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Sodium–potassium ATPase (Na/K ATPase) is a major
arget of mineralocorticoids. Both aldosterone and
lucocorticoids activate the human Na/K ATPase a1
nd b1 genes transcriptionally. The mineralocorticoid
eceptor (MR) and the glucocorticoid receptor (GR)
ave been shown to bind the glucocorticoid response
lement (GRE); however, a specific element responsi-
le for the activation of the MR is not known. Se-
uence analysis of the putative regulatory region of
he Na/K ATPase a1 gene revealed the presence of a
ormone response element that allows the MR to in-
eract with it, at least as well as if not better than the
R. This response element is designated MRE/GRE. In

his investigation, we demonstrated the MR and GR
nduced gene expression in COS-1 cells by cotransfect-
ng with respective expression plasmids (RshMR and
shGR) along with a luciferase reporter. The syn-

hetic MRE/GRE linked to a neutral promoter was ac-
ivated by MR (6-fold); however, the GR induced a
ower level of expression (3.8-fold), suggesting that the
lement may be preferably MR responsive. Mutations
n the synthetic MRE/GRE could not induce the ex-
ression with MR, whereas GR had a small effect. Elec-
rophoretic mobility shift analyses demonstrated a di-
ect interaction of MR and GR with the MRE/GRE that
as supershifted by an antiMR antibody and the com-
lex was partially cleared by an antiGR antibody, re-
pectively, whereas nonimmune serum had no effect.
ootprinting analyses of the promoter region showed

hat a portion of the DNA containing this element is
rotected by recombinant MR and GR. Thus these

Abbreviations used: MR, mineralocorticoid receptor (NR3C2); GR,
lucocorticoid receptor (NR3C1); TA, triamcinolone acetonide; GRE,
lucocorticoid response element; MRE/GRE (MRE), mineralocor-
icoid/glucocorticoid response element.
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3 To whom correspondence should be addressed at Room 350,

LSB, Department of Biochemistry and Molecular Pharmacology,
homas Jefferson University, Philadelphia, PA 19107. Fax: (215)
03-5393. E-mail: Gerry.Litwack@mail.tju.edu.
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ata confirm that this MRE/GRE interacts with both
R and GR but interaction with receptors may be
ore MR-responsive than response elements previ-

usly described. © 1999 Academic Press

Key Words: MR (NR3C2); GR (NR3C1); aldosterone;
A; transcription; promoter; transfection.

Na/K ATPase is an integral membrane protein (1)
esponsible for the active transport of sodium and po-
assium across the plasma membrane in an ATP-
ependent manner (2, 3). Na/K ATPase is composed of
wo subunits, the larger a subunit (113 kDa) which
ediates the catalytic activity and the smaller glyco-

ylated b subunit (35 kDa) whose exact function is
nclear (4). It has been proposed that the b subunit
ay be involved in the localization of the enzyme to the

lasma membrane, protein folding, and stabilization of
he K1-bound form of the enzyme (5). Na/K ATPase is
ncoded by a multigene family and isoforms were de-
cribed for both the a (a1, a2, a3) and the b (b1, b2, b3)
ubunits (6). The mRNA for the a1 subunit is present
n most tissues but is expressed at higher levels in
idney (7, 8). Aldosterone modulates cellular ion ‘ho-
eostasis’ at least in part through the regulation of
a/K ATPase gene expression and may involve a direct

nteraction of MR with potential hormone responsive
lements present in the promoter region of these genes.
ldosterone acts at the transcriptional level through

ts ligand inducible MR (8–11). However, the mecha-
isms of corticosteroid regulation of mammalian Na/K
TPase subunit gene expression as well as the sig-
ificance of the potential hormone regulatory and
he cis-acting elements in the 59 flanking region of
he human Na/K ATPase a1 gene have not been
stablished.
The mineralocorticoid receptor (MR/NR3C2) (12)

nd glucocorticoid receptor (GR/NR3C1) (12) are mem-
ers of the steroid/thyroid hormone receptor superfam-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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ly of ligand inducible transcription factors (13, 14).
ther nuclear hormone receptors in this family include

hyroid (TR/NR1A1, NR1A2) (12), retinoic acid (RARs/
R1B1,2,3) and vitamin D receptors (NR1I1) (12). MR
nd GR exhibit a high degree of homology in the DNA
inding domain (DBD) (94%) and ligand binding do-
ain (LBD) but not in their N-terminal regions (15%).
oth MR and GR, two classes of adrenal steroid hor-
ones, differ greatly in their physiologic effects. They

an elicit opposing in vivo effects on ion transport
ithin a single tissue (15, 16), a single cell type (17),
nd within an individual (18), despite close structural
omology and similarities in vitro (19). The latent MR
nd GR reside in the cytoplasm in a complex comprised
y heat shock proteins (hsp90) and other stress family
roteins (20). The binding of hormone induces critical
onformational changes in steroid receptors (SRs), that
ause them to dissociate from an inhibitory hormone
eceptor complex resulting in activation of the recep-
or. The activated MR and GR translocate to the nu-
leus where the receptors, as homodimers, bind to a
pecific palindromic DNA sequence known as a glu-
ocorticoid response element (GRE) associated with
arget genes, and modulate their transcription (21).
he MR has been shown to bind the glucocorticoid
esponse element (GRE), (22, 23), however, a unique
lement responsible for specific activation by the MR
as not been identified.
The mechanism by which nuclear receptors (NRs)

egulate transcriptional initiation is currently under
ntensive investigation. It is thought that the ligand-
ctivated receptor bound to enhancer elements may
tabilize or promote the formation of the pre-initiation
omplex of basal transcription factors for the RNA
olymerase on the promoter (22). These effects can be
ransmitted by a direct interaction between nuclear
eceptors and basal transcription factors, or by indirect
nteractions mediated by intermediary proteins called
ranscriptional coactivators. Nuclear hormone receptor
NRs) are conditional transcription factors that play
mportant roles in various aspects of cell growth, de-
elopment, and homeostasis by controlling expression
f specific genes (20, 22). Transcriptional factors re-
uire indirect proteins such as transcriptional coacti-
ators, steroid receptor coactivator-1 (SRC-1), the glu-
ocorticoid receptor interacting protein 1 (GRIP1),
ranscriptional intermediary factor 2 (TIF2) and the
ndrogen receptor associated protein (ARAP70) to me-
iate the stimulation of transcriptional initiation after
inding to enhancer elements (20, 24, 25). Steroid re-
eptors and class II nuclear receptors have two distinct
ransactivation domains: AF-1 located in the N-ter-
inal activation domain (AD), and AF-2 located in the
ormone binding domain (HBD) (26, 27). Several tran-
criptional coactivators of the C-terminus AF-2 of the
uclear receptors have been reported recently (28).
hile all these proteins interact specifically in a ligand
6

ependent manner with the HBD of all the nuclear
eceptors, only SRC-1, GRIP1, TIF2 and ARAP70 have
xhibited the ability to enhance transactivation of nu-
lear receptors (20).
Modulation of genetic and cellular responses at the

evel of transcription by physiological or environmental
timuli may involve synergistic or antagonistic inter-
ctions of transcription factors such as nuclear factor I
NF-I) and Sp1 with target gene promoter sequences
29, 30). A functional synergy between estrogen recep-
or (ER) and Sp1 has been shown where protein-
rotein interaction was observed in an estrogen-
nduced transactivation pathway (31). Recently, we
ave demonstrated the upregulation of MR and GR
xpression by transcription factor Sp1 and the nuclear
actor I (NF-I) (32). In an effort to understand the

olecular mechanisms involved in MR mediated tran-
criptional regulation of Na/K ATPase a1, we identified
n element in the promoter of the human Na/K ATPase
1 gene that is bound and activated preferentially by
R rather than GR. We further demonstrate specific

inding of expressed MR (NR3C2) and GR (NR3C1) to
his element by both electrophoretic mobility shift as-
ays and DNase I footprinting analyses.

ATERIALS AND METHODS

Reagents and plasmids. All hormones were purchased from
igma Chemical Company. RU38486 was a gift from Roussel Uclaf

Romainville, France). DNase I footprinting kit was purchased from
romega Inc. The human GR (NR3C1) and MR (NR3C2) expression
lasmids and pTK-CAT were obtained from Dr. Ronald M. Evans
Salk Institute, La Jolla, California) and from the late Dr. Violet
aniel (Weizmann Institute of Science, Rehovot, Israel), respec-

ively. Deletion constructs of the human Na/K ATPase a1 were a
enerous gift from Dr. Jerry B. Lingrel, University of Cincinnati,
incinnati, Ohio.

Oligonucleotides used as probes and competitors. The oligonucle-
tides (MRE/GRE, GRE and mutant MRE/GREs) used in this study
ere commercially synthesized by Gibco-BRL Life Technologies.
hese were used for electrophoretic mobility shift assays (EMSA)
nd cloned into a tk-luciferase vector.

Wild type MRE/GRE: 59AGATCTAG*T*C*A*C*A*GGAGGCAC-
CTGA*G*A*G*C*A*A39)
Half site nucleotides are represented by asterisks. Mutant oligo-

ucleotide sequences indicating mutated bases are underlined. Ital-
cized nucleotides are consensus GRE half sites.

MRE/GRE-Mut 1: 59 AGATCTGGGATGCGGAGGCACTCTGAGA-
CAA39
MRE/GRE-Mut 2: 59 AGATCTAGTCACAGGAGGCACTCTGGCG-
TCA39
MRE/GRE-Mut 3: 59AGATCTCTGAGCCGGAGGCACTCTGCCA-

GAA39
GRE31: 59TGTACAGGATGTTCTCTAGCGACTAGCTAGTTGTA-

AGGATGTTCT 39
A nonspecific oligonucleotide Sp1 sequence used in competition

xperiments is: 59 GGGTAGAGGGCGGGGCGCACG39.

MR and GR polyclonal antibodies. Polyclonal MR (aMR-raised
gainst N-terminus and the DNA binding domain of the human MR)
nd GR (aGR- raised against the DNA binding domain of the human
R) antibodies (Abs) were generated by immunization of rabbits
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our times. Abs titres were assessed by enzyme-linked immunosor-
ent assay (ELISA) and aliquots of serum were stored at 280°C.
R-specific Ab was also obtained from Affinity BioReagent Inc.

Cell culture and transfections. Monkey kidney cell lines, COS-1
nd CV-1 were cultured in Dulbecco’s modified Eagle’s medium
DMEM) supplemented with charcoal-treated fetal bovine serum
10%). Transient transfection of COS-1 cells with various reporter
enes was performed as described in standard protocols (33) and by
uperFect (Qiagen). Cells (2 3 105) were electroporated with 5 mg of

uciferase reporter construct, 0.5 mg of MR or GR expression vectors
nd 1 mg of b-galactosidase plasmid. For luciferase assays whole cell
xtracts were prepared according to the manufacturer’s instructions
Promega).

Spodoptera frugiperda. (Sf9) insect cells are derived from fall
rmyworm ovaries and obtained from the American Type Culture
ollection (ATCC, Rockville, MD). These cells were cultured in
race’s insect cell culture media (Gibco-BRL) with 10% fetal bovine

erum at 25°C. Cells were grown as monolayers in regular cell
ulture flasks and were routinely infected with 1–4 3 108 plaque
orming units (pfu)/ml recombinant baculovirus at a density of 1.5–

3 106 cells/ml and .95% viability (23, 34). Antibiotics such as
entamycin and Fungizone were added at a final concentration of 50
g/ml and 2.5 mg/ml, respectively.

Cloning. The deletion constructs created from the promoter re-
ion of the human Na/K ATPase a1 in a CAT vector were subcloned
nto a pGL3-basic vector (Promega) at SacI and XhoI sites without
ltering their orientation. pGL3-TK was constructed by excising the
K promoter (168 bp) from the pTK-CAT vector and cloning into the
GL3-basic vector. MRE/GRE and its mutants were cloned at the
glII site of pGL3-TK. All constructs were confirmed by both restric-

ion enzyme analyses and DNA sequencing.

Whole cell extract preparation. COS-1 whole cell extracts, ex-
ressing MR and GR were prepared as described by standard pro-
edures. In brief, cells were harvested and homogenized by 20
trokes using a dounce homogenizer in ice-cold buffer containing 20
M Tris Cl (pH 7.4), 600 mM KCl, 20% glycerol, 2 mM dithiothreitol

DTT), 5 mM phenylmethylsulphonylfluoride (PMSF), 5 mg/ml leu-
eptin and 5 mg/ml antipain. The homogenate was centrifuged at
00,0003 g for 30 min at 4°C and protein concentration was esti-
ated by Coomassie Plus protein assay reagent kit (PIERCE).

Western blot analyses. The expression of MR and GR was exam-
ned by Western blot analyses as described (35). Total protein (50–70
g) from transfected and mock transfected, COS-1 cells was resolved
n 8% SDS-PAGE and transfered electrophoretically (100 V constant
or 1 h) to Hybond ECL nitrocellulose filter paper (Amersham Life
cience). The filter paper was blocked overnight in 10% nonfat milk.
lots were incubated in 5% nonfat milk with indicated polyclonal
rimary antibodies (1:1000) for 1 h at room temperature. After
tringent washing, they were incubated with secondary antibody
1:3000, Anti-rabbit Ig horseradish peroxidase antibody, Amersham
ife Science) for an hour and developed by chemiluminiscent ECL as
escribed (Amersham Inc., Arlington Heights, IL).

b-Galactosidase assays and protein estimations. b-Galactosidase
ssays were performed to normalize for the variations in transfection
fficiencies (33). Briefly, equal amounts of protein from all samples
ere incubated at 37°C with 0.1 M sodium phosphate, 4 mg/ml
NPG (o-nitrophenyl b-galactopyranoside) and 1003 Mg buffer in a
olume of 300 ml (33). The reactions were stopped with either 1 M
odium carbonate or 1 M Tris solution and measured spectrophoto-
etrically at 420 nm. b-Galactosidase values were used as an inter-
al reference in transfection experiments and normalized against
he luciferase numbers. Protein estimations were done by Coomassie
lus protein assay reagent kit (PIERCE) a modified Bradford color-

metric method. Readings were recorded at 595 nm using BSA (bo-
ine serum albumin) as standard.
7

ere prepared by filling the ends of a synthetic MRE/GRE oligonu-
leotide with Klenow fragment in the presence of a-32P dCTP (NEN
ife Science Products Inc.) (33). Whole cell extracts containing equal
mounts of protein (6–8 mg) were incubated in a binding buffer
ontaining 25 mM HEPES, pH 7.5, 5 mM MgCl2, 2 mM DTT, 50 mM
aCl and 0.5–1.0 mg of poly(dI z dC) for 15 min. To this, labeled
RE/GRE probe (60,000 CPM) was added and the mixture was

ncubated for another 20 min at room temperature. For supershift
nalyses the extracts were incubated with preimmune serum or GR
r MR specific antibodies for 30 min on ice before adding the labeled
robe. DNA-protein complexes were resolved on 6% nondenaturing
olyacrylamide gels using 0.53 TBE. The gels were dried and sub-
ected to autoradiography. The specificity of the complexes was iden-
ified by supershifting the complexes with specific antibodies and
old competition experiments.

Nuclear extract preparation. Nuclear extracts were prepared as
escribed earlier by the NP-40 lysis method. The Sf9 cells, wild type
nd infected with recombinant baculovirus, after appropriate treat-
ents (aldosterone for MR and TA for GR), were washed with 13
BS and lysed in buffer A containing 10 mM HEPES pH 7.9, 10 mM
Cl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and 0.5 mM PMSF
y gentle pipetting with a micro tip. The cells were allowed to swell
or 15 min on ice, after which 1/16th volume of buffer A of 10% NP-40
as added and vigorously vortexed for 10 seconds. The homogenates
ere centrifuged for 30 sec at 14 K in a microfuge at 4°C. The

upernatant containing the cytoplasm fraction was discarded and
he nuclear pellet was resuspended in appropriate volume of buffer B
ontaining 20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM
GTA, 1 mM DTT and 1 mM PMSF and the tubes were vigorously
ocked at 4°C for 15–30 min on a shaking platform. The nuclear
xtracts were centrifuged for 10 min at 4°C in a microfuge at 14 K
nd the supernatants were stored at 280°C after estimating the
rotein concentrations. These extracts were used in DNase I foot-
rinting experiments.

DNase I footprinting analyses. Nuclear extracts from Sf9 cells,
verexpressing either with MR or GR were prepared after treating
he cells with aldosterone and TA respectively as recommended by
he manufacturer (Promega). These extracts (20 mg) were incubated
n a reaction volume of 50 ml with binding buffer and probes (1–2 ng
f promoter fragments DNA end labeled with g-32P ATP) for 15 min
n ice followed by the addition of Ca/Mg solution (5 mM MgCl2 and
mM CaCl2 final concentrations) for 1 min at room temperature.
Nase I (0.01–0.02 unit) was added to the mixture, which was then

ncubated for 2 min at room temperature. Samples were extracted
nce with phenol-chloroform-isoamylclcohol and precipitated with 2
olumes of ethanol. Pellets were resuspended in 80% formamide, 1
M EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue, and

qual amounts of counts were subjected to 6% acrylamide/8M urea
el after denaturing the samples by boiling for 3 min. Gels were dried
nd subjected to autoradiography.

ESULTS

Western blot analyses of MR and GR. To assess the
evel of MR and GR expression in COS-1 cells, cells
ere transfected with or without receptor expression
lasmids and whole cell extracts were prepared fol-
owed by Western blot as described in Materials and

ethods with respective polyclonal antibodies. Endog-
nous level of MR in COS-1 cells was negligible
hereas enhanced level of MR was observed clearly in

ransfected cells (Fig. 1A). Similarly, GR expression
as also observed in those cell lines (Fig. 1B) but not in
riginal COS-1 cells. The present study involves the
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omparison of both MR and GR, COS-1 cells were used
ince these cells express little or no endogenous MR or
R as evidenced from Fig. 1 and also from previous

eports (14, 36). Moreover, transfection of these cells
ith receptor expression plasmids having the same
ackground yielded reasonable levels of expression
Fig. 1). We also performed Western blot analyses for

R and GR in Sf9 insect cells after infecting the wild
ype cells with recombinant baculovirus and demon-
trated the expression of MR and GR from their whole
ell extracts as described previously (23, 34) (data not
hown). Nuclear extracts of these cells after hormone
nduction were used in DNase I footprint analyses
ince the yields of protein were greater than in COS-1
ells.

Functional analysis of regulatory regions of the hu-
an Na/K ATPase a1 promoter. To understand the

egulation of the human Na/K ATPase a1 promoter
ctivity by mineralocorticoid and glucocorticoid recep-
ors, both COS-1 and CV-1 cells, were transiently co-
ransfected with a full length reporter construct VKL-1
2744 to 1124) linked to a luciferase gene, along with
ither the MR or GR expression plasmid and pSVb-gal.
ransfected cells were treated with either 100 nM al-
osterone and 1 mM RU486 or 100 nM TA and 1 mM
pironolactone for MR and GR respectively. Transfec-
ion experiments with either MR (16-fold) or GR (12-
old) in COS-1 cells (Fig. 2A), and in CV-1 cells (13.5-
old and 10-fold) (Fig. 2B) respectively, revealed that
hese receptors could activate this full length reporter
KL-1, a full length promoter cloned in a pGL3 basic
ector (Fig. 2A). An empty basic vector, pGL3 basic did
ot show induction with either MR or GR as expected
nd served as a control. Fold inductions for MR and GR
ere calculated over the basic vector with respective

eceptors and all the luciferase values were normalized
ith b-gal for the variations in transfection efficien-

FIG. 1. Western blot analyses of MR and GR. Cells, as indicated
ere transfected with either MR or GR expression plasmids and
repared whole cell extracts as described under Materials and Meth-
ds. Extract (50–70 mg) was resolved on 8% SDS–polyacrylamide gel
ollowed by Western blot with MR or GR polyclonal primary anti-
odies (1:1000 dilution) and goat anti-rabbit Ig horseradish peroxi-
ase secondary antibody. Proteins were visualized with enhanced
hemiluminiscence ECL kit. (A) MR and (B) GR proteins are marked
ith an arrow and molecular weights.
8

ies. We initially performed a dose response experi-
ent with aldosterone and TA and determined that a

oncentration of either 100 nM aldosterone or TA gave
ptimal induction in these cells (data not shown). We
bserved that the extent of expression induced by MR
16-fold) was slightly higher than induction by GR
12-fold) in COS-1 cells (Fig. 2A). Similar results were
btained in CV-1 cells except slightly lower induction

FIG. 2. MR and GR induced gene expression in (A) COS-1 cells and
B) CV-1 cells. Five micrograms of full length reporter construct of Na/K
TPase a1 (2744 to 1124) and either 1 mg of MR expression plasmid

RshMR) or GR (RshGR) along with 1 mg of b-galactoside expression
lasmid (pSVb-gal) were transfected into COS-1/CV-1 cells by electro-
oration. Cells were induced with 100 nM aldosterone and 1 mM RU486
n MR transfections, 100 nM TA and 1 mM spironolactone in GR trans-
ections for 24 h. Cells were harvested after 48 h and luciferase assays
ere carried out using equal amounts of protein (10–20 mg) from each

ample (35). MR showed relatively more induction by aldosterone com-
ared to GR for the same reporter construct. pGL3 Basic is a basic
romoterless luciferase vector whereas VKL-1 (Na/K ATPase promoter
loned in pGL3 Basic vector) is a reporter construct. The results are the
ean of five independent experiments each run in triplicate and all

he values were normalized to b-galactosidase activity. The error bars
ndicate 6SEM.
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or both MR (13.5-fold) and GR (10-fold) (Fig. 2B).
oreover, we performed these experiments with mul-

iple GR ligands (data not shown) since transcriptional
esponse depends upon the activating ligand. These
ata indicate that aldosterone is a relatively stronger
ctivator of the human Na/K ATPase a1 gene promoter
hen compared to the glucocorticoid receptor agonists,
examethasone and triamcinolone acetonide (TA), in
ither COS-1 or CV-1 cells, since the background of
oth expression plasmids and their expression levels
re similar. In the absence of either aldosterone or TA
o activity was observed (data not shown).
To identify the potential hormone response elements

HREs) including the putative MRE/GRE region and
is-acting elements involved in MR (NR3C2) or GR
NR3C1) induced transactivation, a full length re-
orter construct VKL-1, deletion constructs VKL-3,
KL-9 and VKL-10 (2624, 2591 and 2194 respec-

ively) were generated by subcloning various lengths of
he promoter fragments into a luciferase vector, pGL-3
asic. The schematic representation of the full length
nd the deletion constructs with their sizes is shown in
ig. 3A. These reporter constructs were transfected

nto COS-1 cells along with either the MR or GR ex-
ression plasmids (RshMR and RshGR) and pSVb-gal.
ells were treated with either 100 nM aldosterone or
00 nM TA for 24 h and whole cell extracts were
repared and examined for luciferase activity using
qual amounts of protein. Relative luciferase fold in-
uctions for MR and GR with various reporter con-
tructs after normalizing all the luciferase values with
-gal for the variations in transfection efficiencies are
hown in Fig. 3B. We demonstrated that VKL-3 is
nduced 21-fold by MR and 19-fold by GR whereas
KL-9 is induced by 12 and 7-fold, respectively (Fig.
B). Moreover, VKL-3 showed an enhanced induction
ith both MR and GR than VKL-1 which may be due to

he deletion of possible inhibitory sequences present in
KL-1. Both VKL-1 and VKL-3 constructs have a pu-

ative MRE/GRE, whereas the VKL-9 construct has a
eletion of 5 bases from half of the MRE/GRE sequence
hich resulted in a 2-fold reduction of the promoter
ctivity. The smaller construct, VKL-10, in which the
ntire MRE/GRE was deleted, was not induced with
R, however, weak induction was observed in the

resence of GR, that may be due to the presence of a
alf GRE element in close proximity to the start site.
hese data suggest that the functional element may
eside in the larger constructs and that both aldoste-
one and TA, through their respective receptors, regu-
ate the Na/K ATPase a1 gene promoter. Sequence
nalysis revealed the presence of a consensus half GRE
inding site (2246) and an element between 2574 to
598 bp (37) in which two half sites are separated
y 12 bp that could serve as a mineralocorticoid/
lucocorticoid responsive element but not the half GRE
inding site (2246) since neither MR nor GR bound to
9

his element in EMSA (data not shown). These data
uggest that the potential MRE/GRE at position 2574
ay play a role in conferring aldosterone responsive-

ess to the a1 promoter.

Corticosteroid induction of mineralocorticoid/gluco-
orticoid response element (MRE/GRE). To examine
hether the sequence extending from 2574 to 2598 bp

onstitutes a functional MRE/GRE, a double-stranded
ynthetic oligonucleotide corresponding to the putative

FIG. 3. (A) Schematic representation of the Na/K ATPase a1 gene
romoter fragments. These consisted of the 59 promoter and 124 bp of
he first exon linked upstream of a promoterless luciferase gene in
GL-3 basic vector. Length of the fragment is shown with respect to the
ranscription start site (S). (B) MR and GR induced gene expression of
arious deletion constructs in COS-1 cells. Five micrograms of each
eporter deletion construct of Na/K ATPase a1 and 1 mg of MR expres-
ion plasmid (RshMR) or GR (RshGR) along with 1 mg of b-galactoside
xpression plasmid (pSVb-gal) were transfected into COS-1 cells either
y electroporation or by SuperFect. Cell treatments and luciferase as-
ays were exactly the same as in Fig. 1. MR showed relatively more
nduction by aldosterone compared to GR for all the reporter constructs.
he results are the mean of five independent experiments each run in
riplicate and all the values were normalized to b-galactosidase activity.
he error bars indicate 6SEM.
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RE/GRE sequence (59 AGATCTAGTCACAGGAG-
CACTCTGAGAGCAA 39) was cloned at the BglII site

f a neutral thymidine kinase (tk) promoter in the
uciferase reporter gene. As shown in Fig. 4, cells
ransfected with a reporter construct bearing MRE/
RE along with the MR demonstrated a 6-fold induc-

ion, whereas cells transfected with GR were induced
.8-fold. MRE/GRE exhibited lower activity in the
ransactivation assays which may be due to deletion of
ultiple downstream and upstream sequences and

imited availability of basal transcription factors that
re required for binding and transcriptional activation.
oreover, luciferase activation was observed both for
R and GR suggesting that this element MRE/GRE is

esponsive to both aldosterone and TA. Since MR acti-
ation of the reporter construct MRE-59-tk-Luc was
ound to be slightly higher than GR, the sequence
xtending from 2574 to 2598 bp of the human Na/K
TPase a1 promoter may be preferentially induced by
ldosterone. To determine the statistical significance of
hese data, we performed a paired t-test analysis for
ve sets of normalized luciferase values with b-gal and

ound a p-value of 0.05. This suggests that this element
RE/GRE may prefer the MR to the GR.

Mutational analysis of the MRE/GRE element. We
urther examined the effects of mutations created in
he functional wild type element on transcriptional

FIG. 4. MR and GR dependent transcriptional induction of MRE/
RE in COS-1 cells. Synthetic element MRE/GRE from Na/K ATPase

2574 to 2598) driven by the tk-promoter-induced luciferase reporter
ene in COS-1 cells by aldosterone and TA. Reporters (5 mg), MR (1 mg),
R (1 mg), and 1 mg of pSVb-gal plasmid were transfected and luciferase
ssays were carried out as described earlier. Treatments were exactly
he same as in the previous figure. The results are the mean of five
ndependent experiments each run in triplicate and normalized with
-galactosidase activity. The error bars indicate 6SEM.
10
ctivation. Mutations were created in either the first
alf site, the second half site or by changing both half
ites of this element. All three mutated elements (Fig.
A) were cloned under the same heterologous neutral
k-promoter and transfected into COS-1 cells along
ith either MR or GR. Luciferase assays were per-

ormed after treating the cells with aldosterone or TA
or 24 h. None of the mutated constructs showed activ-
ty with MR (Fig. 5B) whereas moderate expression
as observed with GR when the mutation was created

n the first (mut 1) or second (mut 2) half site, however,
nly basal level of activity was observed when both half

FIG. 5. Mutational analysis of the mineralocorticoid/gluco-
orticoid response element. (A) Wild type and mutated MRE/GRE
ligonucleotides used in cloning under tk-promoter. MRE/GRE rep-
esents wild type element and half sites are marked with asterisks.
RE/GRE-mut 1, MRE/GRE-mut 2, and MRE/GRE-mut 3 are mu-

ant versions of MRE/GRE and bases are underlined where the
utations were created. COS-1 cells were transfected with 5 mg of

uciferase reporter plasmid containing either a wild type sequence of
he Na/K ATPase a1 gene promoter from 2574 to 2598 or the
utated sequence created in one or both half sites upstream of

k-promoter along with either 1 mg of (B) MR (RshMR); or (C) GR
RshGR) expression plasmids and 1 mg of pSVb-gal plasmid. Cell
reatment and luciferase assays were exactly the same as in the
revious figures. The results are the mean of three independent
xperiments each run in triplicate and normalized with b-galac-
osidase activity. The error bars indicate 6SEM.
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ites were mutated (Fig. 5C, mut 3). All the luciferase
alues were normalized with b-gal for the variations in
ransfection efficiencies.

Binding of overexpressed MR and GR to MRE/GRE.
o confirm that regulation of the a1 promoter by aldo-
terone involves binding of the MR to the promoter,
lectrophoretic mobility assay (EMSA) was performed
sing a 32P-labeled synthetic MRE/GRE element and
he overexpressed proteins containing either MR or GR
n COS-1 cells as described in Materials and Methods.
s shown in Fig. 6A, lane 1 represents the binding
attern of mock transfected extract. The MR bound
pecifically to the MRE/GRE in lane 2. Pre-incubation
ith an anti-MR antibody supershifted the complex

Fig. 6A, lane 3) indicating the presence of MR in the
rotein-DNA complex whereas non-immune serum
ad no effect on this complex (data not shown). A major
on specific complex could be seen in all lanes (lanes
–3) which is not marked with an arrow. To determine
he binding pattern of GR to the same element similar

FIG. 6. Electrophoretic mobility shift assay (EMSA). MR (5 mg) or
ldosterone and TA (100 nM), respectively, for 24 h. Whole cell extr
arried out with 8 mg of WCE and a 32P-labeled MRE/GRE element
ethods. (A) Lane 1, Mock transfected COS cell extract; lane 2, MR;
NA binding domain of the human MR) (36); lane 4, free probe MRE
, GR; lane 2, GR with antiGR antibody (raised against the DNA bin
ane 4, nonimmune serum; lane 5, free probe. GR complex is shown w
nd the rest of the two partially. (C) Lanes 1 and 2, competition with
ane 5, a nonspecific Sp1 oligonucleotide; lane 6, free probe MRE/GR
rom a different EMSA gel. The data are representative of 3 indepe
11
MSA was performed with whole cell extract contain-
ng GR. Unlike MR, the GR gave three complexes with

RE/GRE element (Fig. 6B, lane 1) which may be
robably due to homo- or heterodimerization. The spec-
ficity of this complex was determined by incubating
he extract with an antiGR antibody where the top
omplex was cleared and the second partially suggest-
ng that the complex is GR specific. It may be noted
hat the MR complex was supershifted whereas GR
omplex was cleared by respective antibodies. How-
ver, an anti-MR antibody and non-immune serum had
o effect on this complex (Fig. 6B, lanes 4 and 5). We
urther tested the specificity of complex by cold oligo-
ucleotide competition experiments. Binding of this
omplex was competed in a concentration-dependent
anner upon pre-incubation of the whole cell extracts
ith the unlabeled GRE and MRE/GRE oligonucleo-

ide as indicated (Fig. 6C, lanes 1, 2 and 3, 4 respec-
ively), whereas Sp1 (lane 5), a non-specific oligonu-
leotide (except the top complex), and mutant oligo-

(5 mg) was transfected separately into COS-1 cells and treated with
s (WCE) were prepared after 48 h of transfection and EMSA were
a 6% polyacrylamide/0.53 TBE gels as described in Materials and
e 3, MR with antiMR antibody (raised against N-terminus and the
E. MR and supershifted complex are marked with arrows. (B) Lane
g domain of the human GR) (36); lane 3, GR with antiMR antibody;
3 arrows of which the top complex is cleared fully with GR antibody
e GRE 31 element; lanes 3 and 4, cold competition with MRE/GRE;
s indicated. Lane 4 in Fig. 6A and lane 5 in Fig. 6B, were originated
nt experiments.
GR
act
on
lan

/GR
din
ith
th

E a
nde
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ucleotides (Fig. 5A) had no effect on this complex
data not shown). However, GRE 31 was a very weak
ompetitor compared to MR due to the sequence anal-
gy (compare Fig. 6B, lane 1 and Fig. 6C, lanes 1 and
). These data suggest that MR and GR bind directly to
he a1 promoter and regulate the expression of the a1
ene. These results also correlated with gene expres-
ion analyses in previous experiments (Fig. 4).

Identification of a mineralocorticoid/glucocorticoid
esponse element in human Na/K ATPase a1 promoter
y DNase I footprinting. In order to further confirm
he identified cis-acting element in the promoter of the
uman Na/K ATPase a1, DNase I footprinting assays
ere performed using the entire promoter between
744 to 1124 after making two pieces ((A) 2504 to
124 and (B) 2744 to 2504)) separately as a probe. As

hown in the Fig. 7B there were large protected regions
or both MR and GR on one of the two DNA fragments
hich contains the above identified MRE/GRE (B)

lanes 3 and 4), whereas no protection was observed in
he absence of the functional element on proximal frag-
ent (A) by the Sf9 nuclear proteins (Fig. 7A). As an

xperimental control nuclear proteins from Sf9 wild
ype cells did not protect the DNA binding against
Nase I treatment (lanes 2). Another control was also

un parallel where the sample does not contain nuclear
roteins (lane 1). This confirms the binding of both MR
r GR to the cis-acting element MRE/GRE as observed in
he case of electrophoretic mobility shift assay (EMSA).

ISCUSSION

Aldosterone is a mineralocorticoid hormone that
lays a major role in regulating sodium and potassium
nd modulates cellular ion ‘homeostasis’. It is involved
n the control of blood pressure and is implicated in
ome pathological disorders. Aldosterone exerts its ef-
ects by acting through a ligand-activated transcription
actor, the MR (NR3C2) (12) at least in part through
he regulation of Na/K ATPase gene expression by
cting at the transcriptional level. Tissue specific and
ther transcriptional factors may interact with the MR
NR3C2) to modulate this regulatory response (8).
a/K ATPase is an integral membrane protein respon-

ible for the transport of sodium and potassium across
he plasma membrane in an ATP dependent manner
3). We and others have demonstrated that the human
a/K ATPase is transcriptionally regulated by aldoste-

one (38) and may involve a direct interaction of MR
NR3C2) with potential hormone response elements
resent in the promoter region of these genes (36). We
emonstrated that the Na/K ATPase gene expression
as induced by aldosterone in 293 kidney cells utiliz-

ng nuclear run-off transcription assays (11). We have
hown previously that induction of gene expression by
ldosterone appears to be at the level of transcription
12
hat does not require de novo synthesis of an interme-
iary protein since the transcriptional up-regulation
as not global (11). The molecular mechanism of the

ranscriptional regulation by MR remains unclear. Re-
ently, we have demonstrated that either MR or GR
as able to induce the human Na/K ATPase b1 gene
romoter, however, in the presence of both MR and GR
n inhibitory effect was observed (36).
In the present investigation, we carried out transac-

ivation studies of the Na/K ATPase a1 gene promoter
y both mineralocorticoid and glucocorticoid receptors
n COS-1 and CV-1 cells, since these cells express little
r no endogenous receptors. We detected an increased
nduction of gene expression from the full length pro-

oter after 100 nM aldosterone or 100 nM TA treat-

FIG. 7. DNase I footprinting analysis of the human Na/K ATPase
1 promoter with overexpressed Sf9 nuclear proteins by MR and/or GR.
ootprinting reactions were performed as described under Materials
nd Methods. Reactions were carried out in the absence or presence of
uclear extracts (20 mg) of wild type Sf9, cells overexpressed with the
R or GR after treating the cells with aldosterone (100 nM) and TA

100 nM) respectively. probes were prepared by end-labeling the puri-
ed fragments with [g-32P]ATP and the samples were run on a dena-
uring 6% polyacrylamide/8 M urea gel. (A) Proximal promoter region
2504 to 1124); (B) distal promoter region containing the identified
lement (2744 to 2504). Lanes 1, without nuclear extract, lanes 2, Sf9
ild type extract; lanes 3, overexpressed MR; and lanes 4, overex-
ressed GR. Brackets indicates the footprinted regions and the nucle-
tides protected by both MR and GR. The data are representative of 3
ndependent experiments.
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ent respectively. In addition, we observed a slight,
et statistically significant, increase in MR induced
ene expression from both CV-1 (13.5-fold vs 10-fold)
nd COS-1 cells (16-fold vs 12-fold). To identify DNA
equences required for hormone activation we per-
ormed promoter analysis using 59 deletions fused up-
tream to a luciferase gene. The complete nucleotide
equence of the Na/K ATPase a1 gene and the unidi-
ectional deletions created in it allowed us to identify
otential hormone response elements. We identified a
onsensus half GRE binding site at 2246 bp and a
ompletely functional MRE/GRE between 2574 to
598 bp where the two half sites are separated by 12
p that was mineralocorticoid/glucocorticoid respon-
ive. Moreover, each half site exhibits a sequence mis-
atch with a consensus GRE. The functionality of this

lement was tested by cloning it upstream of a heter-
logous neutral tk-promoter under the luciferase gene
n pGL3 vector. We demonstrate that both aldosterone
nd TA transactivate the gene expression from the
dentified MRE/GRE in COS-1 cells (6 and 3.8-fold
espectively) where the MR is preferred to the GR.
hus these data confirm that this MRE/GRE may be
ore MR-responsive than response elements previ-

usly described. These results were correlated with the
arlier results obtained with the deletion constructs
here induction was observed in the presence of this

lement. Interestingly, when we created mutations in
ither half site the transactivation was completely in-
ibited to basal level with MR, which suggest an im-
ortant role for this sequence in response to hormones,
hereas little effect was observed in the presence of
R using the same set of mutants. These observations
lso fulfill the requirement of two half sites, to which
oth MR and GR bind as homo- or heterodimers to act
s a functional MRE/GRE. The presence of multiple
lements either in a full length promoter or cloned in a
andem repeat under a heterologous promoter has
een described and an increase in the transcriptional
ctivity by MR was observed recently (39). It has also
een reported in the literature that multiple EREs
Estrogen Response Elements) upstream of a promoter
esponded in a linear fashion to estrogen (40). How-
ver, little effect was observed in the promoter of Na/K
TPase a1 where we found half GREs in addition to

he identified functional element.
To examine whether there is any direct interaction of
RE/GRE sequence with either MR or GR we overex-

ressed these receptors in COS-1 cells and performed
MSA. We demonstrate that the activated human MR

NR3C2) (12) and GR (NR3C1) (12) were specifically
ound to MRE/GRE. Importantly, the bound complex
as supershifted using an antiMR antibody but not
ith an antiGR antibody and formed a single complex
ith MR upon protein-DNA interaction. However,

hree protein DNA complexes were formed with GR to
he same element. Formation of multiple DNA-protein
13
omplexes under in vivo conditions have been reported
arlier both for MR and GR suggesting the existance of
omo- or hetero dimers (41–43). The possibility that
ther cellular factors may be required for the formation
f the complex with the MR (NR3C2) and GR (NR3C1)
annot be ruled out. Transcriptional regulation by glu-
ocorticoids is well established when compared to min-
ralocorticoids and composite GRE binding sites are
ecessary to bind receptor as well as other factors (44,
5). For example, the composite GRE was bound selec-
ively in vitro both by GR and by c-Fos and c-Jun,
omponents of the phorbol ester-activated AP-1 tran-
cription factor (44). However, it is not clearly under-
tood whether the MR also has similar requirements.
hese observations were further confirmed by DNase I

ootprinting analyses where we detected protection
hen MR or GR containing extracts were used but not
ith wild type cell extract or no extract. Thus, these
ata indicate that a direct interaction of the Na/K
TPase a1 gene promoter both with MR and GR in-
olved in gene regulation by corticosteroid hormones
ldosterone and a synthetic glucocorticoid analog TA.
In conclusion, regulation of Na/K ATPase gene ex-

ression involves a direct interaction of MR and GR
espite their physiological differences and tissue spe-
ific expression. It has been shown previously that
teroid hormones regulate Na/K ATPase gene expres-
ion purely in tissue specific manner (7, 8). Moreover,
issue specific factors may also be involved in confer-
ing mineralocorticoid specificity. Further studies on
he interaction of the MR with other transcription fac-
ors, coactivators such as SRC-1, GRIP1, RIP-140 and
orepressors like NcoR and SMRT should permit elu-
idation of the mechanisms by which the MR (NR3C2)
egulates transcription of aldosterone target genes (20,
4, 25, 28, 46, 47).
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