerary.
We then performedUssing chamber experiments to assess

the CFTR-mediated chloride transport in control and ERp29
siRNA-treated CFBE41o� WT polarized monolayers (Fig.
10). As shown in Fig. 10A, control siRNA- or ERp29
siRNA-transfected CFBE41o� WT had similar base-line short

circuit currents (�2.6 
 0.7 �A/cm2 for Isc control versus
�5.9 
 1.9 �A/cm2; p not significant) as well as negligible
amiloride-sensitive Isc. In the presence of a basolateral to apical
chloride gradient, there was a significant �40% reduction in
CFTR-mediated Isc (i.e. Isc activated by forskolin/IBMX and
inhibited by CFTRinh-172) in the ERp29 siRNA-treated cells
(157.7 
 20.1 �A/cm2, n � 12) versus the control
siRNA-treated cells (262.2 
 40.8 �A/cm2, n � 12; p � 0.03;
Fig. 10B). Together, these data indicate that specific depletion
of ERp29 decreases thematuration and function of CFTR in the
CFBE41o� model of bronchial epithelia.

DISCUSSION

The development of novel, mechanism-based therapies for
CF is founded on the hypothesis that repair of mutant CFTR
dysfunction will result in improved clinical outcomes (46). For
�F508-CFTR, repair of function requires “correction” of its
aberrant intracellular trafficking. 4PBA is one of the prototype
�F508-CFTR “correctors” with demonstrated positive effects
both in vitro (16) and in pilot human studies (47, 48). However,
the mechanism by which 4PBA corrects �F508-CFTR remains
unclear.
We (4, 18) and others (5) have suggested that 4PBA may

improve �F508-CFTR trafficking by altering expression of the
cytoplasmic 70-kDa heat shock proteins Hsc70 and Hsp70.We
have also shown that such alterations in Hsc70 and Hsp70
expression canmodulate the intracellular trafficking of the epi-
thelial sodium channel ENaC (49). However, it is also clear that
the cellular response to 4PBA in IB3-1CF epithelial cells is quite
complex (19, 20).
Here, we sought to identify additional 4PBA-regulated spe-

cies in IB3-1 CF epithelial cells that could contribute to
improved �F508-CFTR trafficking and identified ERp29 as a
potential 4PBA-regulated chaperone of �F508-CFTR. We
found that ERp29, a resident of the ER lumen, has increased

FIGURE 9. ERp29 depletion impedes WT-CFTR maturation. CFBE41o� WT bronchial epithelial cells that overexpressed WT-CFTR were transfected with
control (non-target) or ERp29-specific siRNA as described under “Experimental Procedures.” After 48 h, cells were pulse-labeled with [35S]Met/Cys and chased
in the presence of excess unlabeled Met/Cys. Cells were lysed at the indicated times of chase, and CFTR was recovered from equal amounts of whole-cell lysate
protein by immunoprecipitation using monoclonal anti-CFTR (clone 3G11). Immunoprecipitated CFTR was detected by SDS-PAGE and fluorography.
A, representative fluorograms (equal time exposure; n � 4 independent experiments). Arrows B and C depict immature and mature CFTR as described in the
text. B, relative expression of CFTR B form in CFBE41o� WT in cells transfected with control siRNA (gray bars) or ERp29 siRNA (open bars) was quantified by
densitometry of n � 4 independent experiments after 0 and 1 h of chase. Data (mean 
 S.E.) were normalized to values in control siRNA-transfected cells at
t � 0.
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mRNA and protein abundance in IB3-1 cells after treatment
with 4PBA and that ERp29 interacts with�F508-CFTR in these
cells. We also demonstrate that ERp29 overexpression pro-
motes WT- and �F508-CFTR functional expression in Xeno-
pus oocytes; forWT-CFTR, this effect correlateswith increased
CFTR abundance at the plasma membrane. Overexpression of
ERp29 similarly led to increased �F508-CFTR surface expres-
sion in IB3-1 cells, and siRNA-mediated depletion of ERp29 led
to decreased expression andmaturation ofWT-CFTRaswell as
decreased CFTR-mediated chloride current in CFBE41o� WT
cells. Together, these data suggest that ERp29 is a target of
4PBA and that ERp29 can indeed function as a bona fidemolec-
ular chaperone or escort for an integral membrane protein.
The ER utilizes two execution pathways to control the bio-

genesis and trafficking of membrane or soluble secretory pro-
teins. In one, correctly folded and assembled proteins are pack-
aged into membrane carriers to be transported from the ER to
theGolgi complex on theway to various cellular or extracellular
destinations. These carriers are formed by the activity of cyto-
solic protein complexes, which for many proteins, including
CFTR, involve COP II (coat complex II) machinery (50). In
contrast, proteins that are recognized as inappropriately folded
or assembled are diverted to proteasome-mediated degrada-
tion in the cytosol, a process known as ER-associated degrada-
tion (51).
Folding of newly synthesized integral membrane proteins

like CFTR is likely facilitated by chaperone machines residing
both in the cytosol and in the ER. Some central chaperone com-
ponents of these machines are functionally modulated by co-
chaperoneswith the objective of balancing the kinetic and ther-
modynamic constraints of client proteins to create an
environment that will optimize their correct folding (50).Many
components of this chaperone machinery also recognize mis-

folded proteins like �F508-CFTR and facilitate their degrada-
tion via ER-associated degradation.
A number of cytoplasmic and ER-resident chaperones and

co-chaperones appear to be involved in regulating the biogen-
esis of WT- and/or �F508-CFTR. For example, cytoplasmic
proteins such as Hsp90, Hsp40s, and the Hsp70 nucleotide
exchange factor HspBP1 facilitate the Hsp70-dependent fold-
ing of CFTR (3–5, 52–54). In contrast, the cytosolic Hsc70-
interacting protein CHIP is an E3 ubiquitin ligase that pro-
motes CFTR degradation (55). Furthermore, data in yeast
suggest that ER-associated degradation of CFTR is predomi-
nantly controlled by cytosolic rather than ER-resident chaper-
ones (56), although a recently characterized ERmembrane pro-
tein, Derlin-1, does appear to be pivotally involved (57, 58).
Relatively little is known about the influence of ER-resident

chaperones on the biogenesis of WT- or �F508-CFTR. Cal-
nexin, an ERmembrane protein, interactswith immature forms
of CFTR and �F508-CFTR by binding to a luminal loop (6, 8, 9,
59). However, calnexin has a more prolonged interaction with
�F508- thanWT-CFTR (6), and calnexin overexpression leads
to enhanced retention of �F508 in the ER (8). Intriguingly, it
appears that the classical ER chaperones BiP/grp78 and endo-
plasmin/grp94 do not interact with CFTR stably (2, 3, 6), and
neither BiP nor calnexin appear to have central roles in ER-as-
sociated degradation of CFTR (8, 9, 56, 59). These findings
raised the prospect that othermore recently discovered ER res-
idents could play a key role in the regulation of CFTR
biogenesis.
Here, we provide evidence that WT- and �F508-CFTR traf-

ficking can indeed be influenced by the novel ER-luminal resi-
dent ERp29 and that ERp29 likely acts upon newly synthesized
CFTR. These data provide strong functional evidence that
ERp29 is, in fact, a bona fidemolecular chaperone or co-chap-

FIGURE 10. Depletion of ERp29 decreases CFTR-mediated chloride transport in CFBE41o� WT cells. CFBE41o� WT cells were grown as polarized
monolayers and then transfected with control or ERp29 siRNA as described under “Experimental Procedures.” Assessment of CFTR-mediated currents was
performed in Ussing chambers 48 h after transfection also as described under “Experimental Procedures.” A, representative Isc trace for cells transfected with
control (closed circles) or ERp29 siRNA (open circles). Addition of 10 �M amiloride, addition of 10 �M forskolin and 100 �M IBMX, imposition of a basolateral to
apical chloride gradient (Apical low Cl�), and addition of 10 �M CFTRinh-172 (Inh-172) are indicated. In these experiments, anion secretion results in a downward
deflection in Isc. B, summary data for CFTR-mediated current, defined as Isc inhibited by CFTRinh-172 after stimulation with forskolin/IBMX and imposition of the
basolateral to apical chloride gradient. Dark gray bar, control siRNA; light gray bar, ERp29 siRNA. Means 
 S.E. for n individual experiments are shown. *, p � 0.03
by two-tailed t test.
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erone, extending recent reports by us and others (31, 40). The
presumed function of ERp29 as a chaperone was supported
previously by cellular studies of thyroglobulin, a soluble secre-
tory protein (27, 28, 30). Moreover, ERp29 was found to induce
a conformational change in the polyoma virus VP1 protein,
which in turn facilitated passage of the virus across the ER
membrane and successful infection (60). Biophysical character-
ization and activity assays also suggested that ERp29 is func-
tionally distinct from the classical ER chaperones (26, 29).
It has also been suggested that ERp29, like its Drosophila

paralogue Windbeutel, could act to escort secretory proteins
through post-ER compartments in addition to or instead of the
ER chaperone functionality (25, 27, 40). Windbeutel has a cru-
cial role escorting a glycosaminoglycan-modifying enzyme
(Pipe) to the Golgi. In the Golgi, Pipe directs the ventral activa-
tion of an extracellular serine proteolytic cascade, which leads
to determination of the ventral side of the embryo (61, 62). The
findings of ERp29 in conditioned cell media (Fig. 7 and Ref. 27)
and in milk (43) are consistent with an escort role from the ER
to the cell surface. However, because ERp29 was not found
extracellularly in other physiological contexts such as in tooth
enamelmatrix (22) and plasma (44), it remains unclear whether
extracellular ERp29 reflects an active escort role or passive
egress.
Our present data (Fig. 7) demonstrate that ERp29 is secreted

into the growthmedium under control conditions andmore so
when ERp29 is overexpressed. Under control conditions,
ERp29 was not detected at the surface of IB3-1 cells, but inter-
estingly, 4PBA treatment increased the amount of ERp29 at the
cell surface while decreasing that found in the culturemedia. In
ERp29-overexpressing IB3-1 cells, whereas some ERp29 was
detectable at the surface, a similar shift in ERp29 from the cul-
ture medium to the cell surface was observed with 4PBA treat-
ment. These data associate improved �F508-CFTR trafficking
after 4PBA treatment or ERp29 overexpression with increased
cell surface expression of ERp29 in IB3-1 cells.
Our data also suggest that depletion of ERp29 decreases the

amount of newly synthesized immature CFTR (Fig. 9).
Although we cannot rule out that ERp29 depletion slows the
initiation of CFTR synthesis, we feel this is less likely as ERp29
depletion does not alter CFTR mRNA expression. Instead, we
posit that ERp29 may promote completion of synthesis and/or
stabilization of newly formed WT-CFTR as well as delivery of
CFTR to the Golgi or later compartments (Fig. 9). Noting evi-
dence for a similar role with connexin43 (40), it seems reason-
able to speculate that ERp29 could be accompanying or escort-
ing �F508- or WT-CFTR through the exocytic pathway and
also that ERp29 may remain associated with �F508- or WT-
CFTR at the cell surface.Whether ERp29 facilitatesWT-CFTR
and�F508-CFTR trafficking by acting as a chaperone in the ER
or as a post-ER escort or by both means warrants further
investigation.
Recent data suggest that the�F508mutation in the cytosolic

first nucleotide binding domain (NBD1) of CFTR can alter the
interaction of NBD1 with the cytoplasmic face of the trans-
membrane domains of CFTR (63). Although it is reasonable to
hypothesize that such �F508-related structural alterations at
the cytoplasmic face of the transmembrane domains may por-

tend altered structure and interactions of the luminal trans-
membrane domain face, this does not appear to be the case for
the functional interaction of ERp29 with WT- versus �F508-
CFTR. In oocytes, ERp29 overexpression induced by injection
ofmoderate amounts of cRNA increased the functional expres-
sion of both WT- and �F508-CFTR by �3-fold. These data
suggest that the luminal/extracellular loops ofWT- and�F508-
CFTR are similarly recognized by ERp29.
That ERp29 overexpression induced by injection of mod-

erate amounts of cRNA was more effective at promoting
�F508- or WT-CFTR functional expression than that with
higher amounts was not surprising. We have seen and exten-
sively discussed potential mechanisms underlying similar
effects for chaperone regulation of ENaC trafficking in
oocytes (49), and there are other such reports for ER chap-
erones (15, 64).
Our data suggest that association of �F508-CFTR with

ERp29 is detectable by co-immunoprecipitation in IB3-1 cell
extracts but that such an association of WT-CFTR with ERp29
is not readily detected in T84 colonic epithelial cells. Similar
findings weremade for the interaction of ERp29withmisfolded
viral protein (45) and for calnexin with �F508-CFTR (8). Inter-
estingly, association of ERp29 with thyroglobulin was only
demonstrable by co-immunoprecipitation after cross-linking,
suggesting a weak or transient interaction (27). Here, we found
that ERp29 co-immunoprecipitated with �F508-CFTR in the
absence of cross-linking, suggesting a more stable or robust
interaction; this is consistent with previous suggestions that
ERp29 could favor hydrophobic substrates such as integral
membrane proteins (29, 32). That ERp29 appears critical for the
appropriate processing and assembly of connexin43 hemichan-
nels (40) aswell as the expression of Surfactant Protein B,which
has significant hydrophobic character, in alveolar type II cells4
supports this notion. Similarly, we have observed that ERp29
overexpression increases functional expression of the epithelial
sodiumchannel ENaC in the oocyte system.5 Collectively, these
data enrich the hypothesis that ERp29may function as a general
chaperone or escort for membrane and/or hydrophobic secre-
tory proteins.
In summary, our findings from siRNA-mediated depletion,

overexpression, and 4PBA treatment are consistent with
increased expression of ERp29 contributing to improved
�F508-CFTR intracellular trafficking in CF epithelial cells.
These data establish ERp29 as a functional target of the proto-
type �F508-CFTR corrector 4PBA. These data may also impli-
cate ERp29 as a critical element in the mechanism by which
4PBA improves the trafficking and secretion of other mutant
proteins such as ABCA3 (65), Surfactant Protein C (66), and
�1-antitrypsin (67). Furthermore, our results support ERp29
functioning as a molecular chaperone of integral membrane
proteins and are the first data demonstrating that overexpres-
sion of an ER resident can facilitate trafficking of WT-CFTR
and �F508-CFTR. ER-luminal chaperones such as ERp29 can
now be regarded as candidate pharmaceutical targets for novel
CF therapies. Further investigation of the role of ERp29 in the

5 T. Chang, L. Suaud, and R. C. Rubenstein, unpublished observations.
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trafficking of�F508-CFTR is warranted to inform the potential
utility of this novel therapeutic strategy for CF.
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61. Konsolaki, M., and Schüpbach, T. (1998) Genes Dev. 12, 120–131
62. Sen, J., Goltz, J. S., Konsolaki, M., Schüpbach, T., and Stein, D. (2000)
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