Hypoxia-induced endocytosis of Na,K-ATPase in alveolar
epithelial cells is mediated by mitochondrial reactive

oxygen species and PKC-(
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During ascent to high altitude and pulmonary edema, the alveolar epithelial cells (AEC) are exposed
to hypoxic conditions. Hypoxia inhibits alveolar fluid reabsorption and decreases Na,K-ATPase activ-
ity in AEC. We report here that exposure of AEC to hypoxia induced a time-dependent decrease of
Na,K-ATPase activity and a parallel decrease in the number of Na,K-ATPase 0; subunits at the baso-
lateral membrane (BLM), without changing its total cell protein abundance. These effects were
reversible upon reoxygenation and specific, because the plasma membrane protein GLUT1 did not
decrease in response to hypoxia. Hypoxia caused an increase in mitochondrial reactive oxygen species
(ROS) levels that was inhibited by antioxidants. Antioxidants prevented the hypoxia-mediated decrease
in Na,K-ATPase activity and protein abundance at the BLM. Hypoxia-treated AEC deficient in mito-
chondrial DNA (p° cells) did not have increased levels of ROS, nor was the Na,K-ATPase activity inhib-
ited. Na,K-ATPase 0; subunit was phosphorylated by PKC in hypoxia-treated AEC. In AEC treated with
a PKC-{ antagonist peptide or with the Na,K-ATPase 0; subunit lacking the PKC phosphorylation site
(Ser-18), hypoxia failed to decrease Na,K-ATPase abundance and function. Accordingly, we provide
evidence that hypoxia decreases Na,K-ATPase activity in AEC by triggering its endocytosis through

mitochondrial ROS and PKC-{-mediated phosphorylation of the Na,K-ATPase 0 subunit.
J. Clin. Invest. 111:1057-1064 (2003). d0i:10.1172/JC1200316826.

Introduction

Pulmonary edema is cleared predominantly through
active Na* transport from the airspaces (1-3). The active
Na* transport generates a transepithelial osmotic gra-
dient that leads to alveolar fluid reabsorption. Sodium
enters the apical membrane of alveolar epithelial cells
(AEC) through amiloride-sensitive Na* channels (4-6)
and is then transported out across the basolateral mem-
brane (BLM) by the ouabain-inhibitable Na,K-ATPase
(7, 8). The Na,K-ATPase is a heterodimer composed of
an O and a (3 subunit. The a subunit is a transmem-
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brane protein that cleaves high-energy phosphate bonds
and exchanges intracellular Na* for extracellular K* (9).
The smaller B subunit is a glycosylated transmembrane
molecule that controls the heterodimer assembly and
insertion into the plasma membrane (10).

At sealevel, the fraction of inspired oxygen is 0.21, and
the alveolar O, partial pressure is approximately 150
torr. The highest pO, detected in the body is at the sur-
face of the alveolar epithelium, which is approximately
100 torr (16% O,). In contrast, most other tissues in the
body have a pO, around approximately 40 torr or 6%.
However, during many pathophysiological conditions,
severe alveolar hypoxia may develop. For example, dur-
ing the ascent to high altitude, a decrease in alveolar oxy-
gen tension (1.5-4% O,) can occur as the consequence of
decreased barometric pressure. Also, alveolar hypoxia
may be a consequence of pulmonary edema associated
with acute lung injury or congestive heart failure. Previ-
ous reports have demonstrated that hypoxia in vivo
decreases vectorial Na* transport and thus alveolar fluid
clearance (11, 12). In vitro, hypoxia inhibits active Na*
transport by impairing the activity of both Na* channels
and Na,K-ATPase, whereas a more prolonged exposure
downregulates their gene expression (11, 13-15).

Recent studies have implicated the mitochondria in
the O;-sensing mechanism underlying the functional
responses to hypoxia (16). Although superoxide anions
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(O77) and H,0; are generally considered to be toxic
byproducts of cellular respiration, recent evidence sug-
gests that the production of these reactive oxygen species
(ROS) may participate in signal transduction pathways
(17, 18). It has been suggested that hypoxia partially
inhibits mitochondrial electron transport, resulting in
redox changes in the electron carriers that increase the
generation of ROS (19). These oxidants then enter the
cytosol and can function as second messengers.

The NaK-ATPase activity can be regulated by
changes in catalytic activity brought about by changes
in affinity for its major substrates. However, recent
reports have demonstrated that the Na,K-ATPase activ-
ity is regulated through the endocytosis or exocytosis
of Na* pump molecules between the plasma membrane
and intracellular compartments (20-23). Here, we have
conducted experiments to elucidate the pathway by
which severe hypoxia decreases Na,K-ATPase activity in
alveolar epithelial cells. The results provide evidence
that short-term hypoxia decreases Na,K-ATPase activi-
ty through the endocytosis of the Na,K-ATPase mole-
cules from the plasma membrane to intracellular com-
partments, which is reversible upon reoxygenation and
mediated by the mitochondria-generated ROS, the acti-
vation of PKC-(, and the phosphorylation of Ser-18 of
the Na,K-ATPase 0; subunit.

Methods

Materials. Na,K-ATPase 0; subunit monoclonal antibody
(clone 464.6) was purchased from Upstate Biotechnolo-
gy (Lake Placid, New York, USA). GLUT1 antibody was
purchased from Chemicon (Temecula, California, USA),
ouabain from ICN Biomedicals Inc. (Aurora, Ohio, USA),
and ebselen from Alexis Biochemicals (San Diego, Cali-
fornia, USA). Leupeptin, catalase-polyethylene glycol
(PEG-catalase), antimycin A, rotenone, N-acetyl-L-cys-
teine (NAC), thenoyltrifluoroacetone (TTFA), t-butyl
hydroperoxide (t-H,05), 1,2-dioleoyl-sn-glycerol (DAG),
L-0-phosphatidyl-L-serine (PS), and 1,4-diazabicyclo-
[2.2.2] octane (DABCO) were purchased from Sigma-
Aldrich (St Louis, Missouri, USA). Bisindolylmaleimide I
(Bis) and rat brain PKC were purchased from Calbiochem
(San Diego, California, USA). Percoll was purchased from
Amersham Pharmacia Biotech (Uppsala, Sweden), GFP
polyclonal antibody was purchased from Clontech (Palo
Alto, California, USA), and A/G PLUS-Agarose was
obtained from Santa Cruz Biotech (Santa Cruz, Califor-
nia, USA). All other reagents were commercial products
of the highest grade available. Daria Mochly-Rosen kind-
ly provided the following PKC isozyme-specific peptide
antagonists: PKC-0 (V1-1), PKC-f3 (V5-3 peptide), and
PKC-{ (24-26). The specificity of these peptide antago-
nists has been previously demonstrated in AEC (22). The
studies were performed in A549 (ATCC CCL 185) cells
stably expressing the rodent Na,K-ATPase 0y subunit iso-
form, which was generated as described previously (27).
Experiments were also conducted in A549 cells express-
ing the rat Na,K-ATPase 0; subunit tagged with GFP as
described previously (28).

Cell culture. A549 cells were grown in DMEM supple-
mented with 10% FBS, 2 mM L-glutamine, 50 pg/ml
gentamicin, 100 U/ml penicillin, 100 pg/ml strepto-
mycin, and 3 UM ouabain to suppress the endogenous
Na,K-ATPase a; subunit. Cells were incubated in a
humidified atmosphere of 5% CO,/95% air at 37°C.
Construction of the Na,K-ATPase 0, subunit tagged
with GFP (GFPa; A549) and the establishment of a sta-
ble cell line expressing this construct were performed
as described (28). To generate p°-A549 cells, wild-type
A549 cells were incubated in medium containing ethid-
ium bromide (50 ng/ml), sodium pyruvate (1 mM), and
uridine (50 pg/ ml) for 4-6 weeks (29). The p° status of
cells was confirmed by the absence of cytochrome oxi-
dase subunit II by PCR and the failure to grow in the
absence of uridine in the medium. Hypoxic conditions
(1.5% O3, 93.5% N3, and 5% CO,) were achieved in a
humidified variable aerobic workstation (INVIVO O,
Ruskinn Technologies, Leeds, UK). The INVIVO O,
contains an oxygen sensor that continuously monitors
the chamber oxygen tension.

Preparation of cell lysates and BLMs. After treatment, incu-
bations were terminated by placing the cells on ice and
washing them twice with ice-cold PBS. Cell lysates were
prepared by addition of lysis buffer (20 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerolphosphate, 1 mM NazVOy, 1 lg/ml leupeptin,
1 mM PMSF) and centrifugation at 14,000 g to eliminate
the insoluble material. BLMs were prepared using Per-
coll gradient centrifugation as described (20, 22). Briefly,
cells were scraped in PBS, centrifuged, resuspended in
homogenization buffer (300 mM mannitol in 12 mM
Tris-HCI-HEPES [pH 7.6] and protease inhibitors as
described above), homogenized, and centrifuged twice
to discard the nuclear and mitochondrial pellet. Super-
natant was centrifuged at 48,000 g for 30 minutes, and
the BLM fraction was recovered after the membrane pel-
let was centrifuged in a 16% Percoll gradient at 48,000 g
for 30 minutes. Equal amounts of proteins from cell
lysates or BLMs were resolved by 10% SDS-PAGE and
analyzed by immunoblotting with specific antibodies.

Cell surface labeling. Cells were labeled for 1 hour using
0.5 mg/ml EZ-link NHS-SS-biotin (Pierce Chemical
Co., Rockford, Illinois, USA). After labeling, the cells
were rinsed three times with PBS containing 50 mM
glycine to quench unreacted biotin and then lysed in
modified radioimmunoprecipitation buffer (mRIPA;
50 mM Tris-HCI [pH 8], 150 mM NaCl, 1% NP-40, and
1% sodium deoxycholate, containing protease in-
hibitors as described above). Aliquots (150 pg of pro-
tein) were incubated overnight at 4°C with end-over-
end shaking in the presence of streptavidin beads
(Pierce Chemical Co.). The beads were thoroughly
washed (30) and then resuspended in 30 pl of Laemmli
sample buffer solution (31). Proteins were analyzed by
SDS-PAGE and Western blot.

Determination of Na,K-ATPase activity. Na,K-ATPase
activity in intact A549 cells was determined by ouabain-
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sensitive $°Rb* (Amersham Biosciences, Arlington
Heights, Illinois, USA) uptake as previously described
(22). 8Rb* influx was quantified by liquid scintillation
counter (Beckman Coulter, Fullerton, California, USA).

Determination of ROS. Generation of ROS was assessed
using 2',7'-dichlorofluorescein diacetate (DCFH-DA,;
Molecular Probes, Eugene, Oregon, USA) as previously
described (18). ROS in cells cause oxidation of DCFH
(32), yielding the fluorescent product 2',7'-dichloroflu-
orescein (DCF). Cells were incubated with DCFH-DA
(10 pM) under various experimental conditions. There-
after, the medium was removed and the cells were lysed
by addition of lysis buffer (Promega, Madison, Wiscon-
sin, USA) and centrifuged at 14,000 g for 1 minute to
remove the cell debris. The supernatant was collected,
and fluorescence was measured using a spectrofluo-
rometer (excitation, 500 nm; emission, 530 nm). Data
were normalized to values obtained from normoxic,
untreated controls.

Immunofluorescence. Distribution of Na,K-ATPase mol-
ecules in response to hypoxia was evaluated in GFPd,
A549 cells. Cells were fixed in 3.5% formaldehyde for 9
minutes and mounted using Gelvatol in PBS and 2.5%
DABCO. Cellular distribution of Na,K-ATPase-GFPa;
was analyzed by direct fluorescence using a Zeiss LSM
510 laser-scanning confocal microscope (objective Plan
Apochromat, X63/1.4 oil) (Zeiss, Heidelberg, Germany).
Cross-sections were generated with a 0.2-Um motor
step. Contrast and brightness settings were adjusted so
that all pixels were in the linear range.

Immunoprecipitation and back phosphorylation of the
Na,K-ATPase a; subunit. GFPA; A549 cells were incu-
bated under 1.5% or 21% O, for 20 minutes. The incu-
bation was terminated by placing the cells on ice, aspi-
rating the media, and adding immunoprecipitation
buffer (20 mM Tris-HCl, 2 mM EGTA, 2 mM EDTA,
30 mM NasP,07, 30 mM NaF, 1 mM Na3VO4, 1 mM
PMSF, 10 pg/ml leupeptin [pH 7.4]). The cells were
then scraped from the plates, frozen in liquid nitrogen,
thawed, sonicated, frozen again, and centrifuged for 2
minutes at 14,000 g. After protein determination, 0.2%
SDS and 1% Triton X-100 were added to each sample.
Equal amounts of protein (700 Hg) were then incubat-
ed with anti-GFP antibody for 2 hours at 4°C. Protein
A/G PLUS-Agarose was added, and the samples were
incubated overnight at 4°C. The samples were then
washed twice with immunoprecipitation buffer sup-
plemented with 0.2% SDS and 1% Triton X-100 and
once with 20 mM Tris-HCI (pH 7.4).

The phosphorylation state of the immunoprecipitat-
ed Na,K-ATPase-GFPa; subunit was assessed in vitro by
the “back phosphorylation” method (23, 33). The stan-
dard reaction mixture for in vitro back phosphorylation
of the Na,K-ATPase 0, subunit by purified PKC (150 ng
per 150 pl, 30 minutes at 30°C) contained 10 mM
MgCl,,0.25 mM EGTA, 0.4 mM CaCl, 0.32 mg/ml PS,
0.03 mg/ml DAG, 0.1 mg/ml BSA, and 20 mM Tris-HCI
(pH 7.5). The phosphorylation reaction was started by
the addition of [y-3*P]ATP (final concentration, 100 pUM,;

1.3 uCi per sample). The reaction was stopped by plac-
ing the tubes on ice and washing the beads twice with
20 mM Tris-HCI (pH 7.4). Samples were analyzed by
SDS-polyacrylamide gel electrophoresis using the
Laemmli buffer system (31). Proteins were transferred
to nitrocellulose membranes and autoradiographed.
Miscellaneous. Hypoxia-inducible factor-1a (HIF-1a)
protein was analyzed in nuclear extracts as previously
described (18). ATP levels were measured by the
luciferin/luciferase method using an ATP Biolumines-
cence Assay Kit HS II (Boehringer Mannheim, Indi-
anapolis, Indiana, USA). Lactate dehydrogenase release
was measured using a commercially available assay
(Cytotoxicity Detection Kit, Roche Pharmaceuticals,
Indianapolis, Indiana, USA). Protein content was deter-
mined according to Bradford (34) using a commercial
dye reagent (Bio-Rad Laboratories, Richmond, Califor-
nia, USA) and analyzed by SDS-PAGE and Western blot
using a Chemiluminescence Reagent Plus kit (Perkin
Elmer Life Sciences Inc., Boston, Massachusetts, USA).
Quantitation was performed using densitometric analy-
sis (Eagle Eye II; Stratagene, La Jolla, California, USA).
Statistical analysis. Data are expressed as means + SD.
Statistical analyses were performed using one-way
ANOVA followed by a multiple comparison test (Tukey)
when the F statistic indicated significance. Results were
considered significant when P was less than 0.05.

Results

Response of A549 cells to hypoxia. As depicted in Figure 1a,
there were no differences in cell viability or in ATP lev-
els (Figure 1b) in A549 cells exposed to 1.5% O for 60
minutes at 37°C as compared with cells incubated at
21% O; (normoxia). Hypoxia has been reported to acti-
vate several genes involved in metabolism, angiogenesis,
and erythropoiesis through the activation of the tran-
scription factor HIF-1 (35). Under normoxic conditions,
HIF-1a protein is rapidly degraded by the ubiquitin-pro-
teasome system. In contrast, hypoxia enhances HIF-1a
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Effects of hypoxia on cell viability and ATP concentration. Lactate
dehydrogenase release (expressed as a percentage of cell death) (a) and
ATP levels (expressed as a percentage of 21% O;) (b) were determined

in A549 cells exposed to 1.5% O, for 60 minutes. Bars represen

t the

means + SD of three independent experiments. Using the same exper-
imental protocol as above, we determined the HIF-1a protein levels in

nuclear extracts (c); a representative Western blot is shown.
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protein levels by inhibiting its degradation (18). As
shown in Figure 1c, hypoxia stabilized HIF-1a protein
levels in A549 cells, indicating that it elicits similar
molecular responses as other cell types (18).

Effect of hypoxia on alveolar epithelial Na,K-ATPase.
Hypoxia induced a time-dependent (as early as 15 min-
utes) decrease in NaK-ATPase activity (Figure 2a),
which was associated with a decrease in Na,K-ATPase O
subunit protein abundance at the BLM (Figure 2b). The
decrease in Na,K-ATPase protein abundance at the plas-
ma membrane was not due to the degradation of the
Na* pump, since 01 subunit protein abundance in the
cell lysate was unchanged (Figure 2b). Milder hypoxia
(3% O,) also induced the endocytosis of the NaK-
ATPase 0 subunit in A549 cells but only after 120 min-
utes (data not shown). These results were confirmed by

Figure 3

Effects of hypoxia on Na,K-ATPase activity and Oy protein abundance at
the plasma membrane is specific and reversible. (a) Na,K-ATPase abun-
dance at the plasma membrane was examined in A549 cells exposed to
1.5% O, for 60 minutes and surface biotinylated. Cell lysates (150 g of
protein) were pulled down with streptavidin beads. Western blot was
performed using Na,K-ATPase 0 subunit (upper panel) or GLUT1

(lower panel) antibody. (b) Cells were surface labeled with biotin before
hypoxia (1.5% O, for 60 minutes). Cell lysates (150 Lig of protein) were
pulled down with streptavidin beads, and Na,K-ATPase protein abun-
dance was determined as described in a. (c) A549 cells were exposed to
21% O3 or 1.5% O; for 60 minutes, and then one group (1.5% O.) was
returned to 21% O, for 2 hours. Na,K-ATPase activity was determined
by 8Rb* uptake and expressed as a percentage of control (21% O,). Bars
represent the means + SD of three experiments performed in duplicate.
**P < 0.01. (d) A549 cells were exposed to the same protocol as
described in ¢, and Na,K-ATPase abundance was determined. Each bar
represents the mean + SD of three experiments. A representative West-
ern blot is shown. **P < 0.01. (e) GFP-01; A549 cells were plated onto
glass coverslips and exposed to 21% O3, 1.5% O, or 1.5% O, and reoxy-
genation (reox). Cells were fixed and direct fluorescence was visualized
using confocal microscopy. Representative confocal images are shown.

Figure 2

Hypoxia decreases Na,K-ATPase activity and 01 protein abundance
at the plasma membrane. A549 cells were exposed to 1.5% O, for 15,
30, or 60 minutes. (a) Time-dependent changes in Na,K-ATPase
activity were determined by 86Rb* uptake and expressed as a per-
centage of control (control = 21% O;). Data are presented as the
means + SD of four independent experiments performed in duplicate.
*P<0.05and **P < 0.01. (b) Na,K-ATPase O subunit abundance
in BLM and in cell lysates. Equal amounts of proteins were analyzed
(BLM, 5 ug; cell lysates, 30 Ug). Means + SD of four experiments (the
dotted line represents cell lysates and the solid line represents BLM)
and representative Western blots (inset) are shown. *P < 0.05 and
*¥*P < 0.01. CL, cell lysates.

cell surface biotinylation experiments, which demon-
strated that the Na,K-ATPase molecules were endocy-
tosed and not degraded, since the total amount of
Na,K-ATPase-labeled molecules did not change when
cells were biotinylated before hypoxia (Figure 3, a and
b). This effect appears to be specific for the Na,K-ATPase,
since the protein abundance of the glucose transporter
GLUT1, located at the BLM of epithelial cells (36), was
unchanged (Figure 3a, lower panel). These results also
suggest that the endocytosed Na,K-ATPase molecules
were not degraded during short-term hypoxia. As
shown in Figure 3c, reoxygenation of A549 cells with
21% O, for 2 hours reversed the effect of hypoxia on
Na,K-ATPase activity and 0; subunit protein abundance
at the BLM (Figure 3d), suggesting that hypoxia did not
cause irreversible damage to Na,K-ATPase proteins and
function. Also, confocal images of subconfluent mono-
layers of GFPa; A549 revealed that hypoxia induced a
redistribution of Na,K-ATPase molecules from BLMs to
the cytosol, a process that was reversed by reoxygenation
(Figure 3e). GFPa; A549 cells exposed to hypoxia had
decreased Na,K-ATPase activity and O subunit protein
abundance and were not different from wild-type con-
trol A549 cells (data not shown).
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Endocytosis of Na,K-ATPase is mediated by mitochondrial
ROS. To determine whether ROS mediate the hypoxia-
induced endocytosis of the Na,K-ATPase endocytosis
from the plasma membrane, we assessed the produc-
tion of intracellular ROS in response to 1.5% O; using
DCFH. DCEF fluorescence was increased in cells incu-
bated with DCFH during hypoxia (Figure 4a). No
increase in fluorescence was observed when the cells
exposed to hypoxia were pretreated with the ROS scav-
enger NAC or after reexposure to 21% O,. To determine
the source of ROS during hypoxia, A549 cells were pre-
treated with mitochondrial inhibitors before DCFH-
loading and exposure to 1.5% O,. Rotenone plus TTFA
(inhibitors of electron transport at complex I and II,
respectively) inhibited the increase in DCF fluorescence
during hypoxia (Figure 4b). A549 cells treated with
antimycin A (AA), a downstream inhibitor of complex
111, had increased fluorescence in normoxic conditions,
and no further increases were observed during hypoxia
(Figure 4b). ROS are initially produced as superoxide,
which subsequently is converted to H,O; by superoxide
dismutase. H,O; may be degraded by
catalase or by glutathione peroxidase
(19). Pretreatment of A549 cells with
NAC (a thiol reductive agent), ebselen
(a glutathione peroxidase mimetic), or
PEG-catalase prevented the hypoxia-
induced endocytosis of Na,K-ATPase
molecules (Figure 4c). Further, if ROS
act as signal transducers during the
hypoxia-induced Na,K-ATPase endocy- -
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N w

(fold increase)

DCEF fluorescence

* %

NAC -

60 minutes. However, as depicted in Figure Sc, when
p-A549 cells were treated with t-H,O, (100 uM), the
Na,K-ATPase activity and 0; subunit protein abundance
at the plasma membrane were decreased. These results
suggest that H,O, must act downstream of the mito-
chondria and that mitochondria-generated ROS medi-
ate the endocytosis of Na,K-ATPase molecules.
ROS-dependent endocytosis of Na,K-ATPase molecules
requires phosphorylation of the Oy subunit. Phosphorylation
of the Na,K-ATPase 0; subunit at Ser-18 has been
reported to trigger Na* pump endocytosis in response
to G protein-coupled receptor stimulation in renal cells
(23,37). Because ROS are known activators of PKC (38,
39), we hypothesized that hypoxia-induced endocytosis
of Na,K-ATPase molecules may be mediated by ROS-
dependent activation of PKC and phosphorylation of
the Na,K-ATPase 0, subunit at Ser-18. Preincubation of
A549 cells with Bis I, a PKC inhibitor (Figure 6a), pre-
vented the hypoxia-induced decrease in Na,K-ATPase 0
subunit abundance at the plasma membrane. Bis I also
prevented the t-H,O,-induced decrease of Na,K-ATPase
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tosis, then exogenous administration of
H,0, during normoxia should mimic ¢
these effects. Accordingly, t-H;O,, a
more stable analog of H,O,, caused a
concentration-dependent decrease of
Na,K-ATPase activity (Figure 4d) and
endocytosis of molecules from the plas-
ma membrane (Figure 4d, inset).
Experiments were conducted to deter-
mine the role of mitochondria-gener-
ated ROS during hypoxia-mediated
Na,K-ATPase endocytosis in p°-A549
cells. p®-A549 cells are deficient in
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mitochondrial DNA-derived proteins
and are not capable of mitochondrial
respiration because they lack key com-
ponents of the electron transfer chain
(16). We generated p°-A549 cells and
through PCR analysis with specific
primers confirmed the absence of
cytochrome oxidase subunit I DNA in
these cells as compared with wild-type
A549 cells (Figure 5a). p°-A549 cells
were unable to generate ROS during
hypoxia or after incubation with AA in
normoxic conditions (Figure Sb). The
Na,K-ATPase activity was unchanged
in P°-A549 cells exposed to 1.5% O, for

ROS production in A549 cells during hypoxia. (a) A549 cells were incubated with
DCFH-DA (10 uM) for 60 minutes under 21% or 1.5% O in the presence or absence
of NAC (10 mM) or reoxygenation (reox) (30 minutes). Fluorescence was measured in
cell lysates (excitation, 500 nm; emission, 530 nm). Data were normalized to values
obtained from normoxic untreated controls. Each bar represents the mean + SD of four
experiments. ¥**P < 0.01. (b) A549 cells were preincubated in the presence or absence
of AA (1 pg/ml) or rotenone (1 pg/ml) plus TTFA (10 UM) (R/TTFA) and then incu-
bated under 21% or 1.5% O3 in the presence of DCFH-DA (10 UM) for 60 minutes.
Data are presented as the means + SD of four experiments. *P < 0.05 and **P < 0.01.
(€) A549 cells were incubated under 21% O; in the presence or absence of NAC (10
mM), ebselen (20 UM), or PEG-catalase (CAT) and then exposed to 1.5% O, for 60
minutes. At the end of the incubation, the cells were surface labeled with biotin. West-
ern blots are representative of three experiments. (d) A549 cells were exposed to t-H,O;
(0-100 pM) for 30 minutes, and Na,K-ATPase activity was determined as 8°Rb* uptake
and expressed as a percentage of control. Each point represents the mean + SD of four
experiments performed in duplicate. In the inset, A549 cells were exposed to t-H,0,
and Na,K-ATPase abundance at BLMs was measured. **P < 0.01.
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Figure 5

Effect of mitochondrial ROS on Na,K-ATPase activity and abundance in A549 cells. (a)
Southern blot analysis of total cellular DNA from wild-type and p°-A549 cells.
Hybridization was performed with a cytochrome oxidase subunit I probe, spanning bp
7757-8195, generated by RT-PCR. (b) p°-A549 cells were incubated with DCFH-DA
(10 uM) for 60 minutes at 21% or 1.5% O in the presence or absence of AA (1 pg/ml).
Fluorescence was measured in cell lysates. Data were normalized to values obtained
from normoxic untreated controls. Each bar represents the mean + SD of three experi-
ments. (c) In the lower panel, p°-A549 cells were exposed to 21% O3, 1.5% O, or t-H,0,
(100 pM), and Na,K-ATPase activity was determined by 8Rb* uptake and expressed as
a percentage of control. Each bar represents the mean + SD of three experiments per-
formed in duplicate. *P < 0.05. In the upper panel, p°-A549 cells were exposed to 21%
03, 1.5% O3, or t-H,0, (100 pM), and Na,K-ATPase protein abundance was deter-
mined by surface biotinylation as described in Figure 2.

Thus, hypoxia induced the phosphory-
lation of the Na,K-ATPase 0 subunit
in A549 cells. Finally, we examined the
effect of hypoxia on A549 cells express-
ing the Na,K-ATPase 0; subunit carry-
ing a Ser-to-Ala mutation at position
18 (S18A). Exposure of these cells to
hypoxia did not decrease Na,K-ATPase
activity and did not result in endocyto-
sis of Na,K-ATPase molecules from the
plasma membrane (Figure 6d).

Discussion

This study demonstrates that short-
term severe hypoxia decreases NaXK-
ATPase activity in alveolar epithelial
cells through the endocytosis of Na K-
ATPase molecules from the plasma
membrane. The hypoxia-induced endo-
cytosis of the Na,K-ATPase was mediat-
ed by mitochondria-generated ROS, the
activation of PKC-{, and the phospho-
rylation of Na,K-ATPase 0; subunit.
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0, subunit abundance at the plasma membrane. To
determine which PKC isozymes mediated the endocy-
tosis of Na,K-ATPase, we used PKC isozyme-specific
peptide antagonists (24-26). A549 cells were pretreated
with PKC-B (V5-3), PKC-8 (V1-1), or PKC-{ peptide
antagonists or a control scramble peptide for 15 min-
utes and then exposed to either 21% or 1.5% O, for 60
minutes. As shown in Figure 6b, AEC pretreated with
the PKC-{ peptide antagonist prevented the hypoxia-
induced endocytosis of the Na,K-ATPase 0; subunit. In
contrast, neither the classic PKC-3 peptide antagonist
nor the novel PKC-0 peptide antagonist prevented the
hypoxia-induced decrease in Na,K-ATPase 0, subunit
abundance at the plasma membrane. Additionally,
A549 cells that stably expressed a dominant-negative
mutant of PKC-{ (40, 41) were used to confirm the pre-
vious results. In these experiments, hypoxia treatment
was also unable to decrease the Na,K-ATPase protein
abundance in plasma membrane (data not shown).

To determine whether the Na,K-ATPase 0 subunit
was phosphorylated by PKC in response to hypoxia, we
exposed A549 cells to 1.5% and 21% O,. The Na,K-
ATPase 0 subunit was immunoprecipitated and sub-
jected to an in vitro phosphorylation reaction with
purified PKC and [y-3?P]ATP. Proteins that were phos-
phorylated in the intact cell should not incorporate 32P,
because they cannot be furthered phosphorylated in
vitro. Conversely, proteins that were not phosphory-
lated in the intact cell can then be phosphorylated in
the in vitro reaction. As shown in Figure 6c, less
32P-labeled phosphate was incorporated into the
Na,K-ATPase o; subunit (identified by immunoblot-
ting) during the in vitro phosphorylation in A549 cells
treated with 1.5% O, than in cells treated with 21% O,.

The hypoxia-induced decrease in
Na,K-ATPase function was not due to
cellular death nor to reduced cellular energy production
secondary to oxygen deprivation (Figure 1). In vitro, alve-
olar epithelial cells exposed to 1.5% O, maintained nor-
mal ATP levels (Figure 1b). Thus, the hypoxia-induced
decrease of the Na,K-ATPase activity and protein abun-
dance was not due to changes in cellular ATP levels.
Exposure of alveolar epithelial cells to severe hypoxia has
been shown to decrease the steady-state levels of 01 and
1 Na,K-ATPase mRNA (15); however, the short time
course of our experiments precludes transcriptional reg-
ulation as a major contributor. Additionally, as shown in
Figures 2 and 3, hypoxia did not affect the total Na,K-
ATPase protein abundance in cell lysates. The hypoxia-
induced decrease in Na,K-ATPase protein abundance in
the BLM could have been mediated by increased fluid-
phase endocytosis; however, GLUT1 levels at the plasma
membrane were not decreased (Figure 3). Collectively,
these results provide evidence that during hypoxia,
changes in Na K-ATPase activity and protein abundance
at the plasma membrane are mediated by a defined
intracellular signaling mechanism and not as a result of
generalized cell damage.

Hypoxia has been shown to increase the generation
of mitochondrial ROS at the ubisemiquinone site,
where an electron can be transferred to O, to produce
O;". The production of ROS is directly related to the
degree and duration of the hypoxic exposure, and the
levels of ROS generated during hypoxia do not appear
to be toxic to the cell (32). In the present study, the
antioxidants that blocked the hypoxia-induced mito-
chondrial ROS generation also prevented the endocy-
tosis of Na,K-ATPase (see Figure 4). Thus, we rea-
soned that mitochondrial ROS were part of the signal
transduction pathway elicited by hypoxia. We found
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that A549 cells treated with exogenous H,O, (within
a micromolar range) caused a dose-dependent
decrease in Na,K-ATPase activity and O subunit pro-
tein abundance at the plasma membrane, mimicking
the hypoxic response. The studies were performed at
21% O, using a more stable H,O; analogue (t-H,0,)
(18), which may be the reason why other investigators
did not observe a measurable change in Na,K-ATPase
activity with similar concentrations of H,O, (42).
Inhibition of the electron transport chain with
rotenone (site I) plus TTFA (site II) blocked the ROS
signal during hypoxia, whereas AA, an inhibitor of
complex III, increased ROS production (see Figure 4).
Supporting these data are the experiments in which
PC-A549 cells exposed to 1.5% O, failed to increase
DCFH oxidation and to decrease the Na,K-ATPase
activity and its endocytosis. However, p°-A549 cells
incubated with H,O, had decreased Na,K-ATPase
activity and protein abundance at the plasma mem-
brane, indicating that these cells retain the ability to
respond and, importantly, that H,O, acts down-
stream of the mitochondria (see Figure 5).

The signal transduction pathways that couple
increases in ROS and cellular functions are incom-
pletely understood. A recent report implicated H,O5 as
an intracellular messenger that modulates protein
phosphorylation on serine-threonine or tyrosine
residues (43). It has been suggested that low levels of
ROS could activate PKC (38, 39). Exposure of cells to
H,O; caused tyrosine phosphorylation of various PKC
isoforms (-0, -BL, -0, -V, -€, and -{) and resulted in their
activation in the absence of receptor-mediated stimu-
lation of phospholipase C (39). Both activation and
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Figure 6

Effect of PKC activation and Ser-18 mutation on Na,K-ATPase activity and abundance in A549 cells. (a) Cells were preincubated with 10
UM Bis or vehicle for 30 minutes, exposed to 1.5% O, or H,O, (100 M), and then surface labeled with biotin. Western blots are represen-
tative of three experiments. (b) A549 cells were preincubated with PKC-P3, -9, or -{ peptide antagonists (0.1 UM) or with a scramble peptide
for 15 minutes and exposed to 1.5% O; for 60 minutes. Cells were surface labeled with biotin as described above. A representative autora-
diogram is shown (n = 3). (c) GFP a1 A549 cells were exposed to 1.5% O, for 20 minutes, and Na,K-ATPase GFP 04 subunit was immuno-
precipitated using a polyclonal GFP antibody. An in vitro phosphorylation reaction with the immunoprecipitated Na,K-ATPase, purified
PKC, and [y-32P]ATP was conducted. A representative autoradiogram of the a; subunit phosphorylation from one of three experiments is
shown with the corresponding immunoblot performed with a monoclonal anti-GFP antibody. (d) Na,K-ATPase activity and 0y subunit abun-
dance in cell lysates and BLM lysates from S18A-A549 cells submitted to hypoxia for 60 minutes. Each bar represents the mean + SD of four

inhibition of Na,K-ATPase activity appear to be PKC
mediated (22, 23, 44). We have previously reported that
the catecholamine-mediated exocytosis of NaXK-
ATPase molecules was dependent on the activation of
novel but not classic PKC. In the current study, we pro-
vide evidence that PKC-{ plays a pivotal role in hypox-
ia-induced Na,K-ATPase endocytosis. As shown in Fig-
ure 6 (aand b), the hypoxia-induced endocytosis of the
Na K-ATPase was mediated by PKC-{ but not PKC-f3 or
PKC-0. As shown in Figure 6¢, PKC phosphorylated the
Na,K-ATPase 0 subunit in hypoxia-treated A549 cells.
It has been previously reported that Ser-18 in the a4
subunit of the Na,K-ATPase is the major site for PKC-
mediated phosphorylation of Na,K-ATPase (45). There-
fore, we transfected A549 cells with the rodent a; sub-
unit lacking the PKC phosphorylation site. As shown
in Figure 6d, in Ser-18-A549 cells exposed to 1.5% O,
the Na K-ATPase activity and O, protein abundance at
the plasma membrane and in total cell lysates was
unchanged, suggesting that the phosphorylation of
Ser-18 (PKC site) is required for the hypoxia-mediated
endocytosis of the Na,K-ATPase in alveolar epithelial
cells. These effects bear similarity to the mechanisms
involved in the clathrin-dependent endocytosis of renal
Na,K-ATPase in response to a G protein-coupled recep-
tor signal (23, 37) and warrant further studies for the
elucidation of the differences and similarities between
hypoxia and G protein-coupled receptor regulation of
Na,K-ATPase function.

In summary, our data suggest that alveolar epithelial
cells exposed to severe hypoxia through mitochondria-
generated ROS activate an intracellular signaling path-
way, triggering the endocytosis of Na,K-ATPase mole-

21%0, 15%0, 21%0, 1.5%0, 21%0, 15%O0,
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&
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different experiments. Corresponding representative Western blots are also shown for each experimental condition.
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cules through the activation of PKC-{ and phosphory-
lation of Ser-18 of the 0; subunit of Na,K-ATPase.
These cellular events associated with severe hypoxia
may contribute to clinical situations such as those
occurring during the ascent to high altitudes or during
pulmonary edema and hypoperfusion of edematous
regions of the lung.
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