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Background: Molecular chaperone regulation of epithelial sodium channel (ENaC) trafficking in epithelia is poorly
described.
Results: Hsp70 increases ENaC functional and surface expression in epithelia.
Conclusion: ENaC exits the endoplasmic reticulum via a Sec24D-dependent mechanism; this is promoted by Hsp70.
Significance: Improved understanding of ENaC trafficking may lead to novel therapeutic targets in blood pressure abnormal-
ities and in cystic fibrosis.

Theepithelial sodiumchannel (ENaC)playsan important role in
the homeostasis of blood pressure and of the airway surface liquid,
and inappropriate regulation of ENaC results in refractory hyper-
tension (in Liddle syndrome) and impaired mucociliary clearance
(in cystic fibrosis). The regulation of ENaC by molecular chaper-
ones, such as the 70-kDa heat shock protein Hsp70, is not com-
pletely understood. Building on the previous suggestion by our
group that Hsp70 promotes ENaC functional and surface expres-
sion inXenopus oocytes, we investigated themechanism by which
Hsp70 acts upon ENaC in epithelial cells. In Madin-Darby canine
kidney cells stably expressing epitope-tagged���-ENaC andwith
tetracycline-inducible overexpression of Hsp70, treatment with 1
or 2 �g/ml doxycycline increased total Hsp70 expression �2-fold
and ENaC functional expression�1.4-fold. This increase in ENaC
functionalexpressioncorrespondedtoanincrease inENaCexpres-
sion at the apical surface of the cells and was not present when an
ATPase-deficientHsp70wassimilarlyoverexpressed.The increase
in functional expression was not due to a change in the rate at
which ENaC was retrieved from the apical membrane. Instead,
Hsp70 overexpression increased the association of ENaC with the
Sec24D cargo recognition component of coat complex II, which
carries protein cargo from the endoplasmic reticulum to theGolgi.
Thesedata support thehypothesis thatHsp70promotesENaCbio-
genesis and trafficking to the apical surface of epithelial cells.

The epithelial sodium channel (ENaC)2 is important in
maintaining salt and water homeostasis in a number of organ

systems. Through its action in the distal nephron, ENaC plays a
critical role in control of blood pressure (1), as is evidenced by
the severe conditions caused by ENaC dysregulation. In the
absence of ENaC, salt wasting can occur in the kidneys, leading
to hypotension and a condition known as pseudohypoaldoste-
ronism type 1 (2). In contrast, patients with Liddle syndrome
have salt-sensitive hypertension, which results from ENaC
functional overexpression in the distal nephron (2–5). In addi-
tion to its critical role in blood pressure regulation, ENaC also
plays an important role in the airway epithelia. In patients with
cystic fibrosis, ENaC function appears elevated, which is
hypothesized to cause airway surface liquid volume depletion,
decreased mucociliary clearance, and increased bacterial colo-
nization of the airway (6). Because ENaCclearly has a key role in
the normal homeostasis of a number of tissues and organ sys-
tems, it is critical to understand the mechanisms underlying
ENaC regulation to better understand diseases pertaining to
these organs.
ENaC is likely a heterotrimer of three homologous subunits:

�, �, and �. This hypothesized structure is based on the struc-
ture of a related ENaC/degenerin family member, the acid-
sensing ion channel (7). This heterotrimeric structure is also
supported by recent atomic force microscopy data (8). Each
subunit of ENaC contains N- and C-terminal intracellular
domains, as well as a large extracellular domain with many gly-
cosylation sites (9, 10). As with many secreted and membrane
proteins, ENaC subunits aremost likely assembled in the endo-
plasmic reticulum (ER). Either the initial assembly of ENaC
subunits or their exit from the ER appears to be inefficient in
model systems, and a significant fraction of newly synthesized
channel is targeted for degradation by an ER-associated degra-
dation pathway (ERAD) (11–13). ENaC that successfully exits
the ER is transported to the Golgi by an as yet unknown mech-
anism. The C terminus of the ENaC �-subunit appears to con-
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trol the exit of ENaC from the ER and contains a consensus
sequence for interactionwith coat complex II (COP II)machin-
ery (14). However, direct evidence of an interaction of ENaC
with COP II has not been presented.
Once in the Golgi, ENaC can undergo glycosyl side chain

modification, as well as proteolytic cleavage of the �- and
�-subunit extracellular domains by furin, a Golgi-resident pro-
tein convertase (15). This proteolysis is associated with an
increase in the open probability (Po) of ENaC once it reaches
the apical epithelial surface. ENaC can also, by an unknown
mechanism, reach the cell surface without undergoing glycosyl
and proteolytic processing in the Golgi, arriving at the mem-
brane in an uncleaved, low Po form (16).

Regulation of ENaC at the cell surface can occur either by
modification of the total number of channels present (N) or by
cleavage of the uncleaved channels that were delivered to the
cell surface, thusmodifying ENaC Po. Conversion of uncleaved,
low Po to cleaved, higher Po ENaC at the cell surface can result
either from the action of prostasin or other endogenous chan-
nel-activating proteases or from the action of exogenous pro-
teases such as trypsin or elastase (15, 17–21). The number of
active ENaC at the cell surface can also be regulated by the rate
at which channels are retrieved, a process that is regulated by
the E-3 ubiquitin ligase Nedd4-2 and that is disrupted in Liddle
syndrome (22–24).
Our group has previously shown that Hsp70, the stress-in-

ducible 70-kDa heat shock protein, promotes both surface
expression and function of ENaCwhen overexpressed inXeno-
pus oocytes (25). Based on these data, we hypothesized that
Hsp70would also regulate ENaC functional and surface expres-
sion inmammalian epithelia. Here we useMadin-Darby canine
kidney (MDCK) cells as a model system to investigate the
mechanism by which Hsp70 regulates ENaC. We show that
Hsp70 does, in fact, increase ENaC functional and surface
expression in epithelial cells. Our data further suggest that
Hsp70 increases the interaction of ENaC with the COP II
machinery known to transport proteins from the ER to the
Golgi. These data therefore support the hypothesis that Hsp70
promotes ENaC biogenesis and trafficking.

EXPERIMENTAL PROCEDURES

Cell Culture—We employed Type I MDCK cells that stably
express C-terminally epitope-tagged murine ENaC subunits
(�-HA, �-V5, and �-Myc), which appear to traffic and function
similarly to the native subunits in model systems (13). The cells
were selected to have tetracycline-inducible expression of
Hsp70 or ATPase-deficient Hsp70 (T37G, (26, 27)), which are
also epitope-tagged (C-terminal Myc/His). The cells were cul-
tured in 50:50 Ham’s F-12 (Cellgro; Mediatech, Manassas, VA)
and DMEM (Invitrogen) containing 10% fetal bovine serum
(Gemini, West Sacramento, CA) and 1% penicillin/streptomy-
cin (Invitrogen). The cells are maintained under antibiotic
selective pressure with addition of puromycin (Sigma-Aldrich),
G418 Sulfate (Cellgro, Mediatech), blasticidin S HCl (Invitro-
gen), hygromycin B (Roche Applied Science), and Zeocin
(Invitrogen) to the medium.
For cell surface expression analysis, the cells were grown in

polarizedmonolayers onTranswell plates (Costar; Corning Life

Sciences, Lowell, MA) and assessed when resistance reached
300 ��cm2. For ion transport measurements, the cells were
grown in monolayers on Snapwell plates (Costar; Corning Life
Sciences) and used when resistance was �500 ��cm2. The cells
were treated with 1 �g/ml of dexamethasone (Sigma-Aldrich)
for 48 h prior to the experiment. Unless otherwise indicated,
the cells were treated with doxycycline (Dox; Sigma-Aldrich)
for the final 24 h of the dexamethasone treatment.
Antibodies and Protein Reagents—Murine anti-Hsp70

(StressMarq, Victoria, Canada), anti-V5 epitope (for �-ENaC;
Invitrogen), anti-Myc epitope (for �-ENaC; Invitrogen), and
anti-Sec24D (Abnova, Taiwan) were used according to the
manufacturer’s instructions. Rat anti-HA epitope (for �-ENaC;
Roche Applied Science) and rabbit anti-Hsc70 (Stressgen,
Farmingdale, NY) were also used according to the manufactur-
er’s instructions. Horseradish peroxidase-conjugated second-
ary antibodieswere fromMillipore. Purified humanHsp70with
a C-terminal His tag was purchased from StressMarq.
Immunoblot—The cells were lysed on ice for 30 min in RIPA

buffer (150 mM NaCl, 50 mM Tris�HCl, pH 8, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS) containing a 1:1000 dilu-
tion of protease inhibitor mixture (Sigma-Aldrich). The lysates
were collected, passed through a 21-gauge needle, and centri-
fuged (14,000 � g for 15 min at 4 °C) to remove particulates.

Protein content in the lysate supernatants was determined
using DC protein assay reagents (Bio-Rad) and BSA as a stan-
dard. Equal amounts of protein (25 �g, unless otherwise indi-
cated) were resolved using SDS-PAGE and transferred to nitro-
cellulose using semi-dry techniques (Bio-Rad). Nonspecific
protein bindingwas diminished by incubating themembrane in
either 5% BSA or 5% nonfatmilk in TBS (10mMTris�HCl, pH 8,
150 mM NaCl) with 0.05% Tween 20. Primary antibodies and
horseradish peroxidase-conjugated secondary antibodies were
applied in TBS with 0.05% Tween 20 with 1% nonfat milk or 1%
BSA. Immunoreactivity was detected by chemiluminescence
(SuperSignal;ThermoFisherScientific,Waltham,MA)andfluo-
rography. Densitometry was performed using an Alpha-
Imager 2200 system (AlphaInnotech, Santa Clara, CA).
Co-immunoprecipitation—The cell lysates were prepared as

described above in RIPA buffer, except that SDS was omitted
from the RIPA. Protein A- or G-Sepharose beads (protein A for
rabbit antibodies and protein G for rat and mouse antibodies;
Invitrogen) were washed with PBS and combined with primary
antibody for 1 h at room temperature. Afterward, the beads
were washedwith PBS and combinedwith 250�g of cell lysates
on a rotator overnight at 4 °C. The beads were washed in RIPA
buffer lacking SDS, and then the precipitated proteins were
released from beads by heating in Laemmli sample buffer (125
mM Tris, pH 6.8, 4% SDS, 10% glycerol, 0.006% bromphenol
blue, 1.8% 2-mercaptoethanol) and resolved by SDS-PAGE.
Associated proteins were detected by immunoblot analysis.
Short Circuit Current Measurement—The cells grown on

Snapwell plates with resistance�500��cm2weremounted in a
vertical Ussing chamber setup and underwent continuous volt-
age clamping (Physiologic Instruments, San Diego, CA). The
bath solution was 115 mM NaCl, 25 mM NaHCO3, 2.4 mM

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

glucose, pH 7.4, at 37 °C and was the same in the apical and
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basal chambers. Short circuit current (Isc) was analyzed using
Acquire & Analyze data acquisition software (Physiologic
Instruments, San Diego, CA). Resistance was monitored and
calculated by Ohm’s law using 2-mV bidirectional pulses every
90 s. Amiloride, cycloheximide, and trypsin (all from Sigma-
Aldrich) were dissolved as 100� concentrated stocks in bath
solution. Apical application of 10 �M amiloride and 10 �g/ml
trypsin (final concentration) was used where indicated. Both
apical and basolateral applications of 100 �g/ml cycloheximide
(final concentration) were used in ENaC retrieval assays.
Cell Surface Expression Assay—The cells were grown on

Transwell plates until resistance measured �300 ��cm2. The
cells were placed on ice for 20 min and washed with ice-cold
PBS containing Ca2� and Mg2�, pH 7.4. The apical surface of
the cells was then treated with 1 mg/ml Sulfo-NHS-SS-biotin
(200 mg/ml stock in Me2SO; Thermo Fisher Scientific) diluted
in biotinylation buffer (10 mM H3BO4, 137 mM NaCl, 1 mM

CaCl2, pH 8.0) for 25 min on ice. This step was repeated one
time for an additional 25min. The cells were thenwashed three
times with quenching buffer (192 mM glycine, 25 mM Tris HCl,
pH 8.3) and incubated on ice in quenching buffer for 20 min.
The cells were washed in PBS and lysed in RIPA buffer (con-
taining SDS) as described above. Biotinylated proteins were
precipitated using NeutrAvidin beads (Invitrogen), resolved by
SDS-PAGE, and revealed by immunoblotting.
Pulse-Chase Assay—Pulse-chase assays were performed

usingmodifications of a publishedprotocol (14).After thedexa-
methasone and Dox treatments described above (1 �g/ml
each), the cells were starved in DMEM lacking methionine and
cysteine (Invitrogen, Mediatech) for 1 h. After starvation, the
mediumwas replacedwith 0.5ml of the samemedium contain-
ing 50–100 �Ci of [35S]Met/Cys (PerkinElmer Life Sciences)
for 20 min. The cells were washed in PBS containing excess
methionine and cysteine (2.5 mM each) and chased for indi-
cated times in the 50:50Ham’s F-12medium/DMEMdescribed
under “Cell Culture” above (including 10% fetal bovine serum),
also containing excessMet andCys. The cells werewashedwith
PBS and lysed in RIPA without SDS, as described above.
Labeled proteins were recovered by immunoprecipitation as
described above, resolved by SDS-PAGE, and revealed by fluo-
rography on a Typhoon PhosphorImager (GEHealthcare) after
gels were fixed in 30%methanol, 10% acetic acid for 20min and
dried.
Where indicated, two sequential immunoprecipitation steps

were performed. The first immunoprecipitationwas performed
as described above. Recovered proteins were released from
beads by heating for 30 min at 65 °C in Laemmli sample buffer
lacking bromphenol blue. After heating, 10% of the sample was
removed for analysis, whereas the remaining fraction was com-
bined with RIPA buffer lacking SDS to reduce the concentra-
tion of SDS in the buffer to below 0.2%. This diluted sample was
then combinedwith beads conjugated to a second primary anti-
body and incubated overnight at 4 °Cwith rotation. After wash-
ing, the samples were released from beads by heating in Laem-
mli sample buffer for 3.5 min at 95 °C. Recovered proteins were
again resolved by SDS-PAGE and detected by fluorography as
described above.

Densitometric Analysis—Fluorographic images of immuno-
blots were digitized using an Alphaimager 2200 digital analysis
system (AlphaInnotech, San Leandro, CA). Densitometric
analysis of these images was performed using Alphaimager
analysis software (version 5.5; AlphaInnotech) with two-
dimensional integration of the selected band. For pulse-
chase analyses, densitometric signal was determined using
ImageQuant TL software on the Typhoon PhosphorImager.
For comparison within an individual experiment, the density of
untreated control was arbitrarily set to 1.0, with the remaining
densities expressed relative to this reference density.
Statistical Analyses—Statistical significance was determined

by a two-tailed Student’s t test or a one-way ANOVA as appro-
priate. Statistical analysis was performed using SigmaStat soft-
ware (version 2.03; Aspire, Ashburn, VA). A p value of �0.05
was considered significant.

RESULTS

Hsp70 Overexpression in MDCK Epithelial Cells—MDCK
epithelial cells, which are commonly used to study ENaC traf-
ficking and function (28–30), were used as a representative
model system. MDCK cells are a useful model because they
form polarized monolayers when grown on permeable sup-
ports; this allows measurement of ion transport, as well as cor-
relation of these ion transport measurements with direct bio-
chemical assessment of surface expression. In addition, these
cells do not endogenously express high levels of ENaC under
normal conditions and can be selected to stably express
epitope-tagged ���-ENaC (�-HA, �-V5, and �-Myc). These
C-terminally epitope-tagged ENaC subunits have previously
been shown to traffic and function similarly to the native sub-
units in model systems (13).
We selected clones of MDCK cells that stably express ���-

ENaC and that have tetracycline-inducible overexpression of
humanHsp70 or an ATPase-deficient version of humanHsp70
(T37G), which are also epitope-tagged (C-terminal Myc/His).
Fig. 1A demonstrates a time course of Dox-induced Hsp70
expression. The epitope tag on the induced protein reduced its
electrophoretic mobility, which facilitated quantification of
both the endogenous (lower bands) and overexpressed (upper
bands) proteins by immunoblot analysis. The amount of Hsp70
overexpression increases with the increased length of Dox
treatment, with the 24-h treatment having the highest level of
Hsp70 overexpression. All of the subsequent experiments were
therefore performed using a 24-h incubation with Dox.
To quantifyHsp70 overexpression and estimate total cellular

expression of Hsp70, we treated cells with or without Dox to
induce overexpression of Hsp70 and compared the Hsp70
immunoreactivity with that of a commercially available, puri-
fied Hsp70 (Fig. 1B, representative immunoblot). This purified
Hsp70 standard was also C-terminally His-tagged, so the elec-
trophoretic mobility of this protein is again slightly less than
that of the native chaperone and is more similar to that of the
Dox-induced, Myc/His-tagged chaperone in our cell lysates.
Densitometric quantification of these experiments is summa-
rized in Fig. 1C and suggests that induced Hsp70-Myc/His
expression in 25 �g of total cell lysate is �0.22–0.24% of total
lysate protein. This appears to be slightly higher than the
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expression of native Hsp70, which is in the range of 25–30
ng/25 �g (approximately 0.20%) of total cellular protein. This
represents a slightly greater than 2-fold whole cell overexpres-
sion of Hsp70 when cells are treated with 1 or 2 �g/ml Dox.
Importantly, this overexpression of Hsp70 did not alter the
expression of Hsc70 (70-kDa heat shock cognate protein) in
these cells (Fig. 2).
Hsp70 Does Not Significantly Alter Whole Cell ENaC

Expression—Wenext tested the influence ofHsp70 overexpres-
sion on whole cell expression of the ENaC subunits. The cells
were treated with increasing concentrations of Dox, and whole
cell lysates were subjected to immunoblot analysis for the �, �,
and � ENaC subunits using antibodies directed to the epitope
tags (�-HA, �-V5, or �-Myc) as indicated (Fig. 2). Although in
some experiments, there was increased expression of all three
ENaC subunits with an intermediate level ofHsp70 overexpres-
sion (1 �g/ml Dox) that decreased with higher levels of Dox (5
�g/ml) and was consistent with the previous data of our group
fromXenopus oocytes (25), these data did not achieve statistical
significance. These data suggest that Hsp70 overexpression
does not significantly alter the whole cell expression of ENaC in
MDCK cells.

IncreasedHsp70 Expression Leads to Increased ENaC Surface
and Functional Expression—We next examined the effect of
Hsp70 overexpression on ENaC expression at the apical surface
using a surface biotinylation assay on MDCK cells grown as
polarized monolayers (Fig. 3). Consistent with our hypothesis,
�-ENaC expression at the apical cell surface (biotin-tagged)
increased significantly with 1 �g/ml (Fig. 3A). There was also a
trend toward increased surface expression in cells treated with
2 �g/ml Dox that was not statistically significant. Importantly,
asacontrol, biotinylatedGAPDHwasnotdetected in theNeutr-
Avidin-precipitated proteins, suggesting that we were detect-
ing only surface�-ENaC and that our cells were not leaky to the
membrane-impermeant biotin. These data indicate that Hsp70
increases the expression of ENaC at the apical cell surface.
To determine whether Hsp70 also promotes ENaC func-

tional expression, we determined the amiloride-sensitive short
circuit current (Isc) in Ussing chambers. As shown in Fig. 4,
Hsp70 overexpression induced by 1 or 2 �g/ml Dox caused an
increase in amiloride-sensitive Isc. Again, Hsp70 overexpres-
sionwith 5�g/mlwas ineffective at increasing ENaC functional
expression, as it was for surface expression (Fig. 3) and whole
cell expression (Fig. 2). Together, these data suggest that Hsp70
overexpression can increase ENaC functional expression at

FIGURE 1. Overexpression of Hsp70 in MDCK cell lysates. A, MDCK cells
were treated with 1 �g/ml Dox for indicated time periods, and Hsp70 was
detected in cell lysates by immunoblot (IB). The lower bands and upper bands
represent the endogenous Hsp70 protein and the Myc/His-tagged construct
of Hsp70 protein, respectively. B, Hsp70 expression was determined by
immunoblot after a 24-h incubation with the indicated amount of Dox. This
immunoreactivity was compared with that of purified Hsp70 protein to quan-
tify Hsp70 expression. C, densitometric analysis of bands from five indepen-
dent Hsp70 immunoblots quantifying endogenous (light bars) and overex-
pressed (dark bars) chaperone. The error bars indicate S.E.

FIGURE 2. Effect of Hsp70 overexpression on whole cell Hsc70 and ENaC
expression in MDCK cells. MDCK cells were treated with the indicated
amount of Dox for 24 h, and expression of the ENaC subunits was determined
by immunoblot analysis using antibodies directed to the epitope tags on
each of the subunits. Immunoblot detection of Hsc70 protein expression was
conducted using an Hsc70-specific antibody. GAPDH immunoreactivity was
used as a loading control. Densitometric quantification of �-, �-, and �-ENaC
expression are depicted graphically (means � S.E.); none of these changes in
relative expression (versus 0 Dox control) are statistically significant by
ANOVA. These data are representative of three independent experiments.
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least in part by increasing the expression of ENaC at the apical
membrane.
As a control experiment, we constructed a homologous

MDCK cell line with Dox-inducible expression of an ATPase-
deficient Hsp70. Because Hsp70 binding to cellular clients
depends on its ATPase activity, removal of this activity should
inactivate the chaperone; this has been shown for ATPase-de-
ficient constructs of BiP, the ER-luminal Hsp70 homolog (26,
27). Fig. 5A demonstrates the successful overexpression of
ATPase-deficient (T37G) Hsp70-Myc/His at levels similar to

those of endogenous Hsp70, as well as at levels similar to those
of functional Hsp70-Myc/His (Fig. 1). Importantly, overexpres-
sion of ATPase-deficient Hsp70 did not result in an increase in
expression of �-ENaC at the apical surface (Fig. 5B) or in
amiloride-sensitive current in Ussing chambers (Fig. 5C).
These control data therefore suggest that the positive effect of
Hsp70 on ENaC functional and surface expression requires
Hsp70 ATPase activity and is not merely an artifact of
overexpression.
Hsp70 Overexpression Does Not Alter Retrieval of Functional

ENaC from Apical Membrane—We sought to determine the
mechanism bywhichHsp70 increases ENaC functional expres-
sion. We first addressed whether Hsp70 overexpression influ-
enced the rate at which functional ENaCwas retrieved from the
apical surface. After induction of Hsp70 overexpression and
determination of base-line Isc, cells were treated with cyclohex-
imide to inhibit new protein synthesis, and the apparent first
order rate constant of decay of amiloride-sensitive Isc was
determined (Fig. 6A). These data indicate that Hsp70 overex-
pression does not change the rate at which functional ENaC
was removed from the apical cell surface.
Hsp70 Overexpression Does Not Alter Proportion of Cleaved

and Uncleaved ENaC at Apical Surface—The open probability
(Po) of ENaC is regulated by proteolysis of the extracellular
loops of its � and � subunits, with both the uncleaved, low Po
channel and the cleaved, higher Po channel being delivered to
and found at the apical surface (16). Because the uncleaved
channel at the surface can be activated by exogenous proteases,
we testedwhetherHsp70 overexpressionmay increase the frac-
tion of cleaved ENaC at the surface as a mechanism by which
ENaC functional expression was increased. To determine
whether this is the case, after a base-line Isc was determined in
Ussing chambers, the apical surface of the cells was treatedwith
trypsin (10�g/ml) to cleave and fully activate all ENaCchannels
and then with amiloride to determine amiloride-sensitive Isc.
Fig. 6B shows that the fraction of total amiloride-sensitive Isc
induced by trypsin did not change as a function of added Dox.
These data indicate that the fraction of cleaved versus
uncleaved ENaC channels at the apical surface was unaffected
by Hsp70 overexpression and that altered cleavage is not a con-
tributing mechanism by which Hsp70 promotes ENaC func-
tional expression.
Hsp70 Promotes Processing of Newly Synthesized ENaC

Subunits—Given that Hsp70 did not significantly impact the
retrieval of ENaC from the membrane or increase the fraction
of cleaved channel at the apical surface, we focused our inves-
tigation on the role of Hsp70 in ENaC biogenesis.We therefore
examined the expression and interaction of newly synthesized
ENaC subunits in a pulse-chase assay (Fig. 7). After pulse label-
ing, ENaC subunits were immunoprecipitated from whole cell
lysates at up to 60–90 min of chase. Fig. 7A demonstrates that
there was a trend toward newly synthesized �-ENaC persisting
longer in Hsp70-overexpressing cells. In addition, in a sequen-
tial immunoprecipitation, there was a similar trend toward an
increase in the amount of �65-kDa (presumably cleaved)
�-ENaC associated with �-ENaC with Hsp70 overexpression.
Fig. 7B demonstrates that there was amore rapid appearance of
the �65 kDa �-ENaC when Hsp70 was overexpressed. These

FIGURE 3. Hsp70 overexpression increases the surface expression of
ENaC in MDCK cells. MDCK cells were treated with the indicated amount of
Dox for 24 h. �-ENaC at the apical surface was detected by surface biotinyla-
tion as described under “Experimental Procedures.” A, representative immu-
noblots for �-ENaC (using an antibody to the V5 epitope tag) of whole cell
lysates and NeutrAvidin-precipitated proteins are shown. Immunoblots for
GAPDH were used as a control for protein loading (whole cell lysates) and to
ensure that the membrane-impermeant biotin did not label intracellular pro-
teins (NeutrAvidin precipitates). B, densitometric quantification of immuno-
blots from three independent biotinylation experiments. The error bars indi-
cate S.E. *, p � 0.004 versus 0 �g/ml Dox treatment (ANOVA).

FIGURE 4. Hsp70 expression increases ENaC functional expression in
MDCK cells. MDCK cells were grown as epithelial monolayers on semi-per-
meable supports and incubated with the indicated concentration of Dox for
24 h. Amiloride-sensitive Isc was determined in Ussing chambers as described
under “Experimental Procedures” and are expressed relative to samples incu-
bated without Dox. The means � S.E. for n replicates are indicated. Statistical
significance was determined by ANOVA.
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FIGURE 5. Influence of ATPase-deficient Hsp70 on ENaC functional expression. MDCK cells with inducible expression of ATPase-deficient Hsp70-Myc/His
were treated with indicated concentrations of Dox for 24 h. A, representative immunoblot (IB) showing the endogenous Hsp70 (lower bands) and induced
ATPase-deficient Hsp70-Myc/His (upper bands) proteins. These panels are from the same immunoblot; however, intervening sample lanes were removed. The
graph depicts densitometric analysis of three independent experiments. Light gray bars represent endogenous Hsp70, whereas dark gray bars indicate
Myc/His-tagged ATPase-deficient Hsp70. The error bars indicate S.E. B, representative surface biotinylation experiment of cells with inducible overexpression
of ATPase-deficient Hsp70 (of n � 3 independent experiments). Immunoblots for �-ENaC (using an antibody to the V5 epitope tag) of whole cell lysates and
NeutrAvidin precipitated proteins are shown. Immunoblots for GAPDH were used as a control for protein loading (whole cell lysates) and to ensure that the
membrane-impermeant biotin did not label intracellular proteins (NeutrAvidin precipitates). C, cells with inducible ATPase-deficient Hsp70 expression were
grown as epithelial monolayers on semi-permeable supports. After 24 h in the presence of indicated concentrations of Dox, amiloride-sensitive Isc was
determined using Ussing chambers and is expressed relative to samples incubated without Dox. The means � S.E. for n replicates are indicated. Statistical
significance was determined by ANOVA.

Hsp70 Promotes ENaC Expression in Epithelial Cells

19260 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 23 • JUNE 1, 2012



data are consistent with Hsp70 promoting the cleavage of
�-ENaC that presumably occurs in the Golgi or later compart-
ments by furin after exit from the ER.
Hsp70 Increases Association between ENaC and COP II

Transport Machinery—Because our pulse-chase data suggest
that Hsp70 may promote �-ENaC cleavage, which presumably
occurs in the Golgi or later compartments, we tested whether
Hsp70 would increase ENaC association with COP II machin-
ery that carries cargo fromER toGolgi (reviewed in Refs. 31 and
32). We therefore examined the association of ENaC with
Sec24D, the cargo recognition component of the COP II
machinery. Although the C terminus of �-ENaC controls its
exit from the ER and contains a consensus COP II ER exit motif
(14), direct evidence of ENaC interaction with COP II or its
movement from the ER to the Golgi via COP II has not been
published.
To demonstrate this interaction, we immunoprecipitated

Sec24D from cell lysates and probed immunoblots of the recov-
ered proteins for V5-�-ENaC. Fig. 8A shows that there is a clear

association between Sec24D and �-ENaC and that this associ-
ation is increased when Hsp70 overexpression is stimulated
with 1 �g/ml Dox. This increased association occurs without a
change in thewhole cell expression of Sec24D as determined by
immunoblot (Fig. 8B). To confirm that Hsp70 increases the
association between ENaC and Sec24D, a time course experi-
ment was performed. Lysates of cells treated with 1 �g/ml Dox
for 0–24 h were subjected to immunoprecipitation with anti-
Sec24D, and the recovered proteins were immunoblotted with
anti-V5 to detect �-ENaC (Fig. 8C). Association between
Sec24D andV5-�-ENaC increased over these 24 h of Dox treat-
ment. As an additional control, we tested the influence of
ATPase-deficient Hsp70 overexpression on this Sec24D/�-
ENaC interaction in similar experiments. Overexpression of
ATPase-deficient Hsp70 had no effect on the interaction of
Sec24D and�-ENaC (Fig. 8D), again suggesting that promotion
of this interaction requires a functional Hsp70. We also tested
the specificity of this co-precipitation and found that �-ENaC
was not detected in the precipitated proteinswhen anti-Sec24D
was either omitted from or replaced by an irrelevant antibody
(anti-GAPDH) in the precipitation reaction (Fig. 8E). Together,
these data suggest thatHsp70 promotes association of ENaCwith
COPIIand its exit fromtheERandtherefore increases thedelivery
of ENaC to the apical cell surface. These data also demonstrate
that small (�2-fold) changes in chaperone abundance can signifi-
cantly influence the client selection of Sec24D/COP II.

DISCUSSION

ENaC has critical roles in blood pressure regulation in the
kidney and in the decreased mucociliary clearance and
increased bacterial colonization in the cystic fibrosis airway (1,
6). It is clear that a more comprehensive understanding of
ENaC regulation is necessary, because this may lead to thera-
peutics better able to combat the effects of dysregulated ENaC.
Because ENaC subunitsmust be assembled into a trimeric com-
plex, presumably within the endoplasmic reticulum, and this
process is reported to be somewhat inefficient (13), we hypoth-
esized that this assembly processwould be readily influenced by
molecular chaperones.
We became interested in the 70-kDa heat shock proteins,

Hsc70 and Hsp70, because of their altered expression in
response to sodium 4-phenylbutyrate, which promotes
improved intracellular trafficking of the most common muta-
tion of the cystic fibrosis transmembrane conductance regula-
tor (CFTR) �F508 (31, 32). We previously demonstrated that
Hsp70 and Hsc70, which are �85% identical and typically con-
sidered to be functionally equivalent, in fact have opposite and
antagonistic effects on ENaC inXenopus oocytes, where Hsp70
promoted and Hsc70 inhibited ENaC functional and surface
expression (13). With more recent data that 4-phenylbutyrate
also promotes ENaC functional expression in nasal epithelial
cells (33), we herein tested whether Hsp70 would similarly pro-
mote ENaC functional and apical surface expression.
We selectedMDCK cells that had�2-fold overexpression of

Hsp70 when treated with 1 or 2 �g/ml of Dox for 24 h (Fig. 1).
This level ofHsp70 overexpression is similar to that achieved by
treating epithelial cells with sodium 4-phenylbutyrate (34, 35),
a maneuver that corrects the trafficking of �F508-CFTR (36)

FIGURE 6. Hsp70 overexpression does not affect the rate at which func-
tional ENaC is retrieved from or the relative expression of uncleaved
versus cleaved ENaC at the apical surface of MDCK cells. A, MDCK cells
were treated without or with Dox for 24 h, and a base-line Isc was established
in Ussing chambers. Cycloheximide (100 �g/ml) was then added, and
amiloride-sensitive Isc was determined at the indicated times. Pseudo-first
order rate constants (kapp) for the decay of amiloride-sensitive Isc were deter-
mined by regression using SigmaPlot 8.0. B, MDCK cells were treated with the
indicated concentrations of Dox for 24 h, and a base-line Isc was established in
Ussing chambers. Trypsin (10 �g/ml) was then applied to the apical surface to
cleave and activate inactive ENaC channels, and amiloride-sensitive Isc was
determined. The data are presented as the changes in Isc with trypsin relative
to the total amiloride-sensitive Isc (mean � S.E., n � 16).
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and increases ENaC trafficking (33) in epithelial cells. Thus, we
feel this is an appropriate level of Hsp70 expression to examine
in our studies. 2-fold Hsp70 overexpression with 1 �g/ml of
Dox did not significantly alter the whole cell expression of all
three ENaC subunits (Fig. 2) but did result in increased ENaC
functional expression (Fig. 4) and a corresponding increase in
the expression of �-ENaC at the apical surface (Fig. 3). Because
surface expression of the �-ENaC subunit is dependent upon
expression and assembly of the entire ENaC channel (10, 37),
we feel that surface expression of this subunit is representative
of the fully assembled channel. Together, these data suggest
that Hsp70 increases ENaC function by altering its trafficking.
To ensure that these observations were not due to a nonspe-

cific artifact of chaperone overexpression, we performed a
number of control experiments in homologous cells engineered
to have inducible expression of a nonfunctional, ATPase-defi-
cient Hsp70. Importantly, overexpression of this ATPase-defi-
cientHsp70 did not lead to increased ENaC functional or apical

surface expression (Fig. 5), suggesting that these effects were
specifically due to overexpression of a functional chaperone.
With regards to ENaC functional expression, which we

defined as amiloride-sensitive Isc in Ussing chambers, we
observed a biphasic response when we examined Isc as a func-
tion of increasing Dox. Treating cells with 1 or 2 �g/ml Dox
caused an increase in amiloride-sensitive Isc thatwas not seen at
the highest dose ofDox examined (5�g/ml). Thiswas not unex-
pected, because we previously observed a similar biphasic
response in Xenopus oocytes, where co-injection of 10 ng of
Hsp70 cRNA promoted ENaC functional and surface expres-
sion, whereas co-injection of a greater amount of Hsp70 cRNA
(30 ng) inhibited ENaC functional and surface expression (25).
This biphasic response may reflect the mechanism by which
Hsp70 is regulated under normal conditions. Hsp70 is a stress-
induced protein, and its transcription is typically controlled by
the transcription factor HSF-1 (heat shock factor 1) in response
to increased temperature or cellular stress (38). However, once

FIGURE 7. Hsp70 promotes interaction between the �- and �-subunits of ENaC. MDCK cells with inducible overexpression of Hsp70-Myc/His were
incubated without or with Dox for 24 h. Newly synthesized proteins underwent radiolabeling in a pulse-chase experiment as described under “Experimental
Procedures.” A, 250 �g of lysates were subjected to two consecutive immunoprecipitation (IP) steps. 10% of the proteins precipitated with anti-V5 (for �-ENaC)
were removed for resolution by SDS-PAGE and PhosphorImager analysis, whereas the remainder was used for the second immunoprecipitation step with
anti-HA (for �-ENaC) and subsequent SDS-PAGE and PhosphorImager analysis. Desitometric quantification of precipitated �-ENaC and �-ENaC are presented
graphically (means � S.E., n � 3 independent experiments, no differences achieved statistical significance). B, labeled proteins were precipitated with anti-HA,
resolved by SDS-PAGE, and revealed by phosphorimaging. These data are representative of four independent experiments. The fluorograms in A and B are from
noncontiguous lanes of the same experimental gels.
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sufficient Hsp70 protein expression is achieved to bind the cli-
ent protein, the “excess” Hsp70 can act as a negative feedback
mechanism by binding to and inactivating of HSF-1, which
decreases in Hsp70 expression. As part of this response, excess
Hsp70 may also have other cellular effects, such as altering
mRNA turnover via Hsp70 binding to AU repeat elements n
mRNA 3	-UTRs (39, 40) or altering mRNA transcription of
other HSF-1-responsive genes (41). Regulation of the unfolded
protein response by BiP, the ER-luminal Hsp70 homolog, may
have a similar mechanism. BiP typically binds and sequesters
the unfolded protein response mediators IRE1, ATF6, and
PERK. If there is excess unfolded protein in the ER, BiP prefer-
entially binds the unfolded protein and frees thesemediators to
initiate the unfolded protein response (42).

ENaC functional expression can be regulated either by mod-
ification of the total number of channels present at the cell
surface (change in N as a result of altered trafficking) or by
cleavage of the inactive channels that were delivered to the cell
surface, thus modifying the open probability (Po). Because we
observed an increase in the functional and surface expression of
ENaC with overexpressed Hsp70, we sought to identify which
of these mechanisms are impacted by Hsp70. Our data suggest
that Hsp70 overexpression alters neither the fraction of
cleaved, higher Po versus uncleaved, low Po ENaC at the cell
surface (Fig. 6B) nor the rate of retrieval of functional ENaC
from the cell surface (Fig. 6A). Although our data do not
directly address the fraction of cleaved versus uncleaved ENaC
in other compartments of the cell, these data suggested to us

FIGURE 8. Hsp70 promotes interaction between ENaC and Sec24D, the cargo recognition component of COP II. A, cells were treated with the indicated
concentrations (conc.) of Dox for 24 h to induce Hsp70-Myc/His overexpression. The samples underwent immunoprecipitation (IP) with anti-Sec24D, and
�-ENaC was detected in the precipitated proteins by immunoblot (IB) using anti-V5. Input samples represent 10% of the total protein subject to immunopre-
cipitation. Fold change in V5-�-ENaC co-precipitated with Sec24D was determined by densitometric analysis of precipitated V5 from three independent
experiments. The data are presented relative to the control, 0 �g/ml Dox (means � S.E.). *, p � 0.039 for 1 �g/ml Dox versus 0 �g/ml Dox treatment (ANOVA).
B, immunoblots of whole cell lysates were probed with anti-Sec24D after treatment with the indicated amount of Dox for 24 h. C, cells were treated with 1 �g/ml
Dox for the indicated times. Cell lysates underwent immunoprecipitation with anti-Sec24D, and �-ENaC was detected in the precipitated proteins by immu-
noblot using anti-V5. D, MDCK cells with inducible overexpression of ATPase-deficient Hsp70-Myc/His were treated with the indicated amount of Dox for 24 h.
Proteins in whole cell lysates underwent immunoprecipitation with anti-Sec24D, and �-ENaC was detected in the precipitated proteins by immunoblot with
anti-V5. Densitometric quantification of the precipitated V5 is also depicted relative to the 0 �g/ml Dox treatment. These data are representative of n � 3
independent experiments. E, to test the specificity of the Sec24D/�-ENaC co-precipitation, control co-precipitation experiments were performed with an
irrelevant primary antibody (�-GAPDH) or without primary antibody control precipitation, along with a Sec24D immunoprecipitation. The precipitated
proteins were detected by immunoblot using anti-V5.
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that the influence of Hsp70 on ENaC trafficking wasmost likely
exerted during biogenesis and delivery to the cell surface.
ENaC that successfully avoids ERAD and exits the endoplas-

mic reticulum is transported to the Golgi apparatus, where it
can undergo glycosyl processing and proteolytic cleavage by
furin (15). This proteolysis is associated with an increase in
ENaC Po at the apical epithelial surface. ENaC can, by an
unknown mechanism, also reach the cell surface without
undergoing glycosyl and proteolytic processing in the Golgi,
arriving at the apical membrane in an uncleaved, low Po form
(16). Because the fraction of uncleaved versus cleaved channel
at the cell surface appears unaffected by Hsp70 overexpression,
it is unlikely that Hsp70 influences either the proteolytic cleav-
age of ENaC or the mechanism by which ENaC can bypass
Golgi processing. Instead, we hypothesized that Hsp70 affects
ENaC trafficking prior to the Golgi and/or Golgi bypass
pathway.
A number of data suggest that CFTR and ENaC trafficking

involve similar mechanisms (43–46); therefore we examined
mechanisms of CFTR trafficking regulation to test their appli-
cability to ENaC trafficking. CFTR that leaves the endoplasmic
reticulum is trafficked via aCOP II-dependentmechanism (47).
We therefore examined the interaction of the ENaC with
Sec24D, the cargo selection molecule of the COP II machinery
(48, 49), and found that Sec24D associated most strongly with
�-ENaC when cells were treated with 1 �g/ml of Dox (Fig. 8A)
and that this interaction increased during the initial 24 h of
Dox-induced Hsp70 overexpression (Figs. 1A and 8C). Again,
the ATPase function of Hsp70 was required for these effects,
because ATPase-deficient Hsp70 overexpression did not alter
the association of ENaC with Sec24D (Fig. 8D). These data do
not address whether Sec24D interacts directly with �-ENaC or
with another ENaC subunit within ���-ENaC. The latter pos-
sibility is more plausible, because a region in the C terminus of
the �-ENaC controls the ER exit of ENaC and contains a puta-
tive COP II interactionmotif (14). Furthermore, the ENaC sub-
units should likely associate prior to exit from the ER. Never-
theless, these data are the first direct evidence of an interaction
between ENaC and aCOP II component and suggest that ENaC
traffics from the ER to the Golgi via COP II.
As newly synthesized ENaC subunits undergo ERAD unless

assembled into channels, our pulse-chase data (Fig. 7) may sug-
gest that Hsp70 overexpression somewhat stabilizes and
decreases the ERAD of newly synthesized ENaC subunits.
However, these data do not specifically addresswhether there is
decreasedERAD (11–13, 50) or an increase in channel assembly
efficiency. Decreased ERAD would result in an increase in the
concentration of newly synthesized ENaC subunits, leading to
increased biogenesis of thewhole channel. Alternatively,Hsp70
overexpression could primarily result in a greater proportion of
newly synthesized ENaC subunits that are appropriately con-
formed for subunit association and assembly, which would also
result in an increase in channel biogenesis. Once properly
assembled, ENaC becomes a client for COP II cargo machinery
and exits the ER.When Hsp70 levels are increased, the amount
of properly assembled ENaC increases, leading to an increased
amount of ENaC exiting the ER and being delivered to the api-
cal cell surface.

In summary, our data are consistent with Hsp70 increasing
ENaC functional and surface expression by increasing the num-
ber of ENaC channels at the apical surface of mammalian epi-
thelial cells. This is in agreement with our previous results in
Xenopus oocytes suggesting that Hsp70 increased ENaC func-
tional and surface expression (25). Our data does not suggest,
however, that Hsp70 affects either fractional cleavage of ENaC
at the cell surface or its rate of retrieval from the cell surface.
Instead, Hsp70 appears to promote the interaction of newly
synthesized ENaC with COP II ER export machinery that facil-
itates ENaC delivery to the Golgi or later compartments. These
data are the first to demonstrate such an interaction of ENaC
with COP II components and further fundamentally suggest
that relatively small changes in chaperone abundance (here, an
approximately 2-fold overexpression of functional Hsp70) can
result in significant shifts in the clientele of trafficking
machinery.
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