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Regulation of Aldosterone Synthase by Activator
Transcription Factor/cAMP Response Element-Binding
Protein Family Members
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Aldosterone synthesis is regulated by angiotensin Il (Ang Il) and K* acting in the adrenal zona
glomerulosa, in part through the regulation of aldosterone synthase (CYP11B2). Here, we analyzed
the role of cAMP response element (CRE)-binding proteins (CREBs) in the regulation of CYP11B2.
Expression analysis of activator transcription factor (ATF)/CREB family members, namely the ATF1
and ATF2, the CREB, and the CRE modulator, in H295R cells and normal human adrenal tissue was
performed using quantitative real-time PCR. Ang ll-induced phosphorylation of ATF/CREB mem-
berswas analyzed by Western blot analysis, and their subsequent binding tothe CYP11B2 promoter
using chromatin immunoprecipitation assay. Aldosterone production and CYP11B2 expression
were measured in small interfering RNA-transfected cells to knockdown the expression of ATF/
CREB members. CYP11B2 promoter activity was measured in H295R cells cotransfected with NURR1
(NR4A2) alone or with constitutively active vectors for ATF/CREB members. Ang Il induced phos-
phorylation of ATF1, ATF2, and CRE modulator in a time-dependent manner. Based on chromatin
immunoprecipitation analysis, there was an increased association of these proteins with the
CYP11B2 promoter after Ang Il and K* treatment. Phosphorylated ATF/CREB members also bound
the CYP11B2 promoter. Knockdown of ATF/CREB members reduced Ang Il and K™ induction of
adrenal cell CYP11B2 mRNA expression and aldosterone production. The constitutively active
ATF/CREB vectors increased the promoter activity of CYP11B2 and had a synergistic effect with
NURR1. In summary, these results suggest that ATF/CREB and NGFI-B family members play a crucial
role in the transcriptional regulation of CYP11B2 and adrenal cell capacity to produce aldosterone.
(Endocrinology 151: 1060-1070, 2010)

ldosterone biosynthesis in the adrenal zona glo-

merulosa is regulated mainly by angiotensin Il (Ang
IT) and K™ (1, 2). Binding of Ang Il to its type 1 receptor
stimulates a variety of signaling cascades, leading to
induction of aldosterone synthase (CYP11B2) tran-
scription, thereby increasing the capacity to produce
aldosterone (3-7). The principal signaling pathways
stimulated by type 1 Ang II receptor are the activation
of protein kinase C isoforms and inositol trisphosphate/
Ca”* pathways (8). In addition, small increases in ex-
tracellular K™ cause depolarization of the glomerulosa
cell membrane, leading to increased intracellular Ca**
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(9, 10). Ang IT and K™ effects culminate with synthesis
of new transcription factors, such as the neuronal
growth factor-induced clone B (NGFI-B) family mem-
bers that have been reported to regulate CYP11B2 ex-
pression (11-13). The NGFI-B response element (NBRE)
within the CYP11B2 promoter has been shown to reg-
ulate transcription by its binding to members of the
NGFI-B family (NGFI-B, NURR1, and NOR1) (14).
Ang IT may also induce posttranslational modifications
of transcription factors already present in the cell, such
as phosphorylation of cAMP response element (CRE)-
binding proteins (CREBs) (15).

Abbreviations: Angl, Angiotensin Il; AP-1, activation protein-1; ATF, activator transcription
factor; ChIP, chromatin immunoprecipitation; CRE, CAMP response element; CREB, CRE-
binding protein; CREm, mutated CRE; CREM, CRE modulator; Ct, threshold cycle; NBRE,
NGFI-B response element; NBREm, mutated NBRE; NGFI-B, neuronal growth factor-in-
duced clone B; qPCR, quantitative PCR; pGL3b, pGL3 basic; siRNA, small interfering RNA;
StAR, steroidogenic acute regulatory; TBS-T, Tris-buffered saline/0.01% Tween 20; WT,
wild type.
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The study of the 5'-flanking region of CYP11B2 has
demonstrated the presence of a sequence that resembles
a CRE at position —74/—64 (16). Activator transcrip-
tion factor (ATF)/CREB family members are well de-
scribed CRE-binding transcription factors, and their ac-
tivity is implicated in the transcriptional regulation of
several genes (17-20). Previous studies have associated
Ang IT with activation of CREBs by phosphorylation in
several tissues (5, 15, 21-28), but not in adrenal cells.
However, the relative role of ATF1, ATF2, CREB, and
CRE modulator (CREM) in the regulation of CYP11B2
expression and aldosterone production has not been
defined.

In the present investigation, we identified and charac-
terized the role of ATF/CREB family members in the tran-
scriptional regulation of CYP11B2. We showed that Ang
IT time-dependently induced phosphorylation of these
transcription factors in adrenocortical cells and demon-
strated that their binding to the human CYP11B2 pro-
moter was induced by Ang II and K. In addition, knock-
down of these transcription factors decreased Ang II- and
K *-induced expression of CYP11B2 and aldosterone pro-
duction. Moreover, combined knockdown of ATF/CREB
family members and NURR1 caused a further decrease in
CYP11B2 expression. Interestingly, cotransfection of con-
stitutively active ATF/CREB members with NURR1
(NGFI-B family member) had a synergistic effect on
CYP11B2 promoter activity. Taken together, these lines of
evidence suggest an essential role for the NGFI-B members
and the ATF/CREB family in the control of aldosterone
production by adrenocortical cells.

Materials and Methods

Subjects and tissues

Ten normal human adult adrenals were obtained through the
Cooperative Human Tissue Network (Philadelphia, PA) and
CLONTECH (Mountain View, CA). These samples came from
patients who each underwent adrenalectomy, secondary to re-
nalectomy due to renal carcinoma or at the time of autopsy. The
use of these tissues was approved by the Institutional Review
Boards of the Medical College of Georgia (Augusta, GA) and
informed consent was obtained from every patient. Total RNA
isolated from these samples was used for quantitative PCR
(qPCR) analysis as previously described (29).

Cell culture and treatments

H295R human adrenocortical tumor cells were cultured in
DME/Ham’s F12 medium (Invitrogen, Grand Island, NY) and
supplemented with 2.5% Ultroser G (Pall Life Sciences, Cergy,
Saint-Christophe, France), 1% penicillin/streptomycin (Invitro-
gen), 0.01% gentamycin (Invitrogen), and 1% ITS™ + Premix
(BD Biosciences, Bedford, MA). Cells were maintained ina 37 C
humidified atmosphere (5% CO,).
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For analysis of ATF/CREB family member expression,
H295R cells were subcultured onto 12-well culture dishes (Corn-
ing Costar, Corning, NY) at a density of 4 X 10° cells/well. Cells
were incubated with 10 nm Ang IT or 18 mMm K™ for various time
points (15 min, 30 min, 1 h,2 h,4 h, 6 h, 9 h, 12 h, and 24 h).
Total RNA was isolated, reverse transcribed, and used for gPCR
analysis.

Adrenal cell plasmid transfection

H295R cells were subcultured onto 24-well culture dishes
(Corning Costar) at a density of 2 X 10° cells/well for subsequent
transfection using Transfast reagent (Promega Corp.) following
the manufacturer’s protocols. Cells were transfected with pGL3
basic (pGL3Db) expression vectors containing a wild-type (WT)
CYP11B2/luciferase reporter (1521 bp), or with CRE, NBRE, or
CRE + NBRE mutants of this insert. The details regarding these
vectors have been previously described by Bassett ez al. (16, 30).
The cells were allowed to recover for 24 h posttransfection, after
which they were treated with 10 nm Ang Il or 18 mm K™ for 6 h.

For cotransfection experiments, 1 ug of the pGL3b plasmid
containing a luciferase reporter gene linked to the promoter re-
gion of WT CYP11B2 was used for each transfection experi-
ment. The pGL3b-CYP11B2 vectors were individually cotrans-
fected with 0.1 pg of vectors expressing constitutively active
ATF/CREB members (pCMX-VP16-ATF1, pPCMX-VP16-ATF2,
pCMX-VP16-CREB, and pCMX-VP16-CREM) in the presence
or absence of 0.1 pg of pCMV-XL35 vector for NURR1. All
experiments were repeated a minimum of five times. We also
tested the effects of these constitutively active vectors on a so-
matostatin reporter vector (in pGL3), which contains a well de-
scribed CRE in its promoter region.

In addition, we also tested the role of the CRE and NBRE
elements present in the promoter region of CYP11B2 by cotrans-
fecting intact or mutant (CRE, NBRE, and CRE + NBRE mu-
tants) CYP11B2 reporter vectors with NURR1 or constitutively
active ATF2 into H295R cells.

Constitutively active vectors for CREB and ATF1, and their
control vector pPCMX-VP16, were generously donated by Yo-
shikuni Nagamine (Friedrich Miescher-Institute, Basel, Switzer-
land). Constitutively active ATF2 and its control were kindly
donated by Jae Hun Cheong (Pusan National University, Busan,
Korea), and the constitutively active CREM was donated by
Richard Goodman (Vollum Institute, Portland, OR).

Luciferase-mediated bioluminescence assay

Cell lysates from transfected H295R cells were loaded in a
20 ul/well volume followed by immediate addition of 50 ul of
dual luciferase assay reagent (Promega Corp.) following the
manufacturer’s instructions. The microplate was read using
the FLUOstar Optima bioluminometer (BMG Labtech, Durham,
NC). The empty vector containing pPCMX-VP16 was used as con-
trol, and renilla luciferase was used to normalize the measurements
of firefly luciferase activity.

RNA extraction, cDNA synthesis, and qPCR

Total RNA was extracted using the RNeasy Plus kit (QIAGEN,
Valencia, CA) according to protocols from the manufacturer.
Concentration and purity of the RNA were checked spectro-
scopically using Nanodrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE). Total RNA was reverse tran-
scribed using the high-capacity cDNA archive kit (Applied Bio-
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systems, Foster City, CA). Primers for ATF1 (catalog no.
HS00909673_m1), ATF2 (catalogno. HS00153779_m1), CREB
(catalog no. HS00231713_m1), and CREM (catalog no.
HS01590456_m1) were purchased from Applied Biosystems.
CYP11B2 transcript expression was monitored using specific
primer/probe sets as previously described (13). Quantitative
PCR was performed using the ABI 7500 Fast Real-Time PCR
System (Applied Biosystems) following the reaction parameters
recommended by the manufacturer, using 20 ul of total volume
consisting of Fast Universal PCR Master Mix (Applied Biosys-
tems), primers/probes mix, and ¢cDNA. Quantification of 18S
levels (Applied Biosystems) was used to normalize samples. Neg-
ative controls contained water instead of cDNA.

In all experiments, the relative gene expression was calculated
by the AACt method. Briefly, the resultant threshold cycles (Ct)
were normalized to a calibrator; in each case, the calibrator cho-
sen was the basal sample. Final results were expressed as 7-fold
difference in gene expression relative to 18s rRNA and calibrator
as follows: n-fold = 27 (ACt sample = ACt calibracor) ' \ghare ACt
values of the sample and calibrator were determined by sub-
tracting the average Ct value of the 18s rRNA gene from the
average Ct value of the transcript under investigation for each
sample.

Protein assay and Western blot analysis

H295R cells were treated with 10 nm Ang Il or 18 mm K™
during the following periods: 15 min, 30 min, 1 h,2 h,4 h, 6 h,
9h,12h,and 24 h. Cells were lysed in 1X sodium dodecyl sulfate
sample buffer (62.5 mm Tris-HCL, 2% w/v sodium dodecyl sul-
fate, 10% glycerol, 50 mm dithiothreitol, 0.01% w/v bromo-
phenol blue) following recommendations from Cell Signaling
Technology (Danvers, MA). Twenty microliters of cell lysate
were run in a 10% Bis-Tris gel (Invitrogen) and transferred to a
nitrocellulose membrane. After transfer, the membranes were
blocked for 1 h at room temperature with a 5% BSA solution in
a 1X Tris-buffered saline/0.01% Tween 20 (TBS-T) solution.
Then membranes were incubated for 1 h at room temperature
with primary antibodies against phosphorylated-ATF1/CREM
and phosphorylated-ATF2 obtained from Cell Signaling Tech-
nology, both at 1:10,000 dilutions in 5% BSA/TBS-T. For nor-
malization, membranes were incubated with primary antibodies
against total ATF1, total ATF2, total CREB, and total CREM
purchased from Santa Cruz Biotechnologies (Santa Cruz, CA).
Membranes were washed (3 X 5 min washes) with TBS-T before
incubation with horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (1:5000 dilution in 5% BSA/TBS-T)
obtained from Santa Cruz Biotechnology. The membranes were
washed with TBS-T, and immunoreactive bands were visualized
using the ECL Western Blotting Substrate from Pierce Thermo
Scientific (Rockford, IL). Specificity of the antibodies against
unphosphorylated (total) was confirmed by the specific knock-
down of each ATF/CREB family member in cells transfected with
the specific small interfering RNA (siRNA).

Where appropriate, the protein content of the samples was
determined using the bicinchoninic acid protein assay kit (Pierce
Thermo Scientific).

EMSA

EMSAs were carried out as previously described (16). Dou-
ble-stranded oligonucleotides (25 pmol) were labeled with 30
wCi of [Y732P] ATP and 10 U of T, polynucleotide kinase at 37
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C for 30 min. For CYP11B2 the following CRE sequence was
used: 5'-CCG GTT CTC CCATGA CGT GATATGTTT CGT
AC-3'. Nuclear extract and each radiolabeled probe (40,000
dpm) were incubated at room temperature for 20 min in 20 ul of
reaction mixture [20 mm HEPES (pH 8.0), 80 mm KCI, 1 mm
EDTA, 10% glycerol, 1 mm dithiothreitol, 0.5 mg/ml BSA, and
0.025 mg/ml poly(deoxyinosine-deoxycytosine) as nonspecific
competitor]. For competition analysis, reaction mixtures con-
taining various amounts of nonradiolabeled oligonucleotide
were added simultaneously with probe. The resulting DNA/pro-
tein complexes were separated from free probe by electrophore-
sis using a 4% high-ionic-strength native polyacrylamide gel
with 1X Tris-glycine running buffer (2). The gel was dried and
visualized after autoradiography at —70 C for 24 h. Nuclear
extracts from cultured H295R cells were prepared as previously
described (9). Human CREB, ATF1, ATF-2, and CREM were
prepared using a Promega in vitro transcription/translation
system.

Chromatin immunoprecipitation (ChIP) assay

H295R cells were plated in 100-mm dishes at a density of 5
million cells per dish, followed by incubation with Ang Il or K™
for 1 h. ChIP was performed using EZ-ChIP (Upstate, Char-
lottesville, VA) following the manufacturer’s protocols. Anti-
bodies against ATF1, ATF2, and CREM were purchased from
Santa Cruz Biotechnologies. DNA was diluted into 20 ul of nu-
clease-free water, and 5 ul was used for each PCR of 32 cycles.
The PCR primer sequences used for CYP11B2 promoter were:
forward, 5'-ACCTTCCACCAGCATGGACC-3’; reverse, 5'-
GAGCAGGTTCCTGGGTGAGA-3'. Products were then run
on 4% agarose gel for detection of amplification of the CYP11B2
promoter region.

Adrenal cell siRNA electroporation

H295R cells were electroporated using the Amaxa System
(Gaithersburg, MD) and transfected with siRNA for ATF1,
ATF2, CREB, CREM, NURRT, or control siRNA, all purchased
from Santa Cruz Biotechnology. Transfected cells were plated at
a density of 2 million cells per well onto six-well dishes and then
allowed to recover for 48 h followed by incubation with 10 nm
AngIlor 18 mM K™ for 6 h. The effects of decreasing ATF/CREB
family member expression (alone or in combination with
NURR1) were evaluated by comparison of CYP11B2 mRNA
expression and aldosterone production to control cells. Exper-
iments were repeated a minimum of three times.

Aldosterone measurement

Aldosterone content of the experimental medium was deter-
mined with aldosterone standards prepared in low-serum me-
dium using aldosterone RIA (Siemens, Los Angeles, CA). The
results of the aldosterone assay were normalized to cellular pro-
tein and expressed as pmol aldosterone per mg cell protein.

Statistical analysis

All values were expressed as a mean * sEM. One-way
ANOVA was used to compare groups. P values lower than 0.05
were considered statistically significant.
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TABLE 1. Expression analysis of ATF/CREB family
members in adrenal cells and tissue

H295R Normal adrenal
Gene (average Ct value * sg) (average Ct value = sg)
ATF1 24.95 * 0.05 27.21 =0.14
ATF2 23.80 + 0.03 25.58 + 0.26
CREB 35.35 = 0.03 27.13 = 0.21
CREM 30.35 = 0.03 32.85 = 0.20

mRNA expression analysis of ATF/CREB members in H295R cells vs.
normal human adrenal tissue. Values represent Ct measurements
detected by gPCR. A minimum of 10 samples was used for analysis.

Results

Expression analysis of ATF/CREB family members
in the adrenal and H295R cells

Comparative analysis of ATF1, ATF2, CREB, and
CREM transcript levelsin H295R adrenocortical cells and
adrenal tissue has not been previously reported. Here, the
mRNA expression of these transcription factors was com-
pared by qPCR. In qPCR analysis, lower Ctvalues indicate
higher amplification efficiency, and a difference of three
cycles corresponds to approximately 10-fold difference
between samples. As seen in Table 1, the Ct values for
ATF1, ATF2, and CREM were lower in H295R cells in
comparison with normal adrenals, suggesting that H295R
cells have higher mRNA expression of these transcription
factors. On the other hand, the Ct values for CREB were
about eight cycles higher in H295R cells in comparison
with normal adrenals, suggesting that the expression of
this gene is approximately 300-fold higher in human adre-
nals. Importantly, the 18s values used to normalize the
samples did not vary by more than one and a half cycles
between the samples. RNA quality was also shown to be
similar using glyceraldehyde 3-phosphate dehydrogenase
and cyclophilin A as normalization genes (data not

Luciferase activity (% of control)
0 200 400 600 800 1000 1200 1400 1600

1w =(NBRE)
-1521 NBREm |
e i

FIG. 1. Relative role of NBRE and CRE DNA sequences in the regulation of CYP11B2
promoter activity. Analysis of the role of cis-elements present in the human
CYP11B2 promoter. H295R transfected with vectors for WT CYP11B2 promoter
linked to a luciferase reporter (—1521 wt), CRE mutated sequence (—1521 CREm),
NBRE mutated sequence (—1521 NBREm), or CRE + NBRE mutated sequence
(—1521 CREm/NBREm). Luciferase activity was compared in transfected cells treated
with Ang Il or K*. Data are expressed as a percentage of the basal for each
individual vector. *, P < 0.05 (mutant vs. WT). §, P < 0.05 (basal vs. treatment with
Ang Il or K¥). Results represent the mean =+ sem from three independent

experiments. P < 0.05 was considered significant.
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shown). The low expression of CREB in H295R cells was
confirmed by protein analysis of total and/or phosphor-
ylated CREB (data not shown) and has been previously
reported in other studies (31, 32, 48).

Ang Il and K* regulation of CYP11B2 promoter
activity

Incubation of adrenocortical cells with Ang II leads to
increased expression of CYP11B2 (33). The presence of
CRE and NBRE domains in the CYP11B2 gene promoter
was previously described (5, 30). We have previously re-
ported the induction of NGFI-B family members by AngII
treatment (12) and their role in regulating the expression
of CYP11B2 in H295R cells (13). In Fig. 1, we show that
Ang II and K* increased CYP11B2 promoter activity ap-
proximately by 14- and 6-fold, respectively. Responsive-
ness of the CYP11B2 promoter to AngIland K™ decreased
by approximately 70% when the CRE domain was mu-
tated [—1521 mutated CRE (CREm)], whereas a 40%
decrease (to both, Ang Il or K*) occurred when the NBRE
site was mutated [—1521 mutated NBRE (NBREm)] (Fig.
1). A double mutation (—1521 CREm/NBREm) in the
CYP11B2 promoter abolished the induction of CYP11B2
by Ang Il and K™

Ang ll-induced phosphorylation of ATF/CREB
members

The ATF/CREB family of transcription factors are ac-
tivated by phosphorylation (34, 35). We used Western
blot analysis to detect phosphorylated levels of ATF1,
ATF2, and CREM after incubation of H295R cells with
Ang II. This is the first examination of Ang II-induced
phosphorylation of ATF1, ATF2, and CREM in adrenal
cells. As shown in Fig. 2, A-C, phosphorylated levels of
these three transcription factors reached their highest val-
ues at 15 min and decreased in the following
time points. Moreover, it is interesting to note
that phosphorylation of ATF2 (Fig. 2B) per-
sisted longer than of the other two transcrip-
tion factors. The expression of total ATF/
CREB family members in H2935R cells was not
affected by treatment with Ang Il in our studies
(Fig. 2, A=C).

N 1

| Basal

mAng Il

sK
Ang II- and K*-induced association of

ATF/CREB members with the CYP11B2
promoter

We have previously shown that the highly
similar CYP11B1 and CYP11B2 CRE can bind
invitro prepared ATF1, ATF2, and CREB (16,
48). EMSA analysis in Fig. 3A confirms these
findings and shows CRE binding to in vitro
prepared CREM. Using H295R nuclear ex-
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FIG. 2. Ang Il-induced phosphorylation of ATF/CREB family members
in human adrenocortical cells. H295R cells were treated for 15 min, 30
min, 1h,2h,4h,6h,9h, 12 h, and 24 h with 10 nm Ang Il. Western
blot analysis revealed time-dependent phosphorylation of ATF1 (panel
A), ATF2 (panel B), and CREM (panel C). Western blot analysis of total
protein for each individual transcription factor was used to normalize
our results. Results represent the mean = sem for five independent
experiments.

tract, there were three complexes formed. One complex
corresponded to ATF2, and a minor band was observed at
the position seen for in vitro prepared CREM. It should be
noted that the in vitro prepared ATF1 migrated near but
not at the exact location as a major band observed in the
H295R nuclear extract. This could be due to H295R cel-
lular posttranslational modifications in ATF1 that are not
carried out in the in vitro translation or this complex may
correspond to another transcription factor. No EMSA
band was observed using the H295R nuclear lysates that
corresponded to in vitro prepared CREB.

To extend the observations seen in EMSA, we carried
out ChIP analysis. ChIP analysis of ATF/CREB binding to
the promoter region of CYP11B2 has not been previously
reported. ChIP assays were used to test whether ATF1/
CREB members are recruited to the endogenous CYP11B2
gene promoter in H295R cells. The cross-linked, sheared
chromatin preparations were subjected to immunopre-
cipitation with antibodies against total ATF1, ATF2, and
CREM. The precipitated DNA was analyzed by PCR am-
plification of the CYP11B2 promoter containing the CRE
site. Use of antirabbit IgG (as a negative control) failed to

ATF/CREB Family Members/Regulation of CYP11B2
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precipitate the CYP11B2 promoter. Here, we report for
the first time that both aldosterone secretagogues, Ang II
and K™, induced association of ATF1, ATF2, and CREM
with the CYP11B2 promoter (Fig. 3, B-D). Moreover,
phosphorylated ATF1/CREM (Fig. 3E) and ATF2 (Fig.
3F) also bound to the segment of the human CYP11B2
promoter containing the CRE site. Due to low expression
levels, CREB was excluded from our analysis of protein
phosphorylation and ChIP analysis. The results from ChIP
experiments strongly support a physiological role of ATF/
CREB family members in Ang Il and K™ induction of the
human CYP11B2 gene transcription.

Effects of ATF/CREB member knockdown on
the expression of CYP11B2 and aldosterone
production

We confirmed the importance of ATF/CREB members
in H295R cells by decreasing their expression via trans-
fection with siRNA for ATF1, ATF2, and CREM. H295R
cells transfected with scrambled siRNA were used as con-
trols. After recovery, cells were incubated with Ang II or
K™ for 6 h, followed by qPCR analysis of CYP11B2 ex-
pression and analysis of aldosterone production by RIA.
Transfection of siRNA for each independent transcription
factor reduced the expression of the specific transcription
factor and did not interfere with the expression of the
other ATF/CREB members being studied. That is, trans-
fection of H295R cells with siRNA for ATF1, ATF2, and
CREM reduced the protein expression of these transcrip-
tion factors by approximately 65% (Fig. 4, A—C). Knock-
down of the ATF1, ATF2, and CREM decreased the Ang
[I-induced CYP11B2 mRNA expression respectively by
35,50,and 50% (Fig. 4D). The induction of CYP11B2 by
K™ was decreased by 40, 50, and 70% after transfection
with siATF1, siATF2, and siCREM, respectively (Fig.
4D). Ang II-induced aldosterone production was reduced
by 45, 35, and 40% in siATF1, siATF2, and siCREM
transfected cells, respectively (Fig. 4E). Finally, K" -in-
duced aldosterone production was reduced by 20, 30, and
40% in siATF1, siATF2, and siCREM transfected cells,
respectively (Fig. 4E). Although siATF1 transfection
caused a 35% decrease in CYP11B2 mRNA expression,
the consequent 20% reduction in aldosterone production
by K" -stimulated cells was not deemed statistically sig-
nificant. These results suggests that ATF1, ATF2, and
CREM can each play a role in Ang Il and K* medicated
CYP11B2 expression and aldosterone production.

Transfection of H295R cells with siRNA for NURR1
alone or with siRNA for ATF/CREB family members ef-
fectively reduced the mRNA levels for NURR1 (Fig. SA).
Transfection of H295R cells with siNURR1 reduced the
induction of CYP11B2 transcription by Ang Il and K* by
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FIG. 3. Analysis of ATF/CREB protein recruitment to the human CYP11B2 promoter. EMSA
was performed using ?P-labeled oligonucleotide probes containing the CRE site from
sequence of human CYP11B2 gene (panel A). Lane 1, Radiolabeled probe alone (FP, free
probe); lane 2, labeled probe incubated with nuclear extract from H295R cells; /ane 3,
nonradiolabeled self-competitor oligonucleotides; lanes 46, labeled probe incubated with
in vitro prepared CREB, ATF1, and ATF2. ChIP was used to investigate the induction of
binding of ATF/CREB members to the segment of human CYP11B2 containing the CRE site
(panels B-D). Incubation of H295R cells for 1 h with Ang Il and K* induced binding of ATF1,
ATF2, and CREM to the CYP11B2 promoter. Recruitment of phosphorylated ATF2 and ATF1/
CREM (cross-reacting antibody against serine 133) to the promoter region of CYP11B2 is
shown in panels E and F. Antiacetylated histone antibody was used for the positive controls,
antirabbit IgG was added to negative controls, and 1% of the supernatant (chromatin in
dilution buffer) was used for the input. *, P < 0.05 (compared with basal). Results represent
the mean = sem for three or more independent experiments. P < 0.05 was considered
significant.

'S

Fold over basal
Fold over basal

(]

approximately 50%, whereas in cotransfection with si-

endo.endojournals.org 1065

tions (36-38). Transfection of H295R
cells with constitutively active vectors
for ATF1, ATF2, CREB, and CREM sig-
nificantly increased basal promoter ac-
tivity of CYP11B2 by 2.5-, 4.5-, 3.5-,
and 2.0-fold, respectively (Fig. 6A). In
addition, our results showed a signifi-
cant effect of the constitutively active
CREB on the CYP11B2 promoter activ-
ity, suggesting that this transcription
factor could also regulate CYP11B2
gene in normal adrenal.

We have previously reported the reg-
ulation of CYP11B2 promoter activity
by NURR1 in H295R cells. Here, we
also investigated the role of NURR1 in
cotransfection experiments with consti-
tutively active vectors for the ATF/
CREB family members. Interestingly,
cotransfection of NURR1 had a syner-
gistic effect on CYP11B2 promoter ac-
tivity (Fig. 6A). NURR1 cotransfection
increased the effect of ATF1, ATF2,
CREB, and CREM by 4.5-, 3-, 3.5-, and
3-fold, respectively.

As seen in Fig. 6B, NURR1 and con-
stitutively active ATF2 caused a signif-
icant induction of CYP11B2 promoter
activity. However, when the CRE was
mutated, the effect of ATF2 was abol-
ished, whereas no effect was observed
on the induction by NURR1 (compar-
ison takes into consideration the fact
that the CREm vector has lower basal
activity). Mutation of the NBRE abol-
ished the stimulation by NURR1 on
the CYP11B2 promoter, and interest-
ingly, this mutation also reduced the
effects of ATF2. Double mutation
(CRE/NBREm) in the CYP11B2 re-
porter vectors abolished its induction
by NURR1 and ATF2. These data con-

ATF1, siATF2, and siCREM, it had an additive effect on
diminishing the expression of CYP11B2 mRNA expres-
sion by H295R cells (Fig. 5, B-D).

Effects of ATF/CREB transcription factors and
NURR1 on the promoter activity of CYP11B2
ATF/CREB members are known to be activated by
phosphorylation (15). Constitutively active forms for
ATF/CREB members are able to bind to CRE sites inde-
pendent of agonist-induced posttranslational modifica-

firmed the importance of NGFI-B family and the par-
ticipation of ATF/CREB members in the regulation of
the human CYP11B2 gene.

Discussion

One of the chronic actions of Ang Il is its ability to increase
the biosynthesis of aldosterone in the adrenal cortex (39).
The expression of CYP11B2 in the zona glomerulosa
of the adrenal gland determines the capacity of the adrenal
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FIG. 4. Effects of the knockdown of ATF/CREB transcription factors on CYP11B2 mRNA expression and aldosterone production. H295R cells
transfected with siRNA for ATF1, ATF2, and CREM, were incubated with Ang Il or K*. Western blot analysis was used to confirm the knockdown
of these proteins in transfected cells (panels A-C). Real-time qPCR was used to measure expression of CYP11B2 (panel D). Aldosterone levels in
the cell culture medium were determined by RIA, and values were normalized to the amount of protein in each well (panel E). *, P < 0.05 in
SIATFS/CREM vs. control (panels A-C) and siATF/CREB in Control vs. Ang Il-treated conditions (panels D and E). §, P < 0.05 in siATF/CREM vs.
control in Control and K*-treated cells (panels D and E). Results represent the mean = sem for three or more independent experiments. P < 0.05

was considered significant.

cortex to produce aldosterone (33). The regulation of
CYP11B2 by Ang II at the transcriptional level occurs
through the rapid induction of protein synthesis as well as
posttranslational modification of transcription factors al-
ready present in the cell (33). We recently demonstrated
the Ang Il rapid induction of NGFI-B family members and
their role in CYP11B2 expression in adrenocortical cells
(13, 30, 40). Moreover, CYP11B2 expression does not
seem to be solely regulated by these transcription factors.
In addition to the NBRE site, our laboratory has previ-
ously reported the presence of a CRE domain in the 5’
promoter region of the CYP11B2 gene (16). Sequence
analysis of the CRE shows that this site is highly conserved
between species and is important for bovine, rodent
(mouse, rat, and hamster), and human CYP11B2 gene ac-
tivity (41-46). Our transfection study using mutant vec-
tors for these two sites (separately and in combination)
confirmed the importance of these two sites in the regu-
lation of the human CYP11B2 gene by Ang Il and K™.
Interestingly, our results regarding the expression of
ATF1, ATF2, and CREM revealed that these transcripts
are more highly expressed in H295R cells than in normal
adrenals. On the other hand, CREB transcripts were con-
siderably lower in H295R cells than in normal adrenal
tissue. These results confirmed and extended previously
reported data describing the overexpression of CREM to

compensate for CREB deficiency in H295R cells (47).
Wang et al. (48) have previously shown the expression of
high levels of ATF1 and ATF2 in nuclear extracts of
H295R cells, whereas the expression of CREB varied
among the strains of H295R tested (decreasing with time
inlong-term culture). Here, we show that not only CREM,
but also ATF1 and ATF2, are more highly expressed in
H295R cells and therefore could account for a compen-
satory mechanism to activate genes with CRE-dependent
transcription. A role for CREM in the regulation of ste-
roidogenesis has been previously studied (25, 49, 50). In
these studies, CREM was shown to regulate the expression
of the steroidogenic acute regulatory (StAR) protein,
which is described as the early regulatory step in aldoste-
rone production (51). Importantly, StAR is also induced
by AngIland K™ in adrenocortical cells (6), and therefore,
activation of ATF/CREB members is likely involved in the
expression of this protein and, by extension, the acute
regulation of aldosterone production.

Here, we describe for the first time that ATF/CREB
transcription factors are time-dependently phosphory-
lated in response to Ang II. This suggests that these agonist
can posttranslationally regulate the activity of ATF1,
ATF2, and CREM as has been shown previously for Ang
IT in nonadrenal models (15, 35). We have previously re-
ported that nuclear extract from H295R produces three
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FIG. 5. Effects of the knockdown of NURR1 alone and in combination
with ATF/CREM transcription factors on CYP11B2 expression. H295R
cells transfected with siRNA for NURR1, ATF1, ATF2, and CREM, were
incubated with Ang Il or K*. Real-time PCR analysis was used to
confirm the knockdown of NURR1 (panel A) and to measure its
effect on CYP11B2 mRNA expression in transfected cells (panel B-D).
*, P < 0.05 (siRNA transfected cells vs. control); §, P < 0.05 (combined
SINURR1 + siATF/CREB vs. control siNURR1 or siATF/CREB alone).
Results represent the mean = sem for three independent experiments.
P < 0.05 was considered significant.

protein complexes in EMSA using the CYP11B2 CRE.
Using supershift studies, complex 1 is defined as ATF2.
Here, using in vitro prepared CREM, we show that com-
plex 3 is likely CREM. The nature of the complex 2 is not
clear because it migrates close but not exactly with ATF1.
In support for a role of these factors in the regulation of
CYP11B2, ChIP analysis indicated binding of ATF1,
ATF2, and CREM to the CRE region of the CYP11B2
promoter. In addition, ChIP suggests that both Ang IT and
K™ induced recruitment of these transcription factors to
the CYP11B2 CRE region. ChIP analysis using antibodies
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FIG. 6. Effects of constitutively active ATF/CREB family members and
NURR1 on the promoter activity of CYP11B2. Results are expressed as
fold increase over control. In panel A, gray bars represent CYP11B2
cotransfected with empty vector or with each ATF/CREB family
member. Black bars represent CYP11B2 cotransfected with empty
vector or each ATF/CREB family member in the presence of NURR1.

*, P < 0.05 (ATF/CREB members vs. empty vector); §, P < 0.05 (ATF/
CREB member + NURR1 vs. NURR1 alone). In panel B, white bars
represent the basal promoter activity of intact and mutant CYP11B2,
black bars represent such promoter activity in the presence of
constitutively active ATF2, and the gray bars represent CYP11B2 (intact
and mutant) promoter activity in the presence of NURR1. *, P < 0.05
(basal vs. ATF2 or NURR1); §, P < 0.05 (mutant vs. intact vector). The
results represent the mean = sem for four independent experiments.
P < 0.05 was considered significant.

CYP11B2 CREm NBREm CRE/NBREm

for phoshorylated ATF1/CREM and ATF2 indicated a
greater fold increase in CRE binding after Ang Il or K™
treatment. These findings can be interpreted to indicate
that either the phospho-antibodies were better for the
ChIP assay or that the phorphorylated transcription
factors preferentially increase binding after hormonal
treatment. Thus, the increased expression of CYP11B2
in the adrenal cortex thatis associated with Ang Il treat-
ment correlates with activation and binding of ATF/
CREB proteins to the promoter region of the human
CYP11B2 gene.

The knockdown studies revealed the role of ATF/CREB
members and NURRT1 in the regulation of CYP11B2 and
aldosterone production induced by Ang Il and K*. Due to
the relatively low expression of CREB in the H295R cell,
its endogenous role was not accessed by siRNA knock-
down. However, CREM, ATF1, and ATF2 each appear to
be activated and have a potential role in CYP11B2 tran-
scription. This concept was confirmed by our studies with
constitutively active expression vectors which demon-
strated that ATF1, ATF2, CREM, and also CREB could
regulate CYP11B2 promoter activity. Taken together, this
data suggests that, i1 vivo, these four members of the ATF/
CREB family participate in the regulation of CYP11B2
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expression/aldosterone production. Our phosphorylation
studies suggested that, in comparison with ATF1 and
CREM, ATF2 remains phosphorylated longer after Ang IT
treatment and could account for a more chronic role for
ATF2 in the regulation of aldosterone synthase expres-
sion. However, our experiments using ChIP, siRNA, and
transfection of constitutively active vectors suggested that
the four ATF/CREB members studied here may similarly
participate in such regulation.

Previous studies from our laboratory have reported the
importance of NGFI-B family members in the regulation
of CYP11B2 transcription (13, 30, 52, 53). Interestingly,
NURRTI acted synergistically with members of the ATF/
CREB family to increase CYP11B2 expression. In addi-
tion, mutation of the NBRE site not only abolished the
effect of NURR1 on CYP11B2 promoter activity, but it
also caused a partial decrease in the effect of ATF2, a fact
that also suggests synergy between these two family of
transcription factors. These results confirm the impor-
tance of both sites, the CRE and the NBRE, suggested
by our study involving transfection with the mutated
CYP11B2 promoter vectors. The synergism and protein-
protein interaction of NBRE and ATF/CREB members
have been previously described in the transcription of the
propiomelanocortin gene (54). In addition, it is important
to note that the transcription of NGFI-B family members
is also regulated by CREBs (55-58). Therefore, activation
of ATF/CREB members may regulate aldosterone produc-
tion directly by binding of these transcription factors to the
promoter of StAR and CYP11B2 gene and also indirectly
through activation of NGFI-B transcription. Members of
the ATF/CREB family and of the activation protein-1
(AP-1) are bZip proteins that recognize similar DNA se-
quences, and certain ATF/CREB factors are described to
interact with members of the AP-1 complex, including
JUN and FOS (59-61). It is worth noting that members of
the AP-1 complex were also described to be directly reg-
ulated by Ang II in our comparative study of adrenocor-
tical cells (12).

In summary, we present evidence that the regulation of
aldosterone production by Ang Il and K™ rely on the pres-
ence of key regulatory domains in the promoter region of
the human CYP11B2 gene. Our study brings together
two mechanisms of Ang II- and K" -induced regulation
of CYP11B2: the induction of NGFI-B family expres-
sion and the activation of ATF/CREB members. The
interaction of CREB/ATF family members with other
transcription factor(s) and/or coactivator(s) or core-
pressor(s) on these cis-elements of the CYP11B2 pro-
moter is a topic for future studies on the regulation of
adrenal zonation and steroidogenesis.

ATF/CREB Family Members/Regulation of CYP11B2
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