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Estrogen Receptor (ER) 3 Isoforms Rather Than ER«
Regulate Corticotropin-Releasing Hormone Promoter
Activity through an Alternate Pathway

William J. Schouler Miller," Shotaro Suzuki,’ Lydia K. Miller,"> Robert Handa,? and Rosalie M. Uht!
Departments of Pathology and Biochemistry and Molecular Genetics and 2University of Virginia College, University of Virginia, Charlottesville, Virginia
22908-0904, and 3Colorado State University, Fort Collins, Colorado 80523

The hypothalamic-pituitary-adrenal axis regulates mammalian stress responses by secreting glucocorticoids. The magnitude of the
response is in part determined by gender, for in response to a given stressor, circulating glucocorticoids reach higher levels in female rats
than in males. This gender difference could result from estrogen regulation of the corticotropin-releasing hormone (CRH) promoter via
either of its receptors: estrogen receptor (ER) o or ERB. Immunocytochemistry revealed that a subset (12%) of medial parvocellular CRH
neurons in the rat hypothalamus contain ERS but not ERa. To determine whether ERs could regulate CRH promoter activity, we
cotransfected cells with a CRH promoter construct and either ERc or individual ER isoforms. ERa weakly stimulated CRH promoter
transcriptional activity in a ligand-independent manner. Conversely, all ER( isoforms tested stimulated CRH promoter activity with
different ligand profiles. ERB1 and ER[3253 displayed constitutive activity (ER31 more than ER[3263). Ligand-dependent activity of 3
isoforms 1 and 2 was altered by an Exon3 splice variant (63) or by the additional 18 amino acids in the ligand-binding domain of ER32
isoforms. Lastly, we suggest that ER regulation of CRH takes place through an alternate pathway, one that requires protein-protein
interactions with other transcription factors or their associated complexes. However, a pure ER-activator protein-1 alternate pathway

does not appear to be involved.
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Introduction

Although a consensus opinion does not exist as to the definition
of “stress,” it is accepted that a stimulus that activates the hypo-
thalamic—pituitary—adrenal axis (HPAA) is a stressor (Pacak and
Palkovits, 2001). HPAA activation leads to adrenal glucocorti-
coid secretion, which in turn downregulates the axis. States in
which glucocorticoids are chronically elevated or the axis is inap-
propriately downregulated are pathologic. For example, the in-
ability of dexamethasone to downregulate the HPAA in humans
correlates with depression (Gold et al., 1986a), and HPAA dys-
regulation is associated with anorexia nervosa (Gold et al.,
1986b). Both of these disorders have a female preponderance
(Brotman, 2001; Wulsin, 2001). HPAA gender differences are also
present in the rat: females secrete higher levels of adrenocortico-
tropin and glucocorticoids in response to a stressor than males, and
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this difference tracks to circulating estrogens (Burgess and Handa,
1992). Therefore, estrogens may interfere with glucocorticoid-
mediated downregulation and/or facilitate HPAA activation.

Hypothalamic paraventricular parvocellular neurons inte-
grate sensory and hormonal inputs. These neurons synthesize
and secrete corticotropin-releasing hormone (CRH) (Vale et al.,
1981) in response to numerous stimuli (for review, see Pacak and
Palkovits, 2001). Because CRH neurons contain glucocorticoid
receptors (GR) (Cintra et al., 1987; Liposits et al., 1987; Uht et al.,
1988), and because glucocorticoids downregulate cAMP-
activated CRH transcription (Guardiola-Diaz et al., 1996), it may
be that a component of downregulation occurs at the level of
CRH transcription.

The estrogen receptor (ER) immunocytochemical status of
CRH neurons has not been well established. At the level of
mRNA, however, ERa and ERB have strikingly different distri-
butions (Shughrue et al., 1997). In contrast to ERe, ERB mRNA
is abundant in the rat paraventricular nucleus of the hypothala-
mus (PVH). Also, immunoreactive (IR) ERB is present in mouse
parvocellular neurons (Mitra et al., 2003). Because ER3 mRNA
has been detected in rat IR CRH neurons (LaFlamme et al., 1998),
and IR ERp has been reported in mouse paraventricular nuclei
(PVNs) (Mitra et al., 2003), we first asked whether IR ER colo-
calized with IR CRH in the rat PVH.

ERp exists in several splice variants (see Fig. 1 B) (Petersen et
al., 1998; Price et al., 2000), with ERB1 being the first described.
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ERp2 contains 18 additional amino acids in the ligand-binding
domain (LBD) (Petersen et al., 1998). 63 isoforms lack the DNA-
binding domain (DBD) second zinc finger (see Fig. 1 B) (Petersen
etal., 1998). Because multiple ERB isoforms are present in the rat
PVH (Price et al., 2000), differential expression could permit a
spectrum of estrogen responses.

Agonist-bound ERas and ERBs bind palindromic estrogen
response elements (EREs) and then activate transcription. Para-
doxically, none of these full EREs are present in the CRH pro-
moter, although ERE half-sites are present (Vamvakopoulos and
Chrousos, 1993). ERs also regulate transcription via alternate
pathways. For example, ERa and ERBI stimulate activator
protein-1 (AP-1) activity (Gaub et al., 1990; Umayahara et al.,
1994; Webb et al., 1995; Paech et al., 1997) but with different
ligand profiles: agonist- and antagonist-bound ER« stimulate AP-1
transcriptional activity, whereas only antagonist-bound ER3 stimu-
lates this activity (Paech et al., 1997). Given the importance of alter-
nate pathways and the diversity of ERS variants, we asked whether
ERP and its isoforms could differentially regulate CRH promoter
transcriptional activity.

Materials and Methods

Animals

Animal protocols were approved by the Animal Care and Use Committee
of Colorado State University (Fort Collins, CO). Five young adult female
Sprague Dawley rats (200-250 gm) were purchased from Charles River
Laboratories (Portage, MI). Animals were acclimated to laboratory con-
ditions (12 hr light/dark cycle) with food and water available ad libitum.
For immunocytochemical studies, animals were anesthetized with so-
dium pentobarbital (50 mg/kg) and placed into a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA). Colchicine (10 ul of a 10 g/l
solution) was infused into the third ventricle through a Hamilton syringe
over a period of 4—5 min. Animals were kept alive for another 18-24 hr
and were then perfused with 0.9% saline followed by 10% neutral buff-
ered formalin. For PCR analysis, animals were female Sprague Dawley
rats (200-250 gm) purchased from Charles River Breeding Laboratories.
Animals were bilaterally ovariectomized 3 d before they were killed. This
procedure was used to upregulate the expression of ERS in the PVH,
because previous studies have shown that ERB mRNA is downregulated
after estrogen treatment (Tx) (Osterlund et al., 1998; Patisaul et al., 1999;
Suzuki and Handa, 2004).

Immunocytochemistry

Tissue preparation. Brains were postfixed for 2 hr at room temperature,
placed in 5% neutral buffered formalin—15% sucrose in 0.1 M PBS over-
nightat 4°C, and then transferred to 30% sucrose in 0.1 M PBS at 4°C until
permeated. This fixation procedure was found to provide the most ro-
bust ERB immunostaining when compared with 4% paraformaldehyde
and 2% acrolein fixation. Thus, this procedure was used throughout.
Subsequently, the tissues were cut on a cryostat at 35 um and saved in 0.1
M PBS-0.1% sodium azide at 4°C until processed, as described above.

Double-label immunohistochemistry. The following antibodies and di-
lutions were used: ERB (Z8P; 1:4000; Zymed Laboratories, San Fran-
cisco, CA), CRH (1:25,000; from Dr. Wylie Vale, The Salk Institute, La
Jolla, CA), and ERa (C1355; 1:10,000; from Dr. M. Shupnik, University
of Virginia, Charlottesville, VA).

Tissue sections were processed as described previously (Kerr et al.,
1995). Tissue was washed in 0.1 M PBS with 0.1% Triton X-100 (TX) and
incubated with 0.3% H,O, in 0.1 M PBS with 0.1% TX to quench endog-
enous peroxidase activity. After washes, sections were incubated in 6%
normal goat serum (NGS) in 0.1 M PBS with 0.1% TX to block nonspe-
cific binding and then incubated for 48 hr at 4°C with ERa or ERf
antiserumin 0.1 M PBS with TX and 2% NGS. Next, the tissue was washed
and incubated with biotinylated goat anti-rabbit IgG (1:500; Vector Lab-
oratories, Burlingame, CA) in PBS with TX and 2% NGS for 2 hr at room
temperature. Sections were processed according to the ABC procedure
(1:500; Vector Laboratories). The tissue was rinsed in 0.1 M Tris-buffered
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saline and then developed with nickel-intensified 3,3'-diaminobenzidine
(DAB) (0.5 mg/ml; Sigma, St. Louis, MO) in 0.1 m Tris-buffered saline
containing 0.03% hydrogen peroxide. The reaction was stopped by
washes in 0.1 M PBS.

Subsequently, the tissue was processed for CRH immunoreactivity.
The procedure was as above, except that primary antibody incubation
was for 72 hr at 4°C. Sections were developed with DAB (0.5 mg/ml with
0.03% hydrogen peroxide) to produce a brown reaction product. Sam-
ples were examined with a Zeiss (Thornwood, NY) Axioplan 2 micro-
scope. Double-labeled neurons had a dark blue—black nucleus (IR ERB)
and brown cytoplasm and nerve fibers (CRH immunoreactivity).

Methods for counting cells. Tissue sections were analyzed using a Zeiss
Axioplan 2 imaging universal microscope, and images were captured
with a Zeiss AxioCam digital camera. From three rat brains, tissue sec-
tions (35 wm thick) corresponding to bregma level —1.53 were chosen
for analysis. At this level, CRH immunoreactivity was mainly seen in the
medial parvocellular part, and ERB immunoreactivity was strong. The
percentage of colocalization was determined by manually counting the
number of cells positively labeled for ERB and CRH. Double-labeled
neurons were identified as cells containing a dark blue nucleus (ERB) and
a brown cytoplasm and fibers (CRH). Peptide-positive, ER-negative
neurons were identified as having a brown cytoplasm and a pale or un-
stained nucleus.

Amplification of hypothalamic ER( isoforms

Total RNA isolation. For PVH microdissection, a micropunch technique
was used that was similar to the protocol used by Palkovits et al. (1985),
as modified by Price et al. (2000). Brain sections were cut frozen on a
cryostat, thaw mounted onto glass slides, and kept at —80°C until mi-
cropunching. Micropunching was accomplished with a blunted needle
with a 0.5 mm diameter. Isolation of total RNA was performed according
to the protocol of Chomczynski and Sacchi (1987). Punch-dissected tis-
sues were pooled from two animals and immediately homogenized in a
centrifuge tube containing 250 wl of guanidinium isothiocyanate buffer
(4 M guanidinium isothiocyanate, 0.5% sarcosyl, 25 mm sodium citrate,
pH 7.0, and 0.1 M B-mercaptoethanol). After phenol chloroform-
isoamyl alcohol extraction and ethanol precipitation, the RNA was re-
constituted in RNase-free water, and concentration was measured with a
spectrophotometer. Only samples with a 260:280 ratio of >1.6 were
used.

Reverse transcription. Equal amounts of total RNA (0.5 ng) were re-
verse transcribed using Moloney murine leukemia virus reverse tran-
scriptase (Invitrogen, Rockville, MD) in the presence of oligo-dT prim-
ers, deoxyNTPs (100 mm each), first strand buffer [containing (in mm):
100 Tris HCI, 900 KCI, 1 MgCl, |, and 2.5 mwm dithiothreitol. The reverse
transcription (RT) reaction was performed at room temperature for 10
min followed by a 10 min incubation at 44.2°C. The reaction was termi-
nated by denaturing reverse transcriptase at 95°C for 5 min. RT-
generated cDNA samples were stored at —20°C until PCR amplification.

ERP primers. PCR primers for rat ER3 were designed using commer-
cially available software (Oligo, version 6.1; Molecular Biology Insights,
Cascade, CO). Twenty-one base primers were developed on the basis of
established GenBank sequence (accession number U57439). The ERB
primers spanned the known splice variants and thus could identify indi-
vidual ERP splice variants in a single reaction. The forward primer posi-
tion began at nucleotide 455, and the reverse primer position began at
nucleotide 1570. The predicted PCR product size was 1190 nt for ER32,
1136 nt for ERB1, 1073 nt for ERB283, and 1019 nt for ERB183.

Real-time PCR amplification. Real-time PCR was performed according
to the protocols of Solum and Handa (2002). Briefly, hot-start PCR was
performed using the LightCycler DNA Master SYBR Green mix (Roche
Molecular Biochemicals, Indianapolis, IN). Samples were subjected to an
initial melting step at 95°C for 2 min and amplified at 40 cycles (~5-10
cycles beyond the beginning of the linear phase of amplification) of a
95°C melting step (2 sec), a 66°C annealing step (7 sec), and a 72°C
elongation step (48 sec). Samples without template were used as negative
controls. After PCR amplification, samples were separated on a 1.5%
agarose gel with an appropriate molecular weight size marker (Invitro-
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Figure1.  ERstructures and reporter constructs. A, CRHand Coll73 promoter constructs used

for transient transfections. The human CRH promoter fragment is 787 nt long, 124 of which
extend 3’ to the start site (indicated by the arrow). The human collagenase promoter is a highly
truncated collagenase promoter that has been used extensively to study ER regulation through
the activator protein-1 complex. 8, Comparison of ERcx and ER 3 isoforms. All ER B isoforms are
shorter than ERcx as a result of a truncated N-terminal domain (NTD). All ERs depicted occur
naturally in the rat (NS at the level of mRNA. h, Human; r, rat.

gen) to ensure specificity of the PCR products. The agarose gel was
stained using ethidium bromide and visualized under UV light.

Transcription experiments

Plasmids. All plasmids have been described previously (Fig. 1A). Re-
porter constructs were as follows: [(—663) — (+124)CRH]:luciferase
(LUC) (Guardiola-Diaz et al., 1994) and human collagenase promoter
(Coll73):LUC for AP-1 activity (Webb et al., 1995) (Fig. 1 A); ER expres-
sion vectors were ERa (Webb et al., 1995), ER3, and ER3 isoforms (Fig.
1B) (Price et al.,, 2001). Plasmids used to correct for efficiency of trans-
fection were actin [3-galactosidase or pJ3 (Uht et al., 1997).

Cells, cell culture, transfections, and treatments. HeLa cells were main-
tained in culture as described previously (Uht et al., 1997). Briefly, they
were kept in phenol red-free DMEM (Sigma) supplemented with new-
born calf serum (10%) tested for low estrogenic activity (catalog #100-
504; Gemini Bioproducts, Woodland, CA), penicillin (100 U/ml), and
streptomycin (100 ug/ml) (Invitrogen). A total of 1,500,000 cells were
transiently cotransfected with either 5 or 10 ug of CRH:LUC and a range
of ERa and ER expression vector quantities by electroporation, as de-
scribed previously (Paech et al., 1997). B-Galactosidase plasmids were
cotransfected to correct for the efficiency of transfection. Immediately
after plating, cells were treated with ethanolic vehicle (EtOH), estradiol
(E2) (Sigma), or tamoxifen (Tmx) (Sigma) at 107 or 5 X 10 0,
respectively. On the day of harvest, each well was visually inspected to
determine whether estradiol and/or tamoxifen had a marked effect on
cellnumber or morphology. No discernable change in either was present.
Cells were harvested 40—48 hr after treatment.

Luciferase and B-galactosidase assays. Cells were lysed with cell lysis
buffer (Promega, Madison, WI). Samples were analyzed for luciferase
activity (Promega) and B-galactosidase activity via a light-emitting assay
(Tropix, Bedford, MA). An MGM Optocomp II luminometer (MGM
Instruments, Hamden, CT) was used to detect light emission.

Transfection data analysis. ER titration plus or minus ligand experi-
ments: each receptor titration experiment was performed a minimum of
three times. Txs were performed in triplicate or quadruplicate. To permit
pooling data across experiments that would reflect both an effect of treat-
ment and an effect of amount transfected, data values are expressed as a
fold of the 0 ng point of a given treatment. In other words, the effect of
treatment at a given amount of transfected ER was expressed relative to
the effect of the treatment at 0 ng ER [Tx(x ng)/Tx(0 ng)].

All receptor titration data (see Figs. 3-5) were analyzed by two-way
ANOVAs. Unless otherwise specified, Bonferroni (all pairwise) multiple-
comparison tests (Bonferroni tests) were performed to determine a dif-
ference within groups (Tx or nanograms of plasmid). The other test was
a Fisher’s least significant difference (LSD) multiple-comparison test.
For the planned comparison tests, a was adjusted for the number of tests
performed; data were deemed significant at & < 0.050. The data were
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analyzed twice: after the SD was calculated for all individual groups,
points that were =2 SD from the mean were discarded. ANOVAs and
pairwise analyses were performed on the remaining data.

To compare CRH and Coll73 promoter responses to treatment in the
presence of ERPB1 (see Fig. 6) and ERB2 (data not shown), four tests of
normality were first performed: skewness, kurtosis, omnibus normality
of residuals, and a modified-Levene equal-variance test. If the data met
normality criteria by three of the four tests, they were then analyzed by a
one-way ANOVA, and pairwise comparisons were made using the Bon-
ferroni test. If the data failed to meet normality criteria by two or more of
the four tests, they were analyzed by a Kruskal-Wallis one-way ANOVA
on ranks followed by the Kruskal-Wallis multiple-comparison Z value
test. All data analyses were performed using the Number Cruncher Sta-
tistical System program (NCSS, Kaysville, UT). Data are presented as
means * SEM.

Results

ERp colocalizes with CRH in parvocellular neurons of

the PVH

We sought to determine whether ER protein colocalizes with
CRH in medial parvocellular neurons using dual-label immuno-
cytochemistry for ER3 and CRH. Hypothalamic paraventricular
parvocellular neurons have been shown to contain ERf immu-
noreactivity in the mouse (Mitra et al., 2003). The PVH con-
tained dual-labeled cells localized in the medial parvocellular re-
gion (Fig. 2 A). Colocalization of CRH with ERS (Fig. 2 A, inset)
was found in 12% = 2 of CRH neurons. Such colocalization
suggests that the receptor may play a role in regulating CRH
transcription in certain physiologic or pathophysiologic states, at
least in a subset of CRH-expressing neurons.

To determine whether the PVH contained ER isoforms, the
Palkovits punch technique was used to obtain mRNA from ovari-
ectomized rats. Amplification by RT-PCR revealed that ERB1
and ERB2 and their 6 isoforms mRNAs were present (Fig. 2B).
Amplified ERB283 was consistently detected, albeit at low levels
compared with the other three ERB isoforms. Given that anti-
bodies specific to each isoform have not yet been successfully
generated, we do not know whether they are also present at the
protein level. However, the presence of their mRNA suggests that
they may be.

To compare the localization of paraventricular ERB to ERa in
our experimental conditions, we performed CRH and ER« im-
munocytochemistry. IR ERa was found only in a few hypotha-
lamic paraventricular neurons scattered in the dorsal PVH; its
distribution did not overlap that of CRH or ER3 (Fig. 2, compare
D with A, C). Together, these anatomical data indicate that ER3
is the predominant ER in CRH-positive parvocellular neurons in
the rat PVH.

ERa exerts modest effects on CRH promoter transcription

The original study of ER regulation of the CRH promoter (Vam-
vakopoulos and Chrousos, 1993) was reported before the discov-
ery of ERB (Kuiper et al., 1996). Using a 2.4 kb CRH promoter,
the authors concluded that ERa stimulated the CRH promoter by
twofold to threefold. Because ERa could be present in the CRH
parvocellular neurons examined above but below the level of
detection by the immunocytochemical techniques used, we asked
whether ERa could regulate transcription of the CRH promoter
in our conditions. We cotransfected HeLa cells with the CRH
promoter construct (Fig. 1) and increasing amounts of the ERa
expression vector. After plating, cells were treated with vehicle
(EtOH), E2 (10 7 M), or Tmx (5 X 10 ~°M). A two-way ANOVA
revealed a small effect of the amount of ER« transfected (F 4 15,y =
3.18; p = 0.0150) (Fig. 3). There was no effect of treatment
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Figure3. ERa modestly regulates the CRH promoterin a manner that is both ligand depen-

dent and dependent on the amount of transfected ERx plasmid. Cells were treated with eth-
anolicvehicle, E2 (10 =7 w), or Tmx (5 X 10~ ° M) immediately after plating for 40 — 45 hr. The
y-axis represents relative light units elicited by luciferase, divided by relative light units for
B-galactosidase (to correct for efficiency of transfection). Data are expressed as a fold of the
response to a given treatment at 0 ng of transfected ERcx. Thus, the response to transfection
with empty expression vector for each treatment is 1. The data represent the average of indi-
vidual points from multiple experiments (total, n = 197 determinations). Error bars represent
the SEM. High levels of transfected ERcx display a small degree of increased activity. The
n—group was 22— 46 per amount of FRov plasmid transfected. * indicates that the effect of
transfecting 3000 ng of ERcx was greater than the effect of transfecting 0 ng (1.43 vs 1.00). O,
EtOH; A, E2; ¥, Tmx.

(F2.182) = 2.25; p = 0.4543) or an interaction between the two
(Fs182) = 0.60; p = 0.2726). The 3000 ng amount significantly
differed from the 0 ng group ( p < 0.050), because at 3000 ng of
transfected ERa, the mean was 43% greater than that at 0 ng (set

PVH
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to 1; p < 0.050). As a control, ERa was
transfected either with the CRH promot-
er:reporter construct or with the empty
vector. Although the CRH promoter con-

ERf2 struct supported a small degree of activa-
ERB1 tion, the corresponding signals for the
ERB203 vector control were all at the level of the
ERB163 mock transfection (data not shown).

Thus, the effects we report here are medi-
ated through the CRH promoter. The rel-
atively small effects of ERa at the CRH
promoter are in accord with the data re-
ported by Vamvakopoulos and Chrousos
(1993). They showed a twofold to three-
fold increase in transcriptional activity
elicited by E2 (Vamvakopoulos and
Chrousos, 1993). Their data, together with
the ERa data presented here, suggest that
ERa plays a small but significant role in
" 3v regulating the CRH promoter. Whether
ERa activation of the CRH promoter is
ligand dependent or ligand independent
likely depends on cell and promoter
context.

IRER B colocalizes with CRHimmunoreactivity in the rat PVH. A, Colocalization of IRER 3 (nuclear) and IR CRH (brown;
cytoplasmic) in parvocellular neurons of colchicine-treated female rats. Scale bars: 4, 50 um; inset, 15 um. B, Gel electrophoretic
analysis of RT-PCR products showing ER3 isoforms in total RNA taken from micropunched PVH of ovariectomized female rats.
Arrows point to the different ER[3 splice variant mRNAs. (, Single-labeling study showing CRH distribution in the PVH. D, The
distribution of CRH immunoreactivity does not overlap that of IR ERc nuclei, which is weak and found predominantly in neurons
adjacent to the PVH. Scale bars, C, D, 50 wm. 3v, Third ventricle; MW, molecular weight markers.

ERf isoforms elicit different patterns of
CRH promoter regulation
ERBI and ERB163
In contrast to ERa, transfection of ERB1
activated the CRH promoter (Fig. 4A). A
two-way ANOVA revealed an effect of
treatment (F(, 145y = 6.41; p = 0.0021) and amount transfected
(Fia165) = 7.85; p < 0.0001) but no interaction (Fg ;45 = 0.86;
p = 0.5541). There was a difference between treatment groups
(p < 0.050). The E2 group differed from EtOH and Tmx; how-
ever, there was no difference between EtOH and Tmx groups. For
amounts, the 0 ng group differed from the 300, 1000, and 3000 ng
groups ( p < 0.050). The 30 ng group differed only from the 1000
ng group. Importantly, this isoform displayed a strong tendency
to display constitutive activity; compare EtOH at 0 ng with EtOH
at 1000 ng (Fig. 4A). Although the difference between these two
points was not significant using the Bonferroni test ( p < 0.050),
it was using Fisher’s LSD test ( p < 0.050). As a control, ERB1 was
transfected either with the CRH promoter:reporter construct or
with the empty vector, as were all the other ERB expression vec-
tors examined. The CRH promoter construct supported activa-
tion. As above, the corresponding signals for the vector control
were all at the level of the mock transfection (data not shown).
Thus, the effects we report here are mediated through the CRH
promoter. Together, the data demonstrate a very different pat-
tern of CRH transcriptional activation by ERB1 compared with
ERc. Thus, the degree to which ERB1 is expressed in a cell could
determine the net response of the CRH gene to ERpB1 in the
absence of ligand or in the presence of a ligand, E2, or a selective
estrogen receptor modulator (SERM) such as Tmx.

In contrast to ERB1, ERB183 supported a strong ligand effect
at the CRH promoter (Fig. 4B). A two-way ANOVA revealed a
strong and highly significant effect of treatment (F, ;¢ = 82.33;
P < 0.0001), effects of amounts (F, 14,, = 9.26; p < 0.0001), and
an interaction between the two (F(g,4,) = 7.15; p < 0.0001).
Pairwise analysis indicated that the E2 group differed from both
the EtOH and Tmx groups; however, the Tmx and EtOH groups
did not differ ( p < 0.050). All amounts of transfected ER3163
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Figure 4.  ERB1 displays constitutive activity, and ER3183 activity is ligand dependent.
Dataare analyzed and depicted as described in the legend to Figure 3. 4, ER 31 activates the CRH
promoter in the presence of E2. The total number of points analyzed was 176 (EtOH, n = 68; E2,
n = 62; Tmx, n = 46). *, E2 at 300 ng (n = 16) and 1000 ng (n = 12) differs from all
treatments at 0 ng; the 1000 ng point differs from EtOH at 30 ng as well ( p < 0.050). O, +,
Fisher's LSD indicated a significant difference between individual points p << 0.050). O, EtOH
treatment at 300 and 1000 ng both differed from E2 at 0 and 30 ng. +, Tmx at 1000 ng differed
from Tmx at 0 and 3000 ng; Tmx at 3000 ng also differed from E2 at 3000 ng and Tmx at 1000 ng.
B, The ER3183 isoform displays strong E2 responsiveness. *, E2 at 300 ng (n = 8) was 12.6-
fold that of the E2 treatment at 0 ng (n = 15) and 6.4-fold that of the EtOH treatment (n = 8)
at 300 ng. Error bars represent SEM.
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Figure 5.  ERB2 displays ligand-dependent activity, whereas ER 3283 displays constitutive

activity. Data are analyzed and depicted as described in the legend to Figure 3. A, %, E2 at 30 ng
(n = 12) differed from EtOH at 0, 300, and 1000 ng, from E2 at 1000 ng, and from Tmx at 0,
1000, and 3000 ng. n for these points ranged from 1016 per group. 8, ERB243 displays
constitutive activity and ligand effects. The EtOH point at 1000 ng (n = 16) differs from the EtOH
pointat 0 ng (n = 20). x, E2 at 1000 (n = 14) differed from both EtOH (n = 16) and Tmx (n =
11) at 1000 ng. +, Tmx treatment at 1000 ng (n = 11) differed from all EtOH treatment points
(n = 85) except thatat 30 ng (n = 19), all E2 points (n = 86) except thatat 3000 ng (n = 16),
and all other Tmx treatment points (0 ng, n = 16;300ng, n = 11;3000ng, n = 11) except that
at30ng (n = 15). Error bars represent SEM.

differed from the 0 ng group. Except for this, none differed from
each other ( p < 0.050). The E2 effect is striking: at 300 ng, the E2
treatment was 12.6-fold of E2 at 0 ng and approximately sixfold
the EtOH treatment at 300 ng (note the difference in the scale of
the y-axis in this graph compared with all others). This point
differed from all other EtOH and Tmx points and from E2 at 0
and 30 ng (p < 0.050). The response elicited was greater than
those of all other ERs examined, ER« and the other three ERf
isoforms. In summary, the ERB163 isoform is a strong, E2-
dependent activator of CRH transcription.

ERPB2 and ERB283

ERB2 isoforms contain an additional 18 amino acids in their
LBDs (Fig. 1B). One would think that additional amino acids in
this domain might compromise ligand-dependent ER regulation.
Instead, ERB2 supported an E2 response (Fig. 5A). A two-way
ANOVA revealed that only the amount group contained signifi-
cantly different points (F(, 150y = 11.63; p < 0.0001). There was
no effect of treatment (F, 50y = 1.45; p < 0.2377) and no inter-
action between treatment and amount (Fig 59 = 1.02; p <
0.4202). Analysis of pairs revealed a significant difference be-
tween the 30 ng group and all other amounts ( p < 0.050). Fur-
thermore, only the E2 point at 30 ng differed from other points,
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specifically: EtOH at 0, 300, 1000, and 3000 ng; Tmx at 0, 1000,
and 3000 ng; and E2 at 0 and 1000 ng. Thus, E2 activation of the
CRH promoter when bound to ERB2 is ligand dependent only at
a small amount of transfected plasmid. These data suggest that
E2-bound ERB2 only activates CRH at restricted levels of
receptor.

As was the case for ERB1 and ERB183, lack of amino acids
corresponding to the Exon3 coding region changed the profile of
ERPB2. Here, it conferred a degree of constitutive activity. A two-
way ANOVA revealed no effect of treatment (F, 5,0y = 1.95; p =
0.1450), a highly significant effect of amount of receptor trans-
fected (F, 550y = 9.30; p < 0.0001), and an interaction between
the two (Fg 550y = 4.80; p < 0.0001). The 1000 ng group differed
from all others, none of which differed from any group other than
the 1000 ng group (p < 0.050). E2 restrained CRH transcrip-
tional activity. This was most evident at 1000 ng, at which it was
52% of EtOH treatment ( p < 0.050). E2 treatment also differed
from Tmx treatment at this point. Tmx permitted increased tran-
scription by 75% of the E2 response at 1000 ng and 75% of Tmx
at 0 ng. It did not differ from the EtOH response at 1000 ng. Thus,
ERB183 was a phenotypic hybrid of ERa and ERB1 at the CRH
promoter. Like ERe, ligand effects were small. Like ERSI,
ERB283 displayed constitutive activity; compare the EtOH re-
sponse at 0 to 1000 ng for each receptor (Figs. 4A, 5B). Together,
these data reveal a complex regulation of ERS activity by the
amino acids coded for by Exon3 and the additional 18 amino
acids found in ERB2 isoforms.

ERp isoforms regulate transcription differently at CRH

and AP-1

It has been reported previously that the CRH promoter lacks
palindromic EREs and also suggested that ERa stimulates CRH
activity via ERE half-sites (Vamvakopoulos and Chrousos, 1993).
Another possibility is that ERs could be regulating CRH through
an alternate pathway that involves a different transcription factor
(e.g., through AP-1 sites). Because the CRH promoter contains
several AP-1 and AP-1-like sites [Transcription Factor Database
(TRANSFAC) analysis; data not shown], we sought to determine
whether the behavior of ERB1 and ERB2 at CRH was different
from those at an AP-1 site. We compared ERB behaviors at the
CRH promoter with that of a highly studied AP-1-regulated pro-
moter, Coll73 (Kushner et al., 2000). We did so in the same
experiment using cells from the same passage. It was shown above
that E2-dependent activation of the CRH promoter by ERB1 is
modest (Fig. 4A). Furthermore, at low doses, the more robust
constitutive activity of ERB1 is not apparent. To elicit the more
robust activity, we transfected cells with 1000 ng of ERB1. A
one-way ANOVA revealed a significant effect of treatment (F, 5,
= 4.68; p < 0.0165). A one-way ANOVA for effect of receptor in
the presence of EtOH (in the presence vs the absence of ERB1)
revealed significant constitutive activity (EtOH-treated groups,
F 3,44y = 40.40; p < 0.0001), as above; compare the EtOH group
in the presence of receptor with the absence of receptor in Figure
6 to the EtOH group at 0 and 1000 ng in Figure 4 A. The pattern of
Coll73 regulation by ERB1 was as reported previously (Paech et
al., 1997; Price et al., 2000). A one-way ANOVA revealed a highly
significant effect of treatment (F, 5,y; p < 0.0001). E2 repressed
activity seen in the presence of EtOH by 33%, whereas Tmx in-
creased it by 66%. ERB2 tended to act in a manner similar to
ERP1 at these two promoters; however, the ligand effects were
not significant (data not shown). This likely reflects the difficulty
of optimizing the response of two stress-responsive promoters to
two different ERB isoforms simultaneously. Together, the data
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Figure6. Ligand profiles of ER 31 at the CRH versus those at an AP-1ssite. ER31 was cotrans-

fected with either the CRH (1 1.q of ER) or AP-1 (5 g of ER) promoter constructs depicted in
Figure 1A. The same passage of HeLa cells was transfected with either CRH or Coll73 along with
ERB1.O, Atthe CRH promoter (left), in the presence of ER 31, there was an 81% increase in the
EtOH group over the EtOH group in the absence of ERB1 (n = 12 for this and all EtOH groups).
-+, Tmxsignificantly reduced the effect seen in the presence of EtOH (n = 12). O, At the Coll73
promoter (right), there was a 25% reduction of basal activity in the presence of ER31 without
ligand (EtOH; n = 12). *, E2 was 50% of the E2 activity in the absence of ER (1.0). +, Tmx
treatment increased activity by 24% compared with the Tmx activity in the ahsence of ER (1.0).
[], EtOH; I, E2; E, Tmx. Error bars represent SEM.

indicate that the dominant functional element targeted by ER in
the CRH promoter [(—663) — (+124)] is not an AP-1 site.

Discussion

Together, the data presented here corroborate the hypothesis that
ERs regulate CRH in the PVH of the hypothalamus. ERB immu-
noreactivity is present in 12% of IR CRH neurons in the parvo-
cellular region. Additionally, all four ERB isoforms are present in
the PVH at the level of mRNA (Fig. 2). We do not know the extent
to which ERs play a role in CRH transcriptional regulation in
vivo; 12% is a modest proportion. However, these animals were
treated with colchicine, and it may be that in other conditions
(e.g., ovariectomy combined with adrenalectomy) that the num-
ber of neurons labeled with both ERB and CRH would increase.
Regardless, the finding of even a small population of neurons
displaying ER3 and CRH, and an absence of ER« staining in the
medial parvocellular region, suggests that ER, rather than ERq,
is poised to contribute to CRH transcriptional regulation in-
volved in the stress response.

In keeping with our anatomical data, we found that ERf iso-
forms, rather than ERa, exert substantial regulation of the CRH
promoter. The constitutive activity of ERa described here differs
from that reported previously. Previously, ERa was found to
stimulate CRH to a small extent (two to three times) in the pres-
ence of E2 (Vamvakopoulos and Chrousos, 1993). The use of
different promoters (—2.4 kb—1) and cell lines (CV-1s) (Vamva-
kopoulos and Chrousos, 1993) may explain these differences. It is
also possible, however, that the regulation reported previously
and our observation of a small effect of ERa are attributable to the
fact that ERais an inherently weak transcriptional activator at the
CRH promoter. Together with our colocalization findings, our
data suggest that the physiologically important ER(s) in CRH
parvocellular neurons of the PVH are the ERS isoforms rather
than the first identified ER, ERa.
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We do not yet know which ER isoform(s) are in CRH neu-
rons, because available ERB antibodies cannot distinguish be-
tween them. However, neurons of the PVH express a number of
ERB mRNA splice variants, as determined by PCR (Fig. 2B)
(Price et al., 2000). Therefore, a given CRH neuron could express
one or multiple isoforms of ERB. The possibility of multiple iso-
form expression is relevant in that ERB isoforms have been
shown to heterodimerize with themselves and with ER« (for re-
view, see Pettersson and Gustafsson, 2001). This is a possible
mechanism of CRH regulation that, although we have not yet
studied, suggests the potential for a broad array of genomic re-
sponses in a hypothalamic paraventricular subpopulation of IR
ERB CRH parvocellular neurons.

CRH parvocellular neurons that regulate the stress response
reside in an extremely complicated brain nucleus, the PVH. In
fact, the parvocellular area alone has at least three subnuclei:
medial, dorsal, and ventral (Swanson and Kuypers, 1980). Medial
parvocellular neurons project to the median eminence (Merch-
enthaler et al., 1983; Swanson et al., 1983). This region contains
CRH neurons that trigger the HPAA. The dorsal and ventral
neurons project to autonomic nuclei in the brainstem (Swanson
and Sawchenko, 1980). The neurons expressing both CRH and
ERp (Fig. 2 A, insert) are in the region of the medial parvocellular
division; however, without combined retrograde tracing and im-
munocytochemistry, we cannot say with absolute certainty that
they are the neuroendocrine motor neurons of the HPAA. Re-
gardless, we believe that the finding of ERB in CRH parvocellular
neurons combined with our data from transfection-reporter
gene studies suggests that ERB isoforms play a role in maintain-
ing homeostasis, be it through regulating the HPAA or the CNS
component of the autonomic nervous system.

Our data bear on two aspects of ER-regulated CRH transcrip-
tion: (1) structure—function correlates of ERB and (2) the nature
of the ERB regulatory pathway. With respect to structure—func-
tion correlates, absence of the region corresponding to Exon3
(the 83 isoforms) had a striking effect on ERB1 and ERB2 phe-
notypes. Exon3 codes for the second ER zinc-binding domain of
the DBD. The DBD plays an important role in ERE-mediated and
alternate pathways (Umayahara et al., 1994; Webb et al., 1995;
Jakacka et al., 2001; Price et al., 2001; Bjornstrom and Sjoberg,
2002; Uht et al., 2004). At the CRH promoter, the 63 splice vari-
ants substantially changed ligand responsiveness of ERB1 and
ERp2 (Figs. 4, 5). The 83 deletion converts ERB1 from a receptor
that exhibits constitutive activity (Fig. 4A) to one with activity
that is predominantly ligand dependent (Fig. 4 B). In the context
of ERB2, the receptor is converted from a ligand-dependent tran-
scription factor (Fig. 5A) to one that exhibited weak ligand re-
sponses and modest constitutive activity (Fig. 5B). Thus, the re-
gion encoded by ERB Exon3 plays a critical role in the ability of
ERB1 and ERB2 to respond to ligand, as well as to display consti-
tutive activity at the CRH promoter.

In considering pathways by which ERB could regulate the
CRH promoter, an alternate (nonclassic) pathway of transcrip-
tion can be invoked, because the CRH promoter does not contain
full, palindromic EREs (Vamvakopoulos and Chrousos, 1993)
[TRANSFAC analysis (Wingender et al., 1996); data not shown)].
It does contain AP-1 and AP-1-like sites. However, the observed
ligand profiles for both ERa and ER isoforms fail to uniformly
match previously established patterns of ER3-regulated AP-1 ac-
tivity (Paech et al., 1997; Price et al., 2001). In general, ER stim-
ulates the ER—AP-1 pathway in the presence of both estrogens
and SERMs (e.g., Tmx). At the CRH promoter used here, there
was no effect of treatment. ERB1 and ERB2 inhibit AP-1-
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activated transcription in the presence of estrogens and stimulate
it in the presence of SERMs (Paech et al., 1997; Price et al., 2000).
Here, E2 modestly stimulated transcription (Figs. 4A, 5A). In the
presence of Tmx, the effects of ERB1 and ER32 were minimal and
inhibitory, when significant (Figs. 4A, 5A). ERBI and two 63
isoforms have been shown to reverse the profile of E2 and Tmx
responses at an AP-1 site: E2 stimulates, and Tmx tends to inhibit,
but not significantly so. As at an AP-1 site, the ER 3183 isoform
enhanced E2-stimulated CRH transcription and tended to in-
hibit CRH in the presence of Tmx (Fig. 4 B). The ER 3283 isoform
here, however, led to E2 restraint of transcriptional activity and
no effect of Tmx. Together, the reported data (Price et al., 2000),
our titration data, and the side-by-side comparison of the CRH
promoter and the Coll73 promoter (Fig. 6) indicate that the ER3
isoforms studied do not regulate the CRH gene through a mech-
anism solely or predominantly mediated by an AP-1 site.

In addition to ER regulation mediated through AP-1 sites,
ERwand ERB also stimulate transcription through nonconsensus
cAMP response elements (CREs), as shown in the CyclinD1 pro-
moter (Liu et al., 2002). Like CyclinD1, the CRH promoter con-
tains CRE and CRE-like elements. One in particular has been
implicated consistently in CRH promoter regulation: that at po-
sition —232 to —215 (in human CRH) (Fig. 2A). This CRE me-
diates cAMP-stimulated transcription (Guardiola-Diaz et al.,
1994) that is blocked by glucocorticoids (Guardiola-Diaz et al.,
1996). Thus, it could be a target for estrogen regulation and/or a
site of integration of information conveyed by the steroid hor-
mone milieu.

The observations that the amplitude of the stress response is
gender specific, that this specificity is estrogen mediated, and that
disorders of HPAA regulation have a female preponderance raise
the following question: could the opposing effects of estrogens
and glucocorticoids on the HPAA be explained on a molecular
basis, one that involves integration of these signals through the
CRH promoter? It appears that the answer is yes. It has been
shown that ERs and GRs modulate the effects of each other both
through classic, ERE-mediated pathways (Meyer et al., 1989) and
ER-AP-1 pathways (Uht et al., 1997). Furthermore, AP-1 family
members and the CRE binding protein (CREB) share a common
coactivator, the CREB binding protein (CBP) (Kwok et al., 1994;
Vo and Goodman, 2001). We have evidence that ER transcrip-
tional activation mediated through CBP (Webb et al., 1998;
Kushner et al., 2000) is attenuated by GR (R. M. Uht, unpub-
lished observations). Thus, it is quite possible that the CRE in the
CRH promoter (—232 to —215) is a node of integration for es-
trogen, glucocorticoid, and cAMP-regulated CRH expression.
Thus, the findings presented here may shed light on mechanisms
of an aspect of gender differences in the stress response and
pathogenesis of HPAA disorders.
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