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Aldosterone andendothelin-1 (ET-1) act on collectingduct cells
of the kidney and are important regulators of renal sodium trans-
port and cardiovascular physiology. We recently identified the
ET-1 gene (edn1) as a novel aldosterone-induced transcript. How-
ever, aldosterone action on edn1 has not been characterized at the
present time. In this report, we show that aldosterone stimulated
edn1mRNA in acutely isolated rat innermedullary collecting duct
cells ex vivo and ET-1 peptide in rat inner medulla in vivo. Aldos-
terone inductionof edn1mRNAoccurred in cortical, outermedul-
lary,andinnermedullarycollectingductcells invitro. Inspectionof
the edn1 promoter revealed two putative hormone response ele-
ments. Levels of heterogeneous nuclear RNA synthesis demon-
strated that edn1mRNA stimulation occurred at the level of tran-
scription. RNA knockdowns corroborated pharmacological
studies and demonstrated both mineralocorticoid receptor and
glucocorticoid receptor participated in this response. Aldosterone
resulted in dose-dependent nuclear translocation and binding of
mineralocorticoid receptor and glucocorticoid receptor to the
edn1 hormone response elements. Hormone receptors mediated
the association of chromatin remodeling complexes, histonemod-
ification, and RNA polymerase II at the edn1 promoter. Direct
interaction between aldosterone and ET-1 has important implica-
tions for renal and cardiovascular function.

The steroid hormone aldosterone is critical for sodium
homeostasis and blood pressure control. Aldosterone works by
modulating the fine regulation of sodium reabsorption in the
distal nephron and collecting duct of the kidney. Classic aldos-
terone action ismediated through themineralocorticoid recep-
tor (MR),3 a member of the nuclear receptor family of proteins

that function as ligand-dependent transcription factors (1).MR
acts on cells of the distal nephron and collecting duct to stim-
ulate transcription of genes involved in transepithelial sodium
transport, including the epithelial sodium channel � subunit
(scnn1a, �ENaC), the sodium, potassium-ATPase �1 subunit
(atp1a1), and the serum- and glucocorticoid-regulated
kinase-1 (sgk1) (2). The increase in expression of genes involved
in sodium transport results in net sodium reabsorption fol-
lowed by in increase in extracellular fluid volume and a conse-
quent increase in blood pressure. Indeed, MR antagonists such
as spironolactone and eplerenone are used clinically as diuretic
and anti-hypertensive agents (3).
The mechanism of MR action is consistent with a classic

steroid receptor mechanism (4). Prior to activation MR resides
in the cytosol. Ligand binding induces a conformational change
that releases chaperone proteins and reveals a nuclear localiza-
tion signal. Nuclear MR binds directly to DNA at hormone
response elements (HREs) in target genes to modulate their
transcription. A typical HRE for MR consists of two receptor
binding half-sites with the consensus sequence 5�-TGTTCT-
3�, arranged as an inverted palindrome (1, 5). These HREs facil-
itate binding of steroid receptors in a dimeric conformation.
Once bound to a gene promoterMR serves as a molecular plat-
form for the recruitment of transcription factors such as the
steroid receptor coactivator-1 (SRC-1) and RNA polymerase II
(6–8).
MR is highly homologous to the glucocorticoid receptor (GR)

(1) and canbind glucocorticoidswith equal affinity to aldosterone.
However, inappropriate glucocorticoid activation of MR can lead
to severe hypertension (9). Aldosterone-responsive cells are pro-
tected from glucocorticoids by the activity of 11�-hydroxysteroid
dehydrogenase type 2, an enzyme that converts glucocorticoids
into 11-ketosteroids that have very little affinity for MR or other
steroid receptors (10, 11).Alternatively,GRcanbindmineralocor-
ticoids (Kd�14–60nM)andmaycontribute toaldosteroneaction
(1). MR and GR share 94% homology in their DNA binding
domains andhaveconservedaminoacids at each residue shownto
make direct contacts with DNA (1, 12). Indeed, MR and GR are
known to bind to the sameHRE in several genes (13–18).
Previously, we identified endothelin-1 (edn1) as a transcript

and protein that increases in response to aldosterone in inner
medullary collecting duct (mIMCD-3) cells (19). Similarly, this
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interaction has been documented in whole kidney extracts
from rat (20). The gene product of edn1 is a 212-amino acid
prepropeptide that is enzymatically processed to form the bio-
logically active 21-amino acid peptide, ET-1. ET-1 plays a com-
plex role in cardiovascular and renal physiology. Several reports
have demonstrated aldosterone induction of edn1 in vascular
smooth muscle and cardiac tissue (21, 22). In these cell types,
systemic ET-1 is largely vasoconstrictive and profibrotic.
Indeed, both hormones have been implicated in cardiac and
renal fibrosis, glomerular damage, and proteinuric disease (10,
23, 24). In the kidney, ET-1 has effects on renal hemodynamics
(25, 26), sodium and water homeostasis (27–31), and acid-base
balance (32). These same processes are also influenced by
aldosterone. However, renal ET-1 is a well documented natri-
uretic peptide that directly blocks sodium transport in the
tubule collecting duct (28, 33–37). The physiological impor-
tance of collecting duct ET-1 is emphasized by the fact that
collecting duct cell-specific edn1 knock-out mice exhibit salt-
sensitive hypertension (31). Thus, in the renal collecting duct,
the actions of aldosterone and ET-1 on sodium transport
directly oppose each other.
The goal of the present report was to characterize aldoster-

one regulation of edn1 in the renal collecting duct. Indeed,
studies presented here demonstrate aldosterone-stimulated
edn1 in cortical, outer medullary, and inner medullary collect-
ing duct cells in vitro and edn1 and ET-1 peptide in the rat
kidney in vivo. Putative HREs in the edn1 promoter were iden-
tified. These elements were evaluated for the recruitment of
hormone receptors and the assembly of an aldosterone-
dependent transcription complex.

MATERIALS AND METHODS

Chemicals—Aldosterone (Fluka), spironolactone and RU486
(Sigma) were prepared in 100% ethanol and stored at �20 °C.
Collagenase type I (MP Biomedicals), hyaluronidase type IV
(Sigma), andDNase I (Sigma) were prepared fresh on the day of
the experiment.
Animals—Male Sprague-Dawley rats (300–350 g) were

obtained from Harlan and housed at the University of Florida
Animal Care Services rodent facilities. Standard rat chow and
tap water were provided ad libitum. All procedures adhered to
the Animal Care Services guidelines and were approved by the
University of Florida Institutional Animal Care and Use
Committee.
Acute Isolation of Rat IMCD Cells—Rats were euthanized by

sodium pentobarbital (50 mg kg�1 body weight) and cervical
dislocation. Kidneys were immediately removed, and the inner
medulla was carefully dissected for acute IMCD isolation
according to Stricklett et al. (39). In brief, minced tissue was
incubated at 37 °C in a digestion solution containing collagen-
ase type I (3 mg/ml), hyaluronidase type IV (2 mg/ml), and
DNase I (0.1 mg/ml). Digested IMCD cells were collected by
centrifugation through a sucrose buffer. Isolated IMCDs were
resuspended in Dulbecco’s modified Eagle’s medium/F-12 and
equilibrated in a 5% CO2 incubator at 37 °C for 20 min. Inner
medullas from the left and right kidney of each rat were pro-
cessed in tandem, but separately, to allow for a paired analysis
between vehicle (0.04% ethanol) and 1 �M aldosterone treat-

ments. Thus, each rat served as its own internal control. After
1 h cells were immediately pelleted by gentle centrifugation at
4 °C and resuspended in TRIzol�Reagent (Invitrogen) for RNA
isolation as described below.
Aldosterone Administration in Rat and ET-peptide Measure-

ment—Rats were given an intraperitoneal injection (1 ml kg�1

body weight) of aldosterone (1mg kg�1) or vehicle (2% ethanol in
saline). After 2 h rats were anesthetized with inhaled isoflurane,
and kidneys were flushed by an aortic perfusion of ice-cold phos-
phate-buffered saline with the vena cava vented. Kidneys were
removed and dissected into cortex, outer medulla, and inner
medulla. Tissues were immediately snap frozen in liquid nitrogen
and stored at �80 °C until use. ET-1 was extracted from renal
tissues using aprotocol originally describedbyYorikane et al. (40).
ImmunoreactiveET-1peptidewasdetectedby chemiluminescent
enzyme-linked immunosorbent assay (R&D Systems) and nor-
malized to totalproteincontentasdeterminedbystandardprotein
assays (Bio-Rad).
Cell Culture and Aldosterone Treatment—All cells were

maintained in Dulbecco’s modified Eagle’s medium/F-12 plus
10% fetal bovine serum and 50 �g/ml gentamicin. The mpkC-
CDc14 cells were a kind gift of Dr. Alain Vandewalle (41),
OMCD1 cells were a kind gift of Dr. Thomas DuBose (42),
IMCD-K2 cells were a gift of Dr. Bruce Stanton (43), and
mIMCD-3 cells were purchased from ATCC. For all hormone
experiments cells were grown 24 h past confluency and
changed toDulbecco’smodified Eagle’smedium/F-12 plus 10%
charcoal-dextran-stripped fetal bovine serum (Invitrogen).
After 24 h, cells were treated with vehicle (ethanol) or aldoster-
one (0.01–1 �M) for 1 h.
Steady-state mRNA Determination—Hormone studies were

conducted as described above on growth-arrested confluent
monolayers grown in 6-well Costar Transwell plates (Corning).
The final concentration of ethanol in all treatments was 0.1%.
Total RNA (2�g)was isolated fromcells usingTRIzol�Reagent
(Invitrogen), treated with DNase I (Ambion) to eliminate
genomic DNA, and reverse transcribed using oligo(dT), ran-
dom hexamers, and SuperscriptTM III (Invitrogen). No reverse
transcriptase served as a negative control. Resulting cDNAs (32
ng) were used as templates in duplicate QPCR reactions
(Applied Biosystems). Cycle threshold (Ct) values were normal-
ized against �-actin (actb), and relative quantification was per-
formed using the ��Ct method (38). Primer/probe sets for edn1,
sgk1, and actb were purchased from Applied Biosystems: rat
edn1 (Rn00561129_m1), rat sgk1 (Rn00570285_m1), rat actb
(4352931E), mouse edn1 (Mm00438656_m1), mouse sgk1
(Mm00441380_m1), and mouse actb (Mm00607939_s1).
Heterogeneous Nuclear RNA Assay—As described by Lipson

and Baserga (44), levels of unspliced edn1 hnRNA were
detected using primers designed to amplify a region between
exon 4 and intron 4 (forward: 5�-gaagtgtatctatcagcagctgg-3�;
reverse: 5�-agaccatgacgactctattactgg-3�). QPCR reactions were
set up with 32 ng of cDNA, 200 nM of each primer, and SYBR
Green mastermix (Bio-Rad). Expression of hnRNA was
normalized to glyceraldehyde-3-phosphate dehydrogenase
(gapdh) mRNA (forward primer: 5�-gaagcccatcaccatcttcc-3�;
reverse primer: 5�-tgatgatccttttggctcc-3�). Edn1 hnRNA and
gapdh primers were validated for QPCR over 4 orders of mag-
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nitude of input cDNA for similar PCR efficiency (data not
shown). Melting curves (55–95 °C) and agarose gel electro-
phoresis were used to verify product size.
Nuclear Translocation Western Blots—Hormone experi-

ments were conducted in mIMCD-3 cells as described above
except that cells were grown in 150-mmdishes (Corning). Cells
were treated with vehicle (0.15% ethanol), aldosterone, antago-
nist, or aldosterone plus antagonist. Antagonists, spironolac-
tone and RU486, were supplied at the final concentration of 10
�M in each experiment. In some cases, cells were pretreated
with antagonists 1 h prior to aldosterone treatment. Cytoplas-
mic and nuclear extracts were obtained using the NE-PER�
Reagents (Pierce Biotechnology). Protein concentrations were
determined using the Bradford assay, and 90 �g was separated
on a 7.5% SDS-PAGE Ready gel (Bio-Rad). Proteins were trans-
ferred to polyvinylidene difluoride overnight and visualized by
Ponceau S. Membranes were blocked with 2% Rodeo blocker
plus 0.05% saddle soap (U. S. Biochemical Corp.) in Tris-buff-
ered saline. ThemonoclonalMRantibodywas a kind gift ofDrs.
Elise and Celso Gomez-Sanchez (45). Detailed information on
all primary and secondary antibodies used is listed in supple-
mental Table 1. Blots were washed with blocking solution and
developed with RodeoTM ECL Western blot Detection
Reagents (U. S. Biochemical Corp.). Densitometric analysis was
performed with Quantity One� software (Bio-Rad).
For each nuclear translocation experiment blots were

stripped using 2% SDS plus 10% �-mercaptoethanol for 30
min at 70 °C. Blots were redeveloped to ensure completely
antibody stripping, washed, and reprobed using another pri-
mary antibody.
Hormone Receptor Knockdown—MR-siRNA (J-061269-09

NR3C2), GR-siRNA (J-045970-10 NR3C1), and control non-
targeting siRNA (#2 D-001210-02-05) were purchased from
Dharmacon (Lafayette, CO). Cells were seeded at a density of
75,000 cells per cm2 on 6-well Transwell plates (Corning) and
transfected for 24 h with 2 �M siRNA in 6 �l of DharmaFect 4.
At the time of transfection cells were switched to phenol-red
free Dulbecco’s modified Eagle’s medium/F-12 plus 10% char-
coal-dextran-stripped fetal bovine serum. After 24 h the cells
were treated with 1 �M aldosterone or vehicle for 1 h. RNAwas
extracted and processed as described above for QPCR.
Chromatin Immunoprecipitation Assays—ChIP assays were

performed as previously described by Leach et al. (46). Briefly,
cells were fixed with 1% formaldehyde and quenched with gly-
cine. Nuclei were isolated, and DNAwas sonicated to�500 bp.
Fragment length was verified by gel electrophoresis. Specific
antibodies (supplemental Table 1) were used to immunopre-
cipitate DNA-protein complexes on bovine serum albumin-
blocked protein-A-Sepharose beads. Cross-linkswere reversed,
and DNA fractions were analyzed for bound edn1 by PCR.
Primers: forward 5�-tctgatcggcgatactaggg-3� and reverse 5�-cg-
ctcttgaatcccagctac-3�, amplify a 235-bp region containing puta-
tive HREs (Fig. 5A). Standard PCR products were visualized
with SYBRGreen on a 5%Tris-borate-EDTA gel. Alternatively,
bound edn1 was quantified by QPCR using SYBR Green mas-
termix (Bio-Rad). Values were normalized to total input DNA
and are expressed as -fold change relative to control. Primers
were validated for quantification by analyzing PCR efficiency

over a serial dilution of input DNA. Melting curves confirmed
specific PCR products and melting temperatures (data not
shown).
Coimmunoprecipitation—Cytosolic and nuclear extracts

(175 �g) obtained from vehicle- and aldosterone-treated
mIMCD-3 cells were diluted to a final volume of 250 �l in
phosphate-buffered saline with fresh protease inhibitors
(Roche Applied Science). Diluted samples were pre-cleared
with 30 �l of bovine serum albumin-blocked protein-A Sepha-
rose beads and 0.4 �g of normal mouse IgG (Santa Cruz Bio-
technology) for 30min at room temperaturewith end-over-end
rotation. Following gentle centrifugation supernatants (240 �l)
were collected and subjected to immunoprecipitation with
anti-MR or anti-GR (see supplemental Table 1) and 40 �l of
blocked protein-A-Sepharose beads for 1 h. Beadswere pelleted
and washed three times with ice-cold phosphate-buffered
saline plus protease inhibitors. Wash supernatants were
removed with flat-head gel-loading tips (USA Scientific) after
each wash. Washed samples were resuspended in 40 �l of 2�
lithium dodecylsulfate plus 10% �-mercaptoethanol, boiled for
5 min, and subjected to Western blotting as described above.
DNA-affinity Purification Analysis—Cytosolic and nuclear

extracts obtained frommIMCD-3 cells as described abovewere
subjected to DNA-affinity purification analysis (DAPA) as
described by Deng et al. (47). Double-stranded DNA probes
were biotinylated on 5�-ends (SigmaGenosys) andwere homol-
ogous to HRE 1 (half-sites underlined): 5�-agacttggtggaaggggt-
ggtggtggaaaagt-3� or HRE 2: 5�-ggatgtacctgacaaaaccacattgtt-
gttgttatc-3� in the edn1 promoter (Fig. 6,A and B). Probes were
immobilized on 50 �l of streptavidin-coated agarose beads and
incubated with 175 �g of cellular extract in the presence of
freshly prepared protease inhibitors (Roche Applied Science)
for 1 h at room temperature with end-over-end rotation. Beads

FIGURE 1. Aldosterone stimulates inner medullary ET-1 expression in rat.
A, IMCD cells were acutely isolated from rat and treated with vehicle (open
bars) or 1 �M aldosterone (closed bars) for 1 h ex vivo. Levels of edn1 and sgk1
mRNA were determined by QPCR, normalized to �-actin, and expressed as
-fold change relative to vehicle � S.E. (n � 4, *, p � 0.05, **, p � 0.005). B, inner
medullary ET-1 peptide levels were measured in kidneys isolated from rats
injected with aldosterone (1 mg kg�1 body weight, intraperitoneally) or vehi-
cle for 2 h. Inner medullary ET-1 peptide levels were determined by enzyme-
linked immunosorbent assay and normalized to total protein content. Values
are expressed as ET-1 (picograms/mg of protein) � S.E. (n � 8 per group; *,
p � 0.05).
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were pelleted. Supernatants were
removed and used for input controls
by Western blotting for actin. Pel-
leted beads were washed four times
with ice-cold phosphate-buffered
saline plus protease inhibitors. After
the final wash, all liquid was aspi-
rated from the beads with flat-
headed gel loading tips, and 50 �l of
2� lithium dodecylsulfate (Invitro-
gen) plus �-mercaptoethanol. Sam-
ples were boiled for 5min, chilled on
ice, and loaded onto a 7.5%Tris-HCl
SDS-PAGE Ready Gel (Bio-Rad) for
electrophoresis. Purified proteins
were identified by Western analysis
as described above except that blots
were washed with Tris-buffered
saline plus 0.05% saddle soap with-
out blocking reagent. Equal loading
was controlled for by Bradford
assay, input control Western blots
against actin, and reprobing DAPA
blots with actin.
Statistics—Data are presented as

the means � S.E. Unless otherwise
stated all experiments were per-
formed in duplicate at least three
independent times. Statistical sig-
nificance was calculated using the
two-tailed Student’s t test, and p �
0.05 was considered significant.

RESULTS

Aldosterone Stimulates ET-1 in
Rat Inner Medulla—Renal collect-
ing duct cells are a target cell type for
aldosterone action in the body.
Indeed, our original report showed
stimulation of edn1mRNAby aldos-
terone occurred in mIMCD-3 cells
(19). To determine if collecting
duct cells were also the target cell
type in the animal, aldosterone
studies were conducted on acutely
isolated rat IMCD cells ex vivo.
Following a brief equilibration,
IMCD cells isolated from a single
rat were separated for a paired
analysis between vehicle- and 1 �M

aldosterone treatments. After 1 h,
aldosterone led to a 41 � 6%
increase in edn1 mRNA expression
compared with control (Fig. 1A).
The observed stimulation in edn1
exceeded the 28� 5% increase in the
mRNA of the well established aldos-
terone response gene sgk1 (48, 49).
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Animal studies were extended to investigate the level of ET-1
peptide in rat kidney. Consistent with published reports, basal
levels of ET-1 were 50 times greater in the inner medulla com-
paredwith cortex or outermedulla (supplemental Table 2) (50).
Aldosterone injection (1 mg kg�1 body weight, intraperitone-
ally) resulted in an approximate 2-fold increase in inner med-
ullary ET-1 levels compared with control (Fig. 1B). The obser-
vation that aldosterone stimulated ET-1 in inner medulla in
vivo, combined with the known role of ET-1 in modulating
renal sodium transport (27, 28), supports the hypothesis that

ET-1 is a regulator of aldosterone action in the mammalian
kidney.
Aldosterone Stimulates Dose-dependent Transcription of

Edn1 in Collecting Duct Cells—To determine if the stimulation
of edn1 by aldosteronewas specific to IMCDcells orwas amore
generalized collecting duct cell response, the effect of aldoster-
one was evaluated in three renal cell lines thought to be repre-
sentative of cortical, outer medullary, and inner medullary col-
lecting duct cells. These cell lines were mpkCCDc14 (41),
OMCD1 (42), andmIMCD-3 (19, 51), respectively. Aldosterone
(1 �M) led to an approximate 3-fold increase in edn1mRNA at
1 h in each cell line (Fig. 2A). Aldosterone also stimulated a
2.5 � 0.4-fold increase in edn1mRNA in mIMCD-K2 cells, an

FIGURE 2. Aldosterone stimulates edn1 mRNA and hnRNA in collecting duct cells. A, growth-arrested confluent monolayers of mpkCCDc14, OMCD1, or
mIMCD-3 cells were treated with vehicle (open bars) or 1 �M aldosterone (closed bars) for 1 h. Steady-state edn1 mRNA was measured by QPCR, normalized to
�-actin, and expressed as mRNA -fold change relative to vehicle � S.E. B, aldosterone dose-response studies were conducted on mIMCD-3 cells treated with
vehicle or aldosterone (0.01, 0.1, or 1 �M) for 1 h. Steady-state mRNA of edn1 or sgk1 was quantified as above. C, levels of edn1 hnRNA were also determined from
dose-response studies conducted on mIMCD-3 cells. hnRNA was measured by SYBR Green QPCR, normalized to gapdh, and expressed as hnRNA -fold change
relative to vehicle � S.E. (n � 3, *, p � 0.05, **, p � 0.005).

FIGURE 3. Aldosterone action in mIMCD-3 cells is mediated through MR
and GR. A, receptor nuclear translocation was followed by Western blot for
MR (top panel) and GR (middle panel) on cytosolic and nuclear extracts
obtained from mIMCD-3 cells treated with vehicle or aldosterone (0.01, 0.1, or
1 �M) for 1 h. Blots were stripped and reprobed for actin (lower panel) to verify
equal loading. B and C, densitometry was used to quantify the relative abun-
dance of MR (B) and GR (C) in the nucleus. Values are expressed as the -fold
change in intensity units (IU) relative to vehicle control � S.E. (n � 3; *, p �
0.05; **, p � 0.005).

FIGURE 4. Blockade of MR or GR inhibits aldosterone induction of edn1
mRNA. A, the effect of pharmacological inhibition of MR or GR on aldoste-
rone-stimulated edn1 mRNA was evaluated in mIMCD-3 cells. Cells were
treated with vehicle (veh, open bars), 1 �M aldosterone (aldo, closed bars), or
1 �M aldosterone in the presence of either 10 �M spironolactone (spiro) or 10
�M RU486 for 1 h. Edn1 mRNA levels were determined by QPCR as above and
are expressed as the mean -fold change relative to vehicle � S.E. (n � 3; **, p �
0.005 relative to vehicle; †, p � 0.005 relative to aldosterone). B, the effect of
siRNA silencing of MR or GR on aldosterone-stimulated edn1 mRNA was eval-
uated. Cells were transfected with control non-target (NT)-siRNA, MR-siRNA,
or GR-siRNA 24 h prior to being treated with vehicle or 1 �M aldosterone for
1 h. Changes in mRNA were measured using QPCR as above. Values are
expressed as mean -fold change relative to vehicle-treated cells transfected
with NT-siRNA � S.E. (n � 3; **, p � 0.005 relative to NT-siRNA plus vehicle; †,
p � 0.05 relative to NT-siRNA plus aldosterone, NS � not significant).
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independently derived IMCD cell model (43) (data not shown).
Taken together, this evidence indicates that aldosterone induc-
tion of edn1 mRNA occurs in multiple collecting duct cells in
vitro and is likely to occur along the length of the collecting duct
in vivo.
To more fully characterize aldosterone induction of edn1,

aldosterone dose-response studies were conducted in
mIMCD-3 cells. This cell line was selected because the inner
medulla is an important site for ET-1 action in vivo and because
this cell line has been validated as a model for aldosterone
action (52–56). Edn1 mRNA exhibited a dose-dependent
increase in the presence of aldosterone that was significant at
concentrations as low as 0.1 �M (Fig. 2B). Importantly, mRNA
induction of edn1 paralleled that of sgk1 (Fig. 2B), which dem-
onstrated that hormone concentrations were appropriate to
reproduce an aldosterone response in vitro. In addition, aldos-
terone treatment resulted in an increase in functional ET-1
peptide release from mIMCD-3 cells (supplemental Fig. 1),
which further validates this cell line as a model of aldosterone
action on ET-1.
In general, aldosterone action ismediated at the level of tran-

scription (57). To test the hypothesis that the increase in edn1

mRNA in response to aldosterone
also occurred at the level of tran-
scription, the concentration of edn1
hnRNA was determined. Levels of
hnRNA can generally be used to
measure transcriptional activity of a
specific gene, because pre-splicing
hnRNAmolecules are not subject to
factors affecting overall mRNA sta-
bility (58, 59). Consistent with levels
of steady-state mRNA (Fig. 2B),
aldosterone stimulated a dose-
dependent increase in edn1
hnRNA (Fig. 2C). Given the tran-
scriptional mechanism of aldos-
terone, the increase in edn1
hnRNA supports the hypothesis
that the induction of edn1 occurs
by transcription.
Aldosterone Action on Edn1

Involves Both MR and GR—Activa-
tion of MR is central to the mecha-
nism by which aldosterone modu-
lates transcription of target genes.
However, aldosterone-regulated
gene transcription may also be
mediated through GR. Therefore,
several approaches were used to
investigate the contribution of each
receptor in mediating aldosterone
action. First, a Western blotting
approach was adopted to follow
nuclear translocation of MR (Fig.
3A, top panel) or GR (Fig. 3A, mid-
dle panel) in response to aldoster-
one treatment. Aldosterone (1 �M)

resulted in comparable 10.9� 0.2 and 11.9� 0.8-fold increases
in the abundance of nuclear MR and GR, respectively (Fig. 3,
A–C). Furthermore, nuclear translocation of MR and GR was
dose-dependent and occurred at concentrations of aldosterone
as low as 0.01�M.Of note, this concentration of hormone failed
to stimulate a detectable increase in edn1 or sgk1mRNA (Fig. 3
versus Fig. 2B). These observations provide strong evidence
that aldosterone action ismediated through bothMRandGR in
mIMCD-3 cells.
To determine if each receptor was directly involved in edn1

transcription receptor blockade experiments were performed
on mIMCD-3 cells. Consistent with previously reported data
(19), inhibition of MR or GR with spironolactone or RU486,
respectively, completely blocked aldosterone induction of edn1
mRNA (Fig. 4A). To corroborate these findings, siRNA gene
silencing was used to specifically knock down MR or GR
expression. Independent transfections of MR-siRNA or GR-
siRNA resulted in nearly 90% knockdown of their relevant
receptor mRNAs in mIMCD-3 cells (80). In the presence of
aldosterone, transfection ofMR-siRNA orGR-siRNA inhibited
the induction of edn1mRNA by 35 � 8% and 40 � 4%, respec-
tively (Fig. 4B). Cotransfection of MR-siRNA and GR-siRNA

FIGURE 5. Aldosterone recruits steroid receptors to a region of the murine edn1 promoter that contains
two putative HREs. A, diagram of the edn1 promoter indicating the position of the identified HREs relative to
the TATAA-box and transcriptional start site (	1) (not to scale). Primers used in ChIP assays flank both HREs
(�719 to �485) and are indicated with half arrows. B, ChIP assays were used to detect protein binding to the
edn1 promoter in vehicle (open bars) or 1 �M aldosterone (closed bars) treated mIMCD-3 cells. Antibodies used
for immunoprecipitation are indicated below. Bound edn1 DNA was quantified by SYBR Green QPCR. Values
were normalized to total input DNA (INPUT) and expressed as mean -fold change relative to vehicle � S.E.
Additionally, standard PCR products were run on a 5% TBE gel and imaged with SYBR green dye. Representa-
tive gels are displayed below their corresponding QPCR values (n � 3).
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together resulted in a 54 � 4% reduction in edn1mRNA. How-
ever, the effect of cotransfection was not significantly additive
compared with either siRNA transfected alone (Fig. 4B). The
additive trend by siRNA knockdown most likely reflects the
different mechanism of receptor inhibition given that pharma-
cological blockade of either receptor alone completely pre-
vented the induction of edn1. Nevertheless, the observation
that targeted inhibition of GR blocked aldosterone-induced
edn1 demonstrates thatMRwas not able to compensate for the
loss of GR. Thus, these data indicate that both MR and GR are
functionally required for the aldosterone-mediated induction
of edn1.
Aldosterone Modulates Hormone Receptor Binding to the

Edn1 Promoter—The observation that both MR and GR were
involved in aldosterone-mediated edn1 transcription suggested
that the edn1 promoter contained functional HREs. Inspection
of 1990 bp of the proximal murine edn1 promoter and 5�-un-
translated region revealed two putative HREs designated HRE1
and HRE2 (Fig. 5A). In contrast to a classic element that con-
tains receptor binding half-sites separated by three nucleotides,

the identified HREs each have half-sites separated by eight
nucleotides. Furthermore, each of the identified HREs are dif-
ferent from one another in that the downstreamHRE1 consists
of two directly repeated half-sites, whereas the upstreamHRE2
has half-sites arranged as an imperfect inverted palindrome
(Fig. 6, A and B).
ChIP assays were performed on vehicle or 1 �M aldosterone-

treated mIMCD-3 cells in order to determine if MR or GR
interacted directly with the edn1 promoter. PCR primers were
designed to flank both HREs (Fig. 5A). After 1 h, aldosterone
treatment resulted in a 5.4 � 0.3-fold increase in MR and a
6.8 � 1.2-fold increase in GR bound to the edn1 promoter (Fig.
5B). Furthermore, the aldosterone-dependent association of
MR andGRwas accompanied by a 2.6� 0.4-fold increase in the
transcriptional coactivator SRC-1 associated with the edn1
promoter. Regional histone H3 lysine 4 residues were dimeth-
ylated after treatment with aldosterone. This particular histone
modification is widely associated with transcriptionally active
promoters (60). Taken together, these data are consistent with
the concept that the edn1 promoter is more active in the pres-
ence of aldosterone.
The association ofMR andGR in the same region of the edn1

promoter suggested that the receptors bound directly to one or

FIGURE 6. High resolution mapping of steroid receptor binding to HRE1
and HRE2 in the edn1 promoter. DAPA experiments were performed on
nuclear extracts from vehicle- and aldosterone-treated mIMCD-3 cells to map
receptor binding to either HRE with higher resolution. Sequences of the HRE1
and HRE2 DAPA probes are indicated above their corresponding immunob-
lots. Half-site sequences and orientation are indicated with arrows. A, repre-
sentative immunoblots following DAPA experiments using HRE2 as bait are
shown for MR (left panel) and GR (right panel). Immunoblots were quantified
by densitometry. Values were normalized by setting total intensity units cal-
culated for MR (or GR) in the presence of 1 �M aldosterone to 100%. Equal
loading was verified by immunoblot against actin (bottom panel) (n � 3).
B, representative immunoblots are shown for MR (left panel), GR (right panel),
and actin (lower panel) from DAPA experiments using HRE1 as bait. Densitom-
etry was not performed because MR and GR were not consistently detected at
concentrations of aldosterone lower than 1 �M (n � 3).

FIGURE 7. Aldosterone-dependent association of MR and GR by coimmu-
noprecipitation. A, nuclear extracts from mIMCD-3 cells treated with
vehicle or aldosterone were subjected to coimmunoprecipitation (IP) with
anti-MR and subsequently immunoblotted for GR. As a control, nuclear
extracts from vehicle- and 1 �M aldosterone-treated cells were subjected
to the reverse immunoprecipitation by anti-GR followed by immunoblot
against anti-MR (n � 3). B, coimmunoprecipitation (CoIP), and DAPA
experiments were conducted on cytosolic extracts (left panels) from
mIMCD-3 cells treated with vehicle or 1 �M aldosterone. Parallel experi-
ments conducted on nuclear extracts are shown as a reference (right pan-
els). Coimmunoprecipitation experiments were conducted as above using
either anti-GR or anti-MR as bait. Similarly, cellular extracts were subjected
to DAPA using either HRE2 or HRE1 as bait. Western blots against MR and
actin are shown as controls.
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both of the identified HREs. Accordingly, higher resolution
DAPA experiments were employed tomap the aldosterone-de-
pendent recruitment of MR and GR to either HRE1 or HRE2.
DAPA allows one to use a small region of double-stranded
DNA, in this case HRE1 or HRE2 of the edn1 promoter, as bait
in an affinity purification protocol to pull down the protein
complex bound to the DNA (47). Aldosterone induced dose-
dependent association ofMRandGRwithHRE2 (Fig. 6A). Both
receptors were also recruited to HRE1 in the presence of 1 �M

aldosterone (Fig. 6B). However, the relative abundance of either
receptor recruited toHRE1was�10% of the total abundance of
MRorGRbound toHRE2. Furthermore, receptors could not be
consistently detected at lower concentrations of hormone sug-
gesting that the upstream HRE2 is the primary response ele-
ment governing edn1 induction by aldosterone.
The observation that both MR and GR interacted with the

same HRE suggested that both receptors might also be in the
same transcription complex in the nucleus. Indeed, coimmu-
noprecipitation experiments performed on mIMCD-3 cells
revealed that MR and GR were present in the same protein
complex in the nucleus of aldosterone but not vehicle-treated
cells (Fig. 7A). The interaction ofMR andGR in the nucleuswas
dose-dependent and occurred at concentrations of aldosterone
as low as 0.01 �M. Coimmunoprecipitation experiments were
also conducted on cytosolic extracts from vehicle- and 1 �M

aldosterone-treated mIMCD-3 cells (Fig. 7B, top panels). Both
MR and GR were detected in the same protein complex in the
presence or absence of aldosterone in the cytosol. Conversely,
neitherMRnorGRwere precipitated fromcytosolic extracts by
DAPA using either HRE as bait (Fig. 7B, middle panels).
Together these data indicate that MR and GR are in the same
protein complex in the cytosol prior to hormone activation.
However, the association of either MR or GR with DNA is

exclusive to aldosterone-activated
receptors localized in the nucleus.
To test whether aldosterone-acti-

vated MR and GR could recruit
RNA polymerase II to the edn1 pro-
moter, ChIP and DAPA experi-
ments were performed. ChIP analy-
sis revealed that RNA polymerase II
was present on the edn1 promoter
in aldosterone-treated cells at levels
2.5 � 0.5-fold higher than control
(Fig. 8A). Likewise, DAPA experi-
ments showed dose-dependent
recruitment of RNA polymerase II
to HRE2 (Fig. 8B). In summary,
aldosterone stimulates edn1 in col-
lecting duct cells by a mechanism
involving the assembly of a tran-
scription complex at HRE2 in the
edn1 promoter that contains MR,
GR, SRC-1, and RNA polymerase II.

DISCUSSION

In this report the regulation of
edn1 by aldosterone was character-

ized in renal collecting duct cells. Aldosterone stimulated edn1
in rat IMCD cells ex vivo, as well as four independent collecting
duct cell models in vitro. We report the first direct evidence of
aldosterone induction of ET-1 peptide in rat inner medulla in
vivo. Coimmunoprecipitation experiments showed that MR
andGRwere present in the same protein complex in the cytosol
prior to hormone activation. Nuclear translocation, pharmaco-
logical inhibition, siRNA silencing, ChIP, and DAPA experi-
ments all demonstrated that bothMR and GR were involved in
mediating aldosterone action on the edn1 gene. Receptors
bound directly to the edn1 promoter to facilitate the assembly
of a transcription complex that included the transcription coac-
tivator SRC-1 and RNA polymerase II.
Supporting the hypothesis that ET-1 modulates aldosterone

action in the kidney was the observation that aldosterone
induction of edn1mRNA occurred in collecting duct cells, the
target cell type for aldosterone action. Furthermore, induction
of ET-1 peptide was detected in the renal inner medulla of rats
given a 2-h injection of aldosterone. Inner medullary ET-1 is
well characterized natriuretic peptide that stimulates com-
pounds such as nitric oxide and cGMP (55, 61). Similarly,
ET-1 potently inhibits sodium transport through the epithe-
lial sodium channel in collecting duct cells (34, 36). Conse-
quently, aldosterone induction of edn1 may represent an
important negative feedback loop on aldosterone-stimulated
sodium reabsorption in the collecting duct. Indeed, the renal
ET-1 pathway is differentially regulated in animals with min-
eralocorticoid-induced hypertension (62–66). However,
direct support for this concept comes from studies con-
ducted on collecting duct cell-specific edn1 knock-out mice.
These mice exhibit severe salt-sensitive hypertension that is
effectively remediated by either epithelial sodium channel or
MR antagonists (31, 67).

FIGURE 8. Aldosterone-dependent recruitment of RNA polymerase II to the edn1 promoter. A, ChIP assays
were used to detect RNA polymerase II (Pol II) binding to the edn1 promoter in vehicle (open bars)- or 1 �M

aldosterone (closed bars)-treated mIMCD-3 cells. Bound edn1 DNA was quantified as above by SYBR Green
QPCR or imaged by running standard PCR products on a 5% TBE gel. QPCR values are normalized to total input
DNA and expressed as mean -fold change relative to vehicle � S.E. (n � 3). B, dose-dependent recruitment of
RNA polymerase II to HRE2 was evaluated by DAPA on vehicle- and aldosterone-treated mIMCD-3 cells. Rep-
resentative immunoblots for Pol II and actin loading controls are shown (n � 3).
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Given the known functions of aldosterone and ET-1 in col-
lecting duct cells, studies were conducted to more fully charac-
terize aldosterone regulation of edn1 inmIMCD-3 cells. Aldos-
terone treatment resulted in dose-dependent increases in edn1
and sgk1 mRNA and edn1 hnRNA. This increase in hnRNA is
consistent with the classic transcriptional mechanism of
aldosterone.
Two HREs were mapped in the edn1 promoter that each

contained receptor binding half-sites separated by eight nucle-
otides in different orientations. Variations in spacer regions
have been reported for several aldosterone response genes (14,
15) and may influence cooperative binding of multiple hor-
mone receptors (15). Indeed, bothMR andGR interacted at the
same HRE in the edn1 promoter. Half-site orientation is also
known to affect receptor binding as well as transcriptional acti-
vation (5). Although GR can bind to directly repeated half-sites
with low affinity (68), structural studies revealed that GR pref-
erentially binds to palindromic DNA sequences as a dimer in a
“head-to-head” conformation (12). Consistent with these
reports, both MR and GR demonstrated a stronger affinity for
HRE2 in comparison to HRE1. Moreover, only HRE2 could
recruit RNA polymerase II. Similarly, the aldosterone response
gene scnn1a also contains two HREs in different orientations.
Only the invertedHREwas capable of stimulating transcription
(69).
Interestingly, inhibition of hormone receptors with spirono-

lactone andRU486 resulted in hormone receptor nuclear trans-
location and edn1 promoter binding (data not shown). How-
ever, these antagonists are known to inhibit hormone receptors
by altering receptor conformation and disrupting coactivator
recruitment (70). Indeed, proper transcriptional coactivation
by MR and GR requires the recruitment of SRC-1 (6, 71). ChIP
analysis revealed that SRC-1 was recruited to the edn1 pro-
moter in the presence of aldosterone.
Multiple molecular studies in this report show that MR and

GR were actively recruited to the edn1 gene to mediate aldos-
terone action. Both hormone receptors have documented roles
in regulating aldosterone response genes, including scnn1a
(69), sgk1 (18), and atp1a1 (16, 72). Both receptors have also
been reported tomediate aldosterone stimulated sodium trans-
port in the collecting duct (14, 73). However, the role of GR in
aldosterone action is actively debated due to the concept that
GR is not active in aldosterone responsive cells that express
11�-hydroxysteroid dehydrogenase type 2 (10, 24, 74–76).
However, it is important to note that 11�-hydroxysteroid dehy-
drogenase type 2 metabolites also lack an affinity for GR. Thus,
GR would be readily available for activation by another high
affinity ligand such as aldosterone. Our studies show that MR
andGR are present in the same protein complex. Several meth-
ods, including fluorescence resonance energy transfer (77),
have demonstrated heterodimerization between MR and GR
(74, 77–79). Moreover, these heterodimers exhibited distinct
transcriptional properties (78). Indeed, aldosterone action
mediated by two hormone receptors with different transcrip-
tional properties would certainly provide a collecting duct cell
with a higher degree of adaptability in the regulation of sodium
transport.
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