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The sodium pump, Na,K-ATPase, is an important pro-
tein for maintaining intracellular ion concentration,
cellular volume, and ion transport and is regulated both
transcriptionally and post-transcriptionally. We previ-
ously demonstrated that hyperoxia increased Na,K-
ATPase b1 gene expression in Madin-Darby canine kid-
ney (MDCK) cells. In this study, we identify a DNA
element necessary for up-regulation of the Na,K-ATPase
b1 transcription by hyperoxia and evaluate the nuclear
proteins responsible for this up-regulation. Transient
transfection experiments in MDCK cells using sequen-
tial 5*-deletions of the rat Na,K-ATPase b1 promoter-
luciferase fusion gene demonstrated promoter activa-
tion by hyperoxia between 2102 and 1151. The
hyperoxia response was localized to a 7-base pair region
between 262 and 255, which contained a GC-rich region
consistent with a consensus sequence for the SP1 family,
that was sufficient for up-regulation by hyperoxia. This
GC element exhibited both basal and hyperoxia-induced
promoter activity and bound both transcription factors
SP1 and SP3 in electrophoretic mobility shift assays. In
addition, electrophoretic mobility shift assays demon-
strated increased binding of SP1/SP3 in cells exposed to
hyperoxia while mutation of this element eliminated
protein binding. Other GC sites within the proximal
promoter also demonstrated up-regulation of transcrip-
tion by hyperoxia, however, the site at 255 had higher
affinity for SP proteins.

The Na,K-ATPase is a ubiquitous protein that plays an im-
portant role in maintaining cellular homeostasis. The Na,K-
ATPase maintains homeostasis by regulating cellular volume,
transepithelial ion transport, action potential propagation in
nerve and muscle cells, and the sodium-coupled uptake of met-
abolic substrates such as glucose and amino acids (1, 2). The
Na,K-ATPase is a transmembrane, heterodimer protein con-
sisting of an a and b subunit. The a subunit contains the
catalytic site responsible for ion translocation, whereas it is
thought that the b subunit is responsible for plasma membrane
targeting (3). In lung epithelial cells, evidence supports that
the b1 subunit is the rate-limiting unit for functional pumps (4,

5). Several isoforms exist for each subunit, whereas the a1 and
b1 subunits predominate in epithelial cells. The Na,K-ATPase
is regulated both transcriptionally, by glucocorticoids, thyroid
hormone, and hyperoxia, and post-transcriptionally (5–10).

We, and others, have previously demonstrated that hyper-
oxia can up-regulate Na,K-ATPase gene expression in lung
epithelial cells (5, 10–12). The amount of up-regulation ranges
between 2- and 6-fold and varies according to the duration of
exposure and oxygen concentration (5, 10–12). In addition,
these relatively small changes in gene expression result in
physiological responses with concomitant increases in protein
levels and activity, which are also dependent on the dose and
duration of oxygen exposure (10, 11). The up-regulation of the
Na,K-ATPase by hyperoxia in the lung has physiological sig-
nificance, because the lung is exposed to oxidant stress contin-
uously, due to high oxygen tension. Oxidant stress can be
exacerbated during lung injury and the therapeutic need for
high oxygen delivery. We sought a model cell line to determine
the molecular mechanism by which hyperoxia increased Na,K-
ATPase gene expression, and screening of several epithelial cell
lines revealed MDCK1 cells to be an excellent model.

MDCK cells are a canine kidney epithelial cell line that is
abundant in Na,K-ATPase. In culture, these cells form domes
when exposed to hyperoxia, presumably due to increased ion
transport (13). Although the kidney is not exposed to high
oxygen tension, it is exposed to oxidant stress during ischemia
and injury.

The role of oxidants and oxygen tension on gene regulation
has been recognized in several systems. Several transcription
factors have been identified that up-regulate eukaryotic gene
expression in the presence of oxidizing conditions, such as the
anti-oxidant responsive element, AP1, and NFkB (14–16). The
mechanism by which oxidants up-regulate transcription has
been most clearly defined for NFkB, however, for many genes
the mechanism remains undefined. We previously demon-
strated that hyperoxia up-regulated gene expression of the
Na,K-ATPase a1 and b1 subunits in MDCK cells (5, 9). In this
cell system, hyperoxia increased the Na,K-ATPase b1 subunit
transcription via a 61-bp region on the b1 subunit promoter.
Although the Na,K-ATPase b1 promoter contains putative AP1
and NFkB sites, these sites were not located in the 61-bp region
necessary for hyperoxia induction. Rather, this sequence con-
tained a core GC element consistent with an SP family consen-
sus site.* Some of the results contained in Table I were published in abstract
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In this study, we demonstrated that an SP site is required for
the up-regulation of the Na,K-ATPase b1 subunit transcription
by hyperoxia in MDCK cells. Deletion of the GC element re-
sulted in loss of both basal and hyperoxia-activated transcrip-
tion. MDCK cells treated with hyperoxia demonstrated in-
creased binding of SP1/SP3 in electrophoretic mobility shift
assays (EMSA), which was eliminated with mutation of the GC
consensus sequence. This represents a novel function for SP
family transcription factors.

MATERIALS AND METHODS

Cell Culture—Three cell lines were tested to determine whether
hyperoxia increased gene expression of the Na,K-ATPase. These
cell lines included two lung epithelial cell lines (MP48, gift from
G. Hunninghake; A549, ATCC) and one kidney epithelial cell line
(Madin-Darby canine kidney (MDCK), low resistance, ATCC CCL 34).
Only the MDCK cells had an increase in Na,K-ATPase gene expression
by hyperoxia (data not shown) and were used for subsequent analysis.
Cells were cultured on plastic tissue culture dishes and incubated in
Eagle’s minimum essential medium with Earle’s salts (Life Technolo-
gies, Inc.). The media was supplemented with 10% fetal bovine serum
(FBS; Life Technologies, Inc.) and 100 units/ml penicillin, 100 mg/ml
streptomycin, and 2.5 mg/ml amphotericin B (Life Technologies, Inc.).
Cells were incubated in 5% CO2/95% air (normoxia) at 37 °C. Cells
treated with hyperoxia were placed in a humidified, sealed chamber
(Billups) that was flushed with 5% CO2/95% O2 at 5 liters/min for 10
min each day of incubation under normobaric conditions. Cells treated
with 0.2 mM diamide were placed in an incubator under normoxic,
normobaric conditions. Cells were subconfluent at the start of the
experiments and became confluent by 48 h of incubation, either in
normoxic or hyperoxic conditions.

Nuclear Run-on Assays—Plasmids containing: pGEM empty plasmid
(control), and Na,K-ATPase b1 subunit cDNA (gift from E. Benz, Johns
Hopkins) were placed into wells of a slot blot (10 mg/slot) on nitrocellu-
lose filters and vacuum-dried. The Na,K-ATPase b1 subunit cDNA was
contained in the pGEM plasmid, therefore, pGEM was chosen as a
negative control to measure nonspecific binding. Nuclei were isolated
from MDCK cells (5 3 106) by cell lysis using standard techniques (8).
Nuclei were incubated with nucleotides and 0.5 mCi of [32P]UTP for 30
min at 37 °C before terminating the reaction with DNase I and extract-
ing and precipitating the RNA. The RNA was resuspended in prehy-
dridization solution, and 1 million counts of each sample was hybridized
to the slot blots in the smallest possible volume for 48 h and then
washed with 23 SSC. The nitrocellulose filters were then autoradio-
graphed. The RNA integrated optical density was determined using
Densitometry Image software.

Plasmid Construction—The Na,K-ATPase b1 promoter-reporter con-
structs consisted of the 59-promoter region plus 151 bp of the first exon
linked to a promoterless firefly luciferase expression vector (pXP1-luc),
as previously reported (9, 17). The deletion constructs designated b1-
102, b1-84, b1-62, and b1-55 contained 102, 84, 62, and 55 bp, respec-
tively, upstream from the transcription start site to 1151 base pairs
(Fig. 1). The b1-102 construct was created by exonuclease III digestion
of a b1-817 construct as described previously (9, 17). Luciferase con-

structs that contained the b1-84, b1-62, and b1-55 promoter sequences
were synthesized using polymerase chain reaction (PCR) amplification.
Oligonucleotides from 284 to 1151, 262 to 1151, and 255 to 1151
were generated by PCR using b1-102 as a template. The reactions to
synthesize the 284 to 1151 and 262 to 1151 oligonucleotides were
performed in a total volume of 100 ml containing 1 mg of template, 0.2
mM dNTPs, 2 mM of each primer (59-primers, GCGGATCCGATTGGC-
CTGCGGTGCGGATCCTAGGCGGAGCTAC; 39-primer, GCAAGCTT-
GCATGCAGG), 2.5 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl (pH 9.0),
0.1% Triton X-100, and 2.5 units of Taq polymerase (Promega). The run
included 25 cycles, and each cycle consisted of: denaturation for 15 s
(94 °C), annealing for 15 s (70 °C), and elongation for 1 min and 15 s
(72 °C). The PCR fragments were digested with BamHI and ligated into
the BamHI site of the luciferase vector pXP1. The PCR reaction to
synthesize the 255 to 1151 oligonucleotide was performed in a total
volume of 50 ml containing 30 ng of template, 0.1 mM dNTPs, 0.1 mM of
each primer (59-primers, AAAGAATCCGAGCTACGGATGGTG-
GAGGC; 39-primer, CTTGAATCCCCTGCTGCTTCAAG), 2 mM MgCl2,
10 mM (NH4) 2SO4, 10 mM KCl, 20 mM Tris-HCl (pH 8.8), 0.1% Triton
X-100, and 2.5 units of Pfu polymerase (ProStratagene). The run in-
cluded 28 cycles, and each cycle included: denaturation for 1 min 30 s
(96 °C), annealing for 40 s (60 °C), and elongation for 1 min and 30 s
(68 °C). The PCR fragment was digested with BamHI and ligated into
the BamHI site of the luciferase vector pXP1. Each clone was sequenced
to confirm the appropriate DNA sequence. Transfection experiments
with the empty vector did not demonstrate luciferase activity above
background, either in normoxia or hyperoxia. For a control, cells were
transfected with the b1-41 construct, which contained 41 bp upstream
from the transcription start site to 1151 base pairs of the first exon, to
test whether the vector or the 39-region was responding to hyperoxia.
This construct demonstrated less than 5% luciferase activity compared
with the b1-102 construct, similar to the empty vector (data not shown)
and did not demonstrate increased activity in hyperoxia.

To confirm that the region from 259 to 255 was sufficient for
hyperoxic induction independent of the Na,K-ATPase endogenous pro-
moter, an oligonucleotide spanning this region was subcloned into a
vector containing a minimal promoter of the mouse mammary tumor
virus (MMTV-ATCC 37582) for transfection experiments. A 38-bp oli-
gonucleotide was synthesized that spanned from 282 to 244 (59-ATT-
GGCCTGCGGTGCCGCCCGGTAGGCGGAGCTACGGATG-39; Univer-
sity of Minnesota Molecular Laboratory) and was subcloned into a
luciferase vector containing a minimal promoter of the mouse mam-
mary tumor virus. In addition, a 38-bp oligonucleotide was synthesized
that spanned from 282 to 244, which contained a mutation of
the GC site at 268 (59-ATTGGCCTGCGGTGCTCTCCGGTAGGCG-
GAGCTACGGATG-39 University of Minnesota Molecular Laboratory)
and was subcloned into the MMTV-luciferase plasmid. The minimal
promoter consisted of 109 bp of the 59-proximal promoter of the MMTV
linked to the luciferase gene. The oligonucleotides were subcloned into
HindIII/SacI-digested MMTV-luc plasmid. Plasmids were transformed
in Escherichia coli and isolated using the Qiagen maxi-prep and desig-
nated MMTV-82/44WT and MMTV-82/44SM.

To generate a construct with point mutations, we utilized a PCR-
based method (Stratagene) using the double-stranded, supercoiled DNA
vector, b1-102, which was annealed to two synthetic complementary

FIG. 1. Na,K-ATPase promoter-re-
porter constructs. The constructs con-
sisted of the 59-promoter plus 151 bp of
the first exon linked in the promoterless
luciferase expression vector (pXP1-Luc).
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oligonucleotides (284 to 242) containing the desired mutation of the
GC sites at 268 and 259 (59-CGATTGGCCTGCGGTGCTCTCCGGTA-
GAGAGAGCTACGGATGGT-39). The extension and incorporation of
the mutant primers were accomplished by PCR. The PCR-generated
mutant plasmid was treated with DpnI, which specifically digested the
hemi-methylated wild type parental DNA plasmid and eliminated the
non-mutant template from the PCR reaction. The plasmid containing
the PCR-generated mutation was transformed and isolated as de-
scribed above. The plasmid was sequenced to confirm the presence of
the desired mutations and was designated b1-102DM.

DNA Transfection Experiments—MDCK cells were plated at a den-
sity of 8 3 106 cells/35-mm plate in media with 10% FBS. On the second
day of culture, each well was transfected with 10 ml of Superfect (Qia-
gen) and 2 mg of the b1 promoter-reporter construct. Lipofection was
carried out using the manufacturer’s recommendation for a total of 4 h
in serum-free and antibiotic-free media. After lipofection, the cells were
incubated for 48 h in media plus 10% FBS in normoxia or hyperoxia.
Cells were lysed and assayed for luciferase activity (Luciferase Assay
System, Promega) in a luminometer (LB 9501, Berthold), and protein
concentration was measured by the bicinchoninic acid system of Pierce.
Luciferase activity normalized to either co-transfection with a CMV-
LacZ plasmid or protein concentration was identical, therefore, all
subsequent transfections were normalized to protein concentration as
described previously (8). MDCK cells grew to confluency in both nor-
moxic and hyperoxic conditions, however, overall cell number and total
protein were less in the hyperoxia experiments. All normalized pro-
moter activity was reported as a percentage activity over control
(normoxia).

Electrophoretic Mobility Shift Assays (EMSA)—To prepare nuclear
extracts, cells were suspended in hypotonic solution (10 mM HEPES, 1.5
mM MgCl2, 10 mM KCl, 0.2 mM PMSF, and 0.5 mM dithiothreitol (DTT))
to lyse the cells and homogenized, and the nuclei were collected by
centrifugation. High salt buffer was added slowly to release soluble
proteins from the nuclei. The nuclei were pelleted by centrifugation,
and the supernatant was dialyzed into a moderate salt solution (20 mM

HEPES, 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.2 mM PMSF, 0.5
mM DTT; a reducing agent), and any precipitated protein was removed
by centrifugation. Approximately 2–5 3 108 cells were needed to obtain
100–150 mg of nuclear extract.

Whole cell extracts (WCE) were obtained from MDCK cells incubated
in media plus 10% FBS and incubated for 24 h in normoxia, hyperoxia,
or 0.2 mM diamide. To prepare whole cell extracts, cells were suspended
and washed in phosphate-buffered saline, followed by buffer A (10 mM

HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.2 mM PMSF, and 0.05 mM

DTT). Next, cells were lysed in buffer B (0.1% Nonidet P-40, 20 mM

HEPES, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM

EDTA, 0.5 mM PMSF, 0.05 mM DTT) followed by centrifugation and
collection of the supernatant. The supernatant was diluted to 100 ml per
107 cells with modified buffer C (10 mM KCl, 20 mM HEPES, pH 7.9,
20% glycerol, 50 mM KCl, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT).
Protein concentration was determined by the bicinchoninic acid system.

The double-stranded oligonucleotide probes were generated by the
University of Minnesota Molecular Laboratory and were gel-purified.
The probes were as follows: 282/244 (59-ATTGGCCTGCGGTGCCGC-
CCGGTAGGCGGAGCTACGGATG-39); 2122/284 (59-CCGCCCCT-
TCGGGCTCAGGCCCGCCTTCTCGGCACCGGC-39); 284/242DM (59-
CGATTGGCCTGCGGTGCTCTCCGGTAGAGAGAGCTACGGATGGT-
39); 284/242SM (59-ATTGGCCTGCGGTGCTCTCCGGTAGGCGGAG-
CTACGGATG-39). The oligonucleotides were end-labeled with a
random primer kit (Promega) using [32P]CTP and Klenow fragment.
The probe was electrophoresed, eluted, and resuspended in TE buffer.
The binding reaction included 1 3 104 cpm of DNA probe (0.2–0.7 ng),
bulk carrier DNA, and 6.5–8.0 mg of extract in 24–36 ml of 103 binding
buffer (100 mM TrisCl (pH 7.5), 500 mM NaCl, 5 mM DTT, 50 mM MgCl2,
50% glycerol) incubated for 20 min at room temperature. The reaction
mixture was placed in a 4% polyacrylamide gel and electrophoresed at
4 °C, blotted, and autoradiographed using standard methods (8). Com-
petition experiments consisted of incubating the probe and extract with
excess cold competitor, double-stranded oligonucleotides prior to elec-
trophoresis. The SP1 and AP1 double-stranded oligonucleotides (Pro-
mega) used in competition assays contained 21 and 22 bp, respectively.
Each oligonucleotide contained the core consensus sequence for either
SP1 or AP1. Other oligonucleotides used in competition assays in-
cluded: 286/262 (59-GGCGATTGGCCTGCGGTGCCG-39); and
266/244 (59-GCCGGTAGGCGGAGCTACGGATG-39). Supershift as-
says involved incubation of probe and extract with 2 ml of antibodies
(Santa Cruz Biotechnologies) to the SP1 and SP3 transcription factors
prior to electrophoresis. The SP antibodies were polyclonal, rabbit IgG

antibodies that were not cross-reactive with other SP family members
of different species, as reported by the manufacturer.

Western Analysis—Whole cell extracts (50 mg), as described above,
were separated by 8% SDS-polyacrylamide gel electrophoresis and then
transferred onto Hybond-nitrocellulose membrane. The blot was
blocked overnight with 10 ml of TBST (Tris-buffered saline, 0.05%
Tween 20, 0.02% NaN3) with 6% powdered milk. This was followed by
incubation with the goat polyclonal SP1 antibody (final dilution 1/100;
Santa Cruz) at room temperature for 1 h. After incubation, the blot was
washed three times with TBST and then incubated with horseradish
peroxidase-conjugated secondary anti-goat antibody (final dilution
1/2000) for 1 h. After washing with TBST, bands were visualized using
the enhanced chemiluminescence method (Amersham Pharmacia Bio-
tech). Probing for SP3 and actin was performed separately, after the
blot was stripped with buffer (62.5 mM Tris, pH 6.8, 100 mM b-mercap-
toethanol, 2% SDS) at 55 °C for 30 min and then washed with TSBT.
The goat polyclonal SP3 antibody (Santa Cruz) was incubated at a final
dilution of 1/300, and the rabbit polyclonal actin antibody was incu-
bated at a final dilution of 1/100. Appropriate anti-goat or anti-rabbit
secondary antibodies were used as described above.

Statistics—Numerical data are expressed as means 6 S.E., and p
values were determined by Student’s t test using Macintosh InStat 2.00
software (GraphPad, La Jolla, CA).

RESULTS

Nuclear Run-on Assays—Our previous studies demonstrated
that hyperoxia increased Na,K-ATPase b1 subunit mRNA lev-
els 5-fold in MDCK cells without a change in mRNA stability
(9). To demonstrate that hyperoxia increased Na,K-ATPase
transcription, we performed nuclear run-on assays in nuclei
isolated from MDCK cells treated with either normoxia or 12 h
of hyperoxia. Nuclei were incubated with nucleotides and 0.5
mCi of [32P]UTP, then the newly synthesized RNA was hybrid-
ized to slot blots containing Na,K-ATPase b1 subunit and
pGEM (control) cDNAs. There was no MDCK RNA nonspecific
binding to the pGEM cDNA, whereas hyperoxia increased tran-
scription of the Na,K-ATPase b1 gene 3.0-fold (Fig. 2).

Identification of a Hyperoxia-responsive Element in the Na,K-
ATPase Promoter—In our previous studies we localized a 61-bp
region, between 2102 and 241, on the Na,K-ATPase b1 pro-
moter that was necessary for induction by hyperoxia (9, 18).
This region contained multiple GC elements, but no consensus
sequences for transcription factors with known responsiveness
to oxidizing conditions, such as AP1, anti-oxidant responsive
element, or NFkB. To further define the area involved in hy-
peroxia up-regulation, we transfected MDCK cells with dele-
tion constructs of the Na,K-ATPase b1 promoter between 2102
and 241, designated b1-84, b1-62, and b1-55 (Fig. 1). These
constructs were generated via PCR, subcloned into the lucifer-
ase expression vector (pXP1), and transfected into MDCK cells.
Transfected cells were treated with either 48 h of normoxia or
hyperoxia after transfection (95% O2/5% CO2) under normo-
baric conditions, then lysed, and luciferase activity was meas-
ured. There were positive regulatory elements between 2102
and 262, demonstrated by a decrease in basal promoter activ-

FIG. 2. Nuclear run-on assays of MDCK cells in normoxia and
hyperoxia. Slot blots consisted of the following cDNAs (10 mg/slot):
Na,K-ATPase b1 subunit, pGEM (control). MDCK cells were incubated
in normoxia or hyperoxia, and RNA was isolated from nuclei after
treatment with 0.5 mCi of [32P]UTP. The blots were hybridized with 1
million counts of RNA, then autoradiographed. This blot is represent-
ative of two experiments. N, normoxia; H, hyperoxia.
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ity to 86.2% for the b1-84 construct and 27.7% for the b1-62
construct relative to the b1-102 construct (Table I). Both the
b1-84 and the b1-62 constructs demonstrated a 2-fold induction
in promoter activity in the presence of hyperoxia, thereby lo-
calizing a region necessary for hyperoxia induction to a 21-bp
region between 262 and 241.

The 21-bp region between 262 and 241, which contained the
hyperoxia-inducible element, had an SP1 consensus sequence
(GGCGG) spanning from 259 to 255. To eliminate this puta-
tive site, a construct was generated via PCR, which spanned
from 255 to 1151 of the Na,K-ATPase b1 promoter and was
subcloned into the pXP1 luciferase expression vector (designat-
ed b1-55). Transfection with the b1-55 construct in MDCK cells
demonstrated a marked decrease in basal promoter activity
with only 10.5% promoter activity compared with the b1-62
construct (Fig. 3). In addition, deletion of this GC element
eliminated hyperoxia induction. Therefore, a GC element be-
tween 262 to 255 contained a positive regulatory site for
induction by hyperoxia as well as basal promoter activity.

To determine whether hyperoxia could up-regulate this ele-
ment independent of the Na,K-ATPase promoter, we subcloned
a dimer of an oligonucleotide that contained the hyperoxia
element and spanned from 282 to 244 into a plasmid contain-
ing luciferase and a minimal promoter region from the MMTV
gene. The empty MMTV plasmid had very low basal promoter
activity in MDCK cells and did not up-regulate with hyperoxia
(data not shown). In the presence of hyperoxia, the 282/244-
MMTV construct was induced 5.1-fold (Fig. 4). Because this
oligonucleotide contained two GC elements (268/264 and 259/
255), we eliminated the distal 268 GC site by mutation. A

similar construct containing a multimer of the 282 to 244
oligonucleotide with a mutation of the GC site at 268 to 264
was also inducible by hyperoxia, 4.1-fold (Fig. 4). This confirms
that the GC site at 259 is sufficient for hyperoxia induction of
transcription.

The proximal promoter of the Na,K-ATPase b1 subunit con-

FIG. 3. Effect of hyperoxia on Na,K-ATPase b1 promoter activ-
ity. MDCK cell transfection: Cells were transfected with either the
b1-62 or b1-55 construct and exposed to either normoxia or hyperoxia for
48 h. Cells were lysed, and luciferase activity was measured. Data were
normalized to protein concentration. Data are reported as -fold increase
over control, i.e. Na,K-ATPase promoter activity in normoxia. Each data
point represents a mean 6 S.E. of values from four different experi-
ments. *p # 0.05 compared with normoxic condition.

FIG. 4. Induction by hyperoxia in a minimal promoter con-
struct. MDCK cells were transfected with either the MMTV-82/44WT
or MMTV-82/44SM constructs and exposed to either normoxia or hy-
peroxia for 48 h. Transfection with the empty MMTV vector showed low
promoter activity and no induction by hyperoxia. Cells were lysed, and
luciferase activity was measured. Data were normalized to protein
concentration. Data are reported as -fold increase over control, i.e.
Na,K-ATPase promoter activity in normoxia. Each data point repre-
sents a mean 6 S.E. of values from five different experiments.

FIG. 5. Induction by hyperoxia by the GC site at 2102. A, GC
sites in the proximal Na,K-ATPase b1 promoter. B, transfection exper-
iments of MDCK cells with either the b1-102 or b1-102DM constructs,
which were exposed to either normoxia or hyperoxia for 48 h. Cells were
lysed, and luciferase activity was measured. Data were normalized to
protein concentration. Data are reported as -fold increase over control,
i.e. Na,K-ATPase promoter activity in normoxia. Each data point rep-
resents a mean 6 S.E. of values from three different experiments.

TABLE I
Effect of hyperoxia on Na,K-ATPase b1 subunit promoter activity

Construct Normoxia Hyperoxia Hyperoxia/
normoxia

%

b1-102 100 194.3 6 16.8 1.9 6 0.2
b1-82 86.2 6 12.1 219.6 6 56.5 2.5 6 0.4
b1-62 27.7 6 5.1 60.9 6 2.9 2.2 6 0.5
b1-41 4.3 6 1.9 2.3 6 0.7 0.5 6 0.1
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tained three separate GC boxes between 2102 and 241 (Fig.
5A). We have demonstrated, in our transfection experiments
with serial deletions, that the GC element at 259 is sufficient
to induce the up-regulation by hyperoxia. To determine
whether the distal GC site (2102 to 298) could up-regulate
Na,K-ATPase b1 promoter activity, we mutated the proximal
GC sites at 268 and 259 using site-directed mutagenesis of the
b1-102 construct. Mutation of these two proximal GC sites
resulted in a marked decrease in basal promoter activity to 24.1
1 11.6% of the wild type activity. However, induction by hy-
peroxia (1.9-fold) was maintained in the mutant b1-102 con-
struct (b1-102DM), identical to the wild type promoter con-
struct (b1-102WT; Fig. 5B). Therefore, the GC element at 2102
to 298 also was capable of up-regulating transcription in the
presence of hyperoxia.

Electrophoretic Mobility Shift Assays—The transfection ex-
periments with the deletion constructs revealed a GC box,
consistent with a SP family consensus site, that was necessary
for hyperoxia induction. We performed EMSA to determine
whether there was specific protein-DNA binding correlating to
this particular GC box. To determine whether hyperoxia al-
tered protein binding, EMSA of a double-stranded oligonucleo-
tide spanning the putative hyperoxia site (282 to 244) was

performed using nuclear extract (NE) from MDCK cells treated
with 12 h of normoxia or hyperoxia. Using NE, we observed
only a slight increase in binding (1.3- to 1.5-fold, data not
shown). Because oxidation of nuclear binding proteins may be
playing a role in the regulation by hyperoxia, but could be
masked by redox changes during their extraction, we decreased
the DTT concentration to see if this reducing agent altered
binding. In the absence of the reducing agent, DTT, we were
unable to isolate NE due to significant protein precipitation.
We were able to obtain whole cell extracts (WCE) in the pres-
ence of very low levels of reducing agents, and the binding
pattern was identical for NE and WCE (Fig. 6A). Electro-
phoretic mobility shift assays of a double-stranded oligonucleo-
tide spanning the putative hyperoxia site (282 to 244) incu-
bated with WCE from MDCK cells in normoxia conditions
demonstrated binding of three bands (Fig. 6B). Two of the
bands, designated A and B, represented specific binding, be-
cause competition with excess cold oligonucleotide resulted in
decreased binding (Fig. 6C). The third band, C, represented
nonspecific binding, because the binding pattern did not
change with excess cold probe.

In extracts from cells treated with hyperoxia (Fig. 6, B and
D), we now demonstrated increased binding of bands A and B,

FIG. 6. Mobility shift assays of
MDCK whole cell extracts demon-
strate increased binding in cells
treated with hyperoxia or diamide. A
double-stranded DNA probe, which
spanned from 282 to 244 (sequence is
under “Materials and Methods”) of the b1
Na,K-ATPase promoter was radiolabeled
with 32P, incubated with extracts, and
electrophoresed on a 4% polyacrylamide
gel as described under “Materials and
Methods.” A, MDCK cells were incubated
under normoxic conditions and either
whole cell extracts (WCE) or nuclear ex-
tracts (NE) were obtained as described
under “Materials and Methods.” Reac-
tions contained 6.6 mg of extract and 0.3
ng of probe. B, MDCK cells were incu-
bated for 24 h in 1) normoxia (N), 2) hy-
peroxia (H), or 3) diamide (D), and WCE
were obtained as described under “Mate-
rials and Methods.” Reactions contained
8.0 mg of extract and 0.2 ng of probe. Ar-
rows A and B represent specific DNA-pro-
tein binding, arrow C represents nonspe-
cific binding, and arrow D represents
excess free probe. In cells exposed to hy-
peroxia or diamide, there was increased
binding of bands A and B. The data are
representative of three different experi-
ments. C, competition experiments with
excess cold probe, 30X 5 30-fold molar
excess and 55X 5 55-fold molar excess.
Reactions contained 8.0 mg of extract and
0.2 ng of probe. Bands A and B were elim-
inated by competition with excess probe,
whereas there was no competition with
band C. N, extracts under normoxic con-
ditions. D, quantitative scanning densi-
tometry of bands A and B from gel 6B.
Each data point represents the mean 6
S.E. of values from three separate exper-
iments and is the ratio of the integrated
optical density (IOD) of the signal to that
of control cells (normoxia). *p , 0.05,
**p , 0.005 compared with normoxic
control.
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2.6- and 2.3-fold. In addition, we treated cells with 0.2 mM

diamide, a thiol oxidizer, for 12 h in normoxic conditions to
determine if thiol-disulfide oxidation influenced protein bind-
ing. WCE were collected for EMSA, which demonstrated in-
creased binding of both bands, A and B, in extracts from dia-
mide-treated cells. This effect was identical to the increased
binding seen with hyperoxia (Fig. 6, B and D). Therefore,
treatment with the thiol oxidizer, diamide, resulted in in-
creased protein binding identical to that seen in hyperoxia.

To identify the binding proteins, we performed competition
experiments in our EMSA by incubating the radiolabeled oli-
gonucleotides with WCE and excess cold probe containing an
SP1 or an AP1 consensus site. The oligonucleotide containing
the SP1 consensus site binds members of the SP1 family and
competed with our radiolabeled probe which spanned the pu-
tative hyperoxia site (Fig. 7A). This is consistent with SP1
binding to our hyperoxia site. This competition was specific,
because an oligonucleotide containing an AP1 consensus site
did not compete with our DNA probe containing the putative
hyperoxia site (Fig. 7A).

To confirm that SP1 binds to the hyperoxia regulatory re-
gion, we performed EMSA in the presence of SP family anti-
bodies to demonstrate supershifting (Fig. 7B). Because a num-
ber of SP family members can bind to the GC consensus
sequence, we performed EMSA with both SP1 and SP3 anti-
bodies. An oligonucleotide containing the hyperoxia-responsive
element (282 to 244) was incubated with WCE from MDCK
cells treated with hyperoxia and SP-specific antibodies. Super-
shift assays demonstrated that SP1 antibodies supershifted
both bands A and B, whereas, SP3 antibody supershifted only
band A. Therefore, band A contained SP1- and SP3-specific
proteins binding to the GC consensus site. When the oligonu-
cleotide was incubated with both SP1 and SP3 antibodies, both
bands A and B supershifted. These data, in combination with
the competition experiments, demonstrated that SP1 and SP3
bind to the hyperoxia element that contains a GC consensus
sequence.

The transfection experiments demonstrated a 7-bp region
(262 to 255) sufficient for hyperoxia induction, which con-
tained a GC element consistent with a SP1 consensus site.
Competition and supershift assays demonstrated SP1 and SP3
binding. The sequence between 2102 to 255 contained three
GC elements consistent with SP family consensus sequences.
These occur at 2102 to 298, 268 to 264, and 259 to 255.
Sequential deletion of the GC sites demonstrated that the GC
site at 259 was sufficient for hyperoxia induction. However,
the distal site, 2102 to 298, was capable of induction by hy-
peroxia when the proximal sites, 268 and 259, were elimi-
nated by site-directed mutagenesis. To identify which sites had
higher affinity for the SP proteins we performed a series of
competition EMSA. In EMSA using the 282 to 244 probe,
competition assays demonstrated strong competition with cold
oligonucleotides containing the GC site at 259 (266/244 and
282/244 oligonucleotides; Fig. 8A). In contrast, competition
assays with an oligonucleotide (286/262) containing only the
GC site at the 268 position demonstrated weak competition
(Fig. 8A). Although we have not ruled out some contribution of
the GC site at 268, the GC element at 259 was sufficient for
hyperoxia induction, and the SP proteins have a higher binding
affinity for this site.

In EMSA using an oligonucleotide containing a probe (282 to
244) with a single mutation (SM) of the GC element located at
268 and preserved 259 GC box, protein binding was identical
to that seen with the wild type oligonucleotide (Fig. 8B).
Whereas, all SP1 and SP3 protein binding was eliminated with
an oligonucleotide containing a double mutation (DM) of both

GC sites (268 and 259), demonstrating that mutation of the
259 site was necessary to eliminate SP1 and SP3 binding (Fig.
8B). In EMSA with the SM probe, competition assays demon-
strated competition with excess cold SM and wild type oligo-
nucleotides, both which contain the intact 259 GC box. There
was no competition with excess cold DM oligonucleotides,
which contained the mutated 259 GC site. This confirmed that
the GC element at 259 is sufficient for hyperoxia-induced
promoter activity and SP protein binding, whereas the GC site
at 268 is a weak competitor for SP family member binding and

FIG. 7. Binding of SP proteins to the Na,K-ATPase b1 proximal
promoter. WCE were obtained from MDCK cells maintained in nor-
moxia for 24 h as described under “Materials and Methods.” A double-
stranded DNA probe, which spanned from 282 to 244 (sequence under
“Materials and Methods”) was radiolabeled with 32P, incubated with
WCE, and electrophoresed on a 6% polyacrylamide gel. N 5 extracts
under normoxic conditions. A, competition experiments consisted of the
radiolabeled DNA probe incubated with WCE and excess (5-fold molar
excess 5 5x and 10-fold molar excess 5 10x) cold double-stranded DNA
oligonucleotides containing: oligo (282 to 244 sequence), AP1 (AP1
consensus sequence), or SP1 (SP1 consensus sequence). Reactions con-
tained 6.5 mg of extract and 0.7 ng of probe. B, supershift experiments
consisted of incubating WCE with antibodies to SP1 and/or SP3. Reac-
tions contained 6.6 mg of extract and 0.3 ng of probe. Arrows to the right
indicate positions of SP1- and SP3-specific complexes and their respec-
tive antibody complexed supershifts. The data are representative of
four different experiments. NS, nonspecific protein binding.
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is not necessary for hyperoxia induction.
Next, we sought to determine the role of the GC box at 2102.

Transfection experiments with site-directed mutagenesis re-
vealed that the GC site at 2102 was capable of induction by
hyperoxia. To determine the binding pattern of this GC site, we
performed EMSA using an oligonucleotide, which spanned this
element (2122/284). EMSA demonstrated a similar binding
pattern to the oligonucleotides that contained the GC site at
259 (Fig. 8C). In addition, competition assays of the 2122/284
probe demonstrated competition with the 282/244 and the
SP1 oligonucleotides, but not with an AP1 oligonucleotide. The
282/244 oligonucleotide, which contained the 259 GC site,
was a very strong competitor of the 2122/284 probe. In con-
trast, the oligonucleotide containing the GC site at 2102
(2122/284 oligonucleotide) was a weak competitor for the GC
binding site on the 282/244 probe. Thus, the Na,K-ATPase b1

proximal promoter contained three GC sites, and we have
demonstrated that either of two sites (2102 or 259) are capa-
ble of induction by hyperoxia, however, the GC site at 259 has
the highest binding affinity for SP family members and is
sufficient for induction by hyperoxia.

Protein Expression of SP1 and SP3—The mechanism by
which hyperoxia increased SP family member binding to the
Na,K-ATPase b1 gene remains unknown. Increased SP binding
can be due to increased protein affinity or increased available
protein. The latter can be due to either transcriptional or post-
transcriptional regulation of SP family members. To determine
whether increased available SP1 or SP3 protein was present
with hyperoxia, we performed a Western blot on whole cell
extract from cells treated with normoxia or hyperoxia (Fig. 9).FIG. 8. Competition of hyperoxia element with other GC ele-

ments. WCE were obtained from MDCK cells maintained in normoxia
for 24 h as described under “Materials and Methods.” N, extracts under
normoxic conditions. A, a double-stranded DNA probe, which spanned
from 282 to 244 (sequence under “Materials and Methods”) was radio-
labeled with 32P, incubated with WCE (6.6 mg), and electrophoresed on
a 6% polyacrylamide gel. Competition experiments consisted of the
radiolabeled DNA probe incubated with WCE and excess (30-fold molar
excess) cold double-stranded DNA oligonucleotides containing: 282 to
244 sequence, 286 to 262 sequence, or a 266 to 244 sequence. Oligo-
nucleotides containing the 259 to 255 GC site demonstrated greater
competition. B, a double-stranded DNA probe, which spanned from 282
to 244 (sequence under “Materials and Methods”) was radiolabeled and
electrophoresed as described above. The probe contained either a single
mutation (SM) at the 268 GC site or a double mutation (DM) at the 268

and 259 GC sites (see “Materials and Methods”). Competition experi-
ments consisted of the radiolabeled DNA probe incubated with WCE
and excess (30-fold molar excess) cold double-stranded DNA oligonu-
cleotides: SM, DM, or wild type (WT). Reactions contained 7.5 mg of
extract and 0.3 ng of probe. C, a double-stranded DNA probe, which
spanned from either 2122 to 284 or 282 to 244 (sequence under
“Materials and Methods”) was radiolabeled and electrophoresed as de-
scribed above. Reactions contained 6.3 mg of extract and 0.3 ng of probe.
Competition experiments consisted of the radiolabeled DNA probe in-
cubated with WCE and excess (30-fold molar excess) cold double-
stranded DNA oligonucleotide as described previously. NS, nonspecific
protein binding.

FIG. 9. Expression of SP1 and SP3 from MDCK cells in nor-
moxia and hyperoxia. A representative Western blot of WCE col-
lected from cells treated in normoxia (N) or hyperoxia (H). C, protein
control lane obtained from the manufacturer of the antibody. Approxi-
mately 10 mg of protein/lane was resolved on an 8% polyacrylamide gel
and transferred to a nitrocellulose membrane before immunoblotting
with polyclonal antibodies to SP1, SP3, or actin according to “Materials
and Methods.” No differences in protein concentrations were seen in
treated or untreated cells.
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Protein levels of SP1 or SP3 remained constant in the presence
of hyperoxia. This suggested that increased SP binding was due
to increased affinity and not due to an increase in available
protein.

DISCUSSION

The Na,K-ATPase is an important protein for maintaining
normal cellular function. This is emphasized by its presence in
all cells and high levels in cells specialized in sodium transport
(1–3). The sodium pump consists of two subunits, a and b,
which are necessary for normal enzyme activity. In some tis-
sues, such as the lung, overexpression or up-regulation of the b
subunit results in increased activity, whereas, this is not true
for the a subunit (5, 6). This implies that the b subunit is the
rate-limiting subunit.

There are many factors that influence Na,K-ATPase regula-
tion, including oxidant stress. Up-regulation of the Na,K-
ATPase gene expression by hyperoxia has been previously de-
scribed in both lung and kidney epithelia (5, 9, 10–12). In the
lung, hyperoxia up-regulates Na,K-ATPase gene expression 2-
to 6-fold with a concomitant increase in enzyme activity that is
dependent on the duration and type of hyperoxia exposure (5, 9,
10–12). In addition, there is evidence that the up-regulation of
pump expression by hyperoxia in MDCK cells increased ion
transport as demonstrated by the formation of domes in vitro
(13). However, the molecular mechanism by which hyperoxia
influenced Na,K-ATPase gene expression and enzyme activity
remained unknown.

Using MDCK cells exposed to hyperoxia as a model system,
we now demonstrate that hyperoxia increased Na,K-ATPase b1

gene expression via an increase in transcription. To define the
element necessary for hyperoxia induction of the Na,K-ATPase
b1 gene, we performed transfection experiments using sequen-
tial deletions of the Na,K-ATPase b1 promoter between 2102
and 241. These transfection experiments revealed a GC box
between 259 to 255 that was necessary for basal promoter
activity and sufficient for induction by hyperoxia. Two other
GC sites, which were homologous for SP1 sites, also exist in
this region between 2102 and 268. Sequential deletions of
these elements resulted in partial loss of basal promoter activ-
ity, however, the two-fold induction by hyperoxia was pre-
served. Mutations of the 268 and 259 GC sites within the wild
type promoter revealed that the intact 2102 GC site, in the
absence of the 268 and 259 site, was functional and could be
induced by hyperoxia. These data suggested that the 259 GC
site is sufficient for hyperoxia induction, however, other GC
sites are functional. In addition, there may be additional reg-
ulatory sites outside of our cloned promoter, because hyperoxia
increased Na,K-ATPase b1 mRNA 5-fold and we identified only
a 2-fold induction in promoter activity.

EMSA of oligonucleotides containing the 259 GC site dem-
onstrated that hyperoxia increased binding of two bands that
contained SP1 and SP3 as demonstrated by supershift and
competition assays. Competition assays revealed that the 268
and 2102 sites were weak competitors for SP1 and SP3 binding
compared with the 259 site, suggesting the 259 site had
higher affinity for SP1 and SP3. The EMSA demonstrated
increased binding in the band containing SP1 alone and the
band containing both SP1 and SP3. Therefore, it is unknown
whether SP1 protein binding increased solely, or whether there
was a concomitant increase in SP3 binding as well. In many
systems, SP1 activates transcription, such as the Na,K-ATPase
a3 subunit gene (19). The role of SP3 in gene regulation varies
between different promoters and cell types. SP3 represses SP1
transcriptional activation of the human thrombin receptor and
uteroglobin gene (20), whereas, it up-regulates SP1 transcrip-
tional regulation in the hepatic growth factor promoter (21).

There are two possibilities in our system. First, SP1 and SP3 may
be acting synergistically to activate Na,K-ATPase b1 transcription
and hyperoxia might increase the binding of both factors. Alterna-
tively, SP3 may be playing an inhibitory role and hyperoxia might
lead to increased SP1 binding and an increased SP1/SP3 ratio with
subsequent increased transcription.

SP1 and SP3 belong to a transcription factor family that
contain three zinc finger motifs. Promoter elements containing
the core sequence GGG(C/T/A)GG bind several transcription
factors, including members of the SP family (22). The SP tran-
scription factor family members bind with different affinities to
these DNA sites. This binding specificity is cell-specific, pro-
moter-specific, and varies according to the consensus sequence
(23, 24). These transcription factors are ubiquitous in mamma-
lian cells and contain several different isoforms, all which bind
to the core sequence and vary in abundance (20, 25, 26). SP1
plays a critical role in promoters without TATA or CAAT con-
sensus sequences, however, SP1 also is functional in genes with
TATA boxes (27, 28). The Na,K-ATPase b1 promoter contains a
TATA box at 231, however, its function has not been demon-
strated. SP1 has been described as a positive regulator of
transcription, whereas, SP3 has been shown to either activate
or repress transcription in different cell types (22, 29–33). The
role of SP3 is promoter and cell type-specific, and the ratio of
SP1 to SP3 may be important in transcriptional regulation.

The SP family members are usually associated with basal
promoter activity, however, they contain zinc finger sulfhydryl
groups that are sensitive to oxidation and direct redox changes
alter SP regulated transcription (34, 35). Wu et al. (35) dem-
onstrated that oxidizing conditions led to a decrease in SP1
binding and promoter activity in HeLa cells. This occurred in
extracts from cells treated with oxidizing agents and extracts
treated directly. In our system, hyperoxia and the oxidizing
agent diamide led to increased DNA binding. Hyperoxia is felt
to be toxic to cells due to oxidant injury, and this may be the
mechanism of gene induction. The amount of injury by hyper-
oxia varies between different cells, and, in MDCK cells, it has
been demonstrated that hyperoxia decreases proliferation in
subconfluent cells, whereas, cellular death remains unchanged
(36). Diamide is an agent that oxidizes sulfhydryl groups;
therefore, thiol oxidation may be a mechanism by which hyper-
oxia induced Na,K-ATPase b1subunit promoter activity. These
redox changes may affect SP3 and/or SP1 binding capacity
directly or indirectly. Alternatively, we sought to determine if
hyperoxia directly influenced SP1 or SP3 expression. Hypoxia
up-regulated b-enolase and pyruvate kinase-M promoters by
down-regulating the expression of the inhibitory factor, SP3,
thereby increasing the SP1/SP3 ratio (37). In our system, hy-
peroxia did not change protein levels of either SP1 or SP3
suggesting altered binding affinity was responsible for in-
creased binding on EMSA.

In summary, we demonstrate that hyperoxia increased
Na,K-ATPase b1 transcription via a GC element in its proximal
promoter. Multiple GC boxes exist in the Na,K-ATPase b1

proximal promoter, at least two of which are capable of up-
regulating transcription in the presence of hyperoxia. These
sites bind the SP family members SP1 and SP3, which increase
in binding in the presence of hyperoxia. These transcription
factors are necessary for both basal and hyperoxia-induced
regulation of the Na,K-ATPase b1 promoter, and this repre-
sents a novel oxidant stress-dependent regulation by SP1/SP3
transcription factors.
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