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ABSTRACT 
 

Transcriptional regulation of Dehydroepiandrosterone Sulfotransferase (SULT2A1) by 

Estrogen-Related Receptor α (ERRα) 

 
Jeremiah Brent Seely 

 
The University of Texas Southwestern Medical Center at Dallas, 2006 

 
Supervising Professor: William E. Rainey, Ph.D. 

 
 

The estrogen-related receptors (ERR α, β and γ) are a subfamily of orphan nuclear 

receptors (designated NR3B1, NR3B2 and NR3B3) that are structurally and functionally 

related to estrogen receptors α and β. Herein we test the hypothesis that ERRα 

regulates transcription of the genes encoding the enzymes involved in adrenal steroid 

production.  Real-time RT-PCR was first used to determine the levels of ERRα mRNA in 

various human tissues. Adult adrenal levels of ERRα transcript were similar to that seen 

in heart, which is known to highly express ERRα. Expression of ERRα in the adult 

adrenal was then confirmed using western blotting and immunohistochemistry.  To 

examine the effects of ERRα on steroidogenic capacity we used reporter constructs with 

the 5’-flanking regions of steroidogenic acute regulatory protein (StAR), cholesterol 

side-chain cleavage (CYP11A), 3β hydroxysteroid dehydrogenase type II (HSD3B2), 

17αhydroxylase, 17,20 lyase (CYP17), and DHEA sulfotransferase (SULT2A1). Co-

transfection of these reporter constructs with wild-type ERRα or VP16-ERRα expression 

vectors demonstrated ERRα enhanced reporter activity driven by flanking DNA from 

CYP17 and SULT2A1.  SULT2A1 promoter activity was most responsive to the ERRα 

and VP16-ERRα, increasing activity 2.6- and 79.5-fold respectively. ERRα effects on 

SULT2A1 were greater than the stimulation seen in response to steroidogenic factor 1 

(SF1). Transfection of serial deletions of the 5’-flanking DNA of the SULT2A1 gene and 

EMSA experiments indicated the presence of three functional regulatory cis-elements 

which shared sequence similarity to binding sites for SF1. Taken together, the 

expression of ERRα in the adrenal and its regulation of SULT2A1 suggest an important 

role for this orphan receptor in the regulation of adrenal steroid production.  
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CHAPTER I 

Introduction 

 

The adrenal produces large amounts of dehydroepiandrosterone (DHEA) and 

DHEA-sulfate (DHEAS) during fetal development, which fall rapidly after birth and 

remain low for the first five years of life (Fig. 1).  DHEAS levels then rise and peak 

during the second decade of post-natal life, followed by an age-dependent decline (1). 

The developmental and age-related changes in DHEA(S) are not paralleled by any 

other steroid hormone suggesting that the mechanisms regulating DHEA(S) formation 

are unique. In addition there are clear gender differences in the circulating levels of 

DHEA and DHEAS, with men having higher circulating levels than women (Fig. 1) (1). 

The mechanisms that cause the gender differences in circulating DHEA(S) and the 

drastic variation in DHEA(S) levels during development and aging remain a mystery. 

However recent studies have shown that the enzymes that are involved in the synthesis 

of DHEA-S are likely regulated differentially by a variety of transcription factors and 

selective nuclear hormone receptors (2-4).  

 

 
 
Figure 1.  Variation in circulating dehydroepiandrosterone sulfate (DHEAS) levels 
throughout human life. During pregnancy, fetal levels of DHEAS rise progressively to 
reach a peak at term, and following birth there is a rapid decline. At 5–6 years of age, 
DHEAS levels rise again (adrenarche), reach a peak during early adulthood, and decline 
thereafter. The levels of circulating DHEAS during adult life also exhibit a gender 
difference, with higher levels found in men than in women.  Reproduced with permission 
from Ref. (1). 
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In this study I have focused on the mechanism regulating the expression of the 

cytosolic sulfotransferase enzyme (SULT2A1), commonly known as steroid 

sulfotransferase. The expression of human SULT2A1 occurs predominantly in the liver 

and adrenals and does not appear to be sex-regulated.  The production of sulfonated 

steroids is very high in the adrenal such that the production of dehydroepiandrosterone 

sulfate (DHEA-S) is quantitatively the most abundant hormone secreted by the human 

adrenal.  Circulating levels of DHEA-S are likewise very high in the adult adrenal due to 

both the high production rate and the relatively low clearance rate from the blood (5-7).  

SULT2A1 has been localized by immunohistochemistry to the DHEA-producing zona 

reticularis of the adrenal cortex where it catalyzes the conversion of DHEA to its 

sulfated form (Fig. 2) (1,8-10).  While the enzymatic activity of SULT2A1 has been 

studied in some detail, little is known about the regulation of human SULT2A1 

expression in any tissue.  

 
Figure 2. Steroidogenic pathway in the human adrenal gland.  Steroid biosynthetic 
pathways illustrating the three main products of the human adrenal: aldosterone, cortisol, 
and DHEAS.  Also included are the enzymes that synthesize these products. Reproduced 
with permission from Ref. (11). 
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Nuclear hormone receptors are classically defined as ligand-dependent 

transcription factors (12).  However, some nuclear receptors have been discovered that 

have no known endogenous ligands.  These nuclear receptors are known collectively as 

orphan nuclear receptors.  With only a few exceptions, nuclear receptors share a similar 

organizational pattern in their protein structure creating two specific domains called the 

DNA-binding domain (DBD) and the ligand-binding domain (LBD) as shown in Figure 3.  

The DBD mediates interaction with target DNA sequences of genes.  The LBD 

undergoes a 3-dimensional conformational change when a ligand binds the LBD which 

then allows the nuclear hormone receptor to dimerize with other nuclear hormone 

receptors, recruit and interact with coactivators, and perform ligand-dependent 

transcriptional activation at target genes. 

 
Figure 3.  Schematic representation of nuclear hormone receptor structure.   
DBD = DNA-binding domain. LBD = Ligand-binding domain.  The resulting conformational 
change in the receptor structure then allows the nuclear hormone receptor to dimerize with 
other nuclear hormone receptors, recruit and interact with coactivators, and perform ligand-
dependent transcriptional activation at target genes. 
 

The estrogen-related receptor (ERR) family is a nuclear hormone receptor family 

comprised of three members: ERRα (NR3B1), ERRβ (NR3B2) and ERRγ (NR3B3) 

(13,14).  Although all three ERR family members are closely related to the classic 

estrogen receptors, natural estrogens do not activate these receptors. At present, only a 

few synthetic compounds have been shown to bind and antagonize the effects of ERR 

family members--one of these is DES (diethylstilbestrol) (15-18).  
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DES was a widely used synthetic estrogen between the 1940’s and 1970’s to 

prevent spontaneous abortions.  However, it was later discovered that people exposed 

in utero to DES later suffered from various gynecological problems such as 

malformations of the reproductive tract and vaginal cancer due to disruption of WNT 

signaling pathways during development. When bound to ERR family members alpha, 

beta, and gamma, DES inhibits transcriptional activation by interrupting associations 

with coactivator molecules (19). 

 The synthetic molecule XCT790 (thiadiazoleacrylamide 12) was discovered using 

high-throughput screening of 340,000 synthetic molecules for modulators of ERRα 

activity.  XCT790 binds to ERRα and inhibits transcriptional regulation of its known 

target genes (18). 
Among the 12 persistent organic pollutants identified by the United Nations 

Environment Program as requiring urgent attention are the organochloride pesticides 

toxaphane and chlordane.   They have also been credited with some estrogen-like 

activity in certain studies and like XCT790, when bound to ERRα; they inhibit 

transcriptional regulation of known target genes (20).   

Since there are no known endogenous ligands regulating ERRα activity the question 

remains as to whether an endogenous activating ligand actually exists for this receptor 

family.  Recent crystallographic studies suggest the pocket formed at the LBD is only 

large enough to accommodate 4-5 carbon molecules and therefore would only 

accommodate half of the estradiol molecule (21).  These studies also suggest that in the 

absence of ligand, ERRs assume the conformation of ligand-activated nuclear receptors 

(22).  Interestingly, the presence of a phenylalanine residue at in the LBD pocket is 

apparently essential for the constitutive activity of ERRα which is abolished when this 

phenylalanine is mutated (21).  It is thus possible that ERRs are constitutively active 

orphan nuclear receptors regulated mainly in an antagonistic manner.  This argument 

was further supported in recent studies that showed that while homodimerization might 

enhance transcriptional activity of ERRα and ERRγ respectively, when the two form 

heterodimers (ERRα-ERRγ dimer) the transcriptional activity of both is inhibited (23).  
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There have also been studies showing the ability of ERRα to form heterodimers 

with ERα in vitro suggesting yet another possible regulator of ERRα transcriptional 

activity through heterodimer formation.  However, no in vivo studies have been able to 

support this evidence (24). 

Of the three isoforms of the estrogen-related receptors, ERRα is the most widely 

expressed in adult tissues (13,25). ERRα is expressed in both fetal and adult tissues 

with high levels of expression noted in the heart and kidney (12,26-29).  However, 

relatively little is known concerning its regulation or gene targets in development or 

adulthood.  

Tissues in which ERRα is highly expressed include cardiac muscle, adipose, 

skeletal muscle, brain tissue, breast tissue, kidney, and bone (13). In cardiac muscle, 

adipose, skeletal muscle and kidney, ERRα acts as a regulator of fatty acid metabolism.  

It was shown by Sladek et al. in 1997 that ERRα regulates transcription of the human 

medium-chain acyl coenzyme A dehydrogenase gene (MCAD).  MCAD is a key enzyme 

involved in the mitochondrial beta-oxidation of fatty acids and is one of three nuclearly 

encoded proteins mediating the initial step in mitochondrial β-oxidation of fatty acids.  

Modulation of MCAD gene expression is an important control of the rate of tissue fatty 

acid β-oxidation and is tightly regulated by tissue energy demands during organ 

development as well as by energy substrate supply. The highest MCAD levels are found 

in organs that utilize lipids as a source of cellular energy, such as the adipose, cardiac 

muscle, skeletal muscle, and kidneys.  In humans, MCAD deficiency may cause 

childhood nonketotic hypoglycemia, coma, or sudden death, often in association with 

prolonged fasting or intercurrent illness (25).  

ERRα knockout mice (ERRα -/-) fed high-fat diets gained 10% less weight than 

their wild-type counterparts (30).  Although these ERR-deficient mice weighed less 

compared to their wild-type littermates, histological analysis of adult tissues failed to 

show morphological abnormalities.  No statistically significant changes in eating 

behavior or energy expenditure between the wild-type and ERR-null littermates were 

detected, and the mice were viable, fertile and have a normal life span. One possible 

explanation for these results is that the increase in energy expenditure is small and 

significant only over a long period of time. It has also been shown that MCAD is 
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upregulated in the adipose of the ERRα -/- mice.  Thus, ERRα likely acts a repressor of 

MCAD expression thereby decreasing the rate of fatty acid metabolism (30).   

In bone, ERRα mRNA expression in bones is associated with new bone 

formation (26).  ERRα has been shown to be present in the ossification zones of the 

mouse embryo and regulates the synthesis of osteopontin (a protein expressed by 

osteoblasts and released in the bone matrix which is a marker of the late stages of 

osteoblastic differentiation). Overexpression of ERRα in three different osteoblast-like 

cell lines results in an elevation of the amount of osteopontin-corresponding mRNA. 

Thus, osteopontin is a target gene for ERRα, pointing to the role of the ERRα in 

osteoblast differentiation (31).  When expression of ERRα is blocked by antisense 

oligonucleotides in either proliferating or differentiating bone cell cultures there is 

resultant inhibition of cell growth and inhibition of differentiation (32).  On the other 

hand, ERRα overexpression in bone cells lines increased differentiation and maturation 

of progenitors to mature bone-forming cells (32).   

Although the role of ERRα in breast tissue is not completely understood, it is 

considered to be a poor prognostic indicator when present in breast cancer tissue (19).  

It has been shown that ERRα regulates the expression of the pS2 (TFF1) gene which is 

a known breast cancer prognostic marker (19).   pS2 gene expression is “estrogen-

inducible” meaning that estrogen bound to the ER, acting at a known ERE, induces 

transcription of the pS2 gene.  However, Lu et al also demonstrated the presence of an 

ERRE in the pS2 gene promoter that is required for the gene’s expression to be 

estrogen-inducible (19).  This is one of several instances where there is functional 

“cross-talk” (significant ER – ERR crosstalk) between the estrogen receptor and ERRα.  

In vitro studies have demonstrated the mRNA expression of ERRα in breast 

cancer cell lines (19) and in carcinoma tissues (33).  This increased mRNA expression 

correlated with ER- or PR- tumors thus it correlated with a poor prognosis.  However, 

Liu et al demonstrated that estrogens stimulate ERRα expression in human breast cell 

lines suggesting ERRα is a downstream target of ERα (34).  It has also been reported 

that ERRα induces expression of the enzyme aromatase (which converts testosterone 
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to estradiol) in breast cancer fibroblasts (35).  Still, much more research is needed to 

develop a clear concept of the role ERRα plays in normal and diseased breast tissue. 

 As mentioned earlier, the ERR family of nuclear hormone receptors are closely 

related to the estrogen receptors (ER).  This relationship is reflected most in the 

sequence similarity of the ERα and ERRα DNA-binding domains (69% sequence 

homology).  Although ERRα displays this sequence similarity to estrogen receptors, its 

transcriptional activity is not limited by recognition of estrogen response elements 

(ERE).  While ERRα can bind EREs as homodimers or heterodimers (19,36), it can also 

bind extended nuclear receptor half-sites (i.e. TnAGGTCA), also known as estrogen-

related receptor response elements (ERRE) as monomers, homodimers or 

heterodimers (24,25,36,37) and have been shown to both enhance and repress gene 

transcription (19,20,25,26,31,37-41). Another orphan receptor, steroidogenic factor 1 

(SF1; NR4A1) also regulates transcription through nuclear receptor half-sites and has 

been shown to be critical for development of adrenals and gonads and also plays a 

major role in adrenal steroidogenesis (42-48).   Adrenal steroidogenesis occurs in the 

cortex which is divided into 3 zones, the outer glomerulosa, which produces aldosterone 

when stimulated to do so by angiotensin II; the fasciculata which produces cortisol upon 

activation by adrenal corticotropic hormone; and the innermost reticularis which 

produces large amounts of dehydroepiandrosterone sulfate.   Extensive studies of SF-1 

show that it regulates several of the proteins and enzymes required for steroidogenesis 

in the human adrenal glands including steroidogenic acute regulatory protein (StAR) 

protein, CYP17, HSD3B2, CYP21, and CYP11B1. (49-52). 

The ability of SF1 and ERRα to regulate transcription through similar cis-

elements and their co-expression within adrenocortical cells led us to define the role of 

ERRα in the regulation of steroidogenic enzyme gene transcription. Herein, we 

demonstrate that  ERRα is expressed in the human adrenal gland and that it acts to 

increase expression of 17α-hydroxylase (CYP17) and DHEA sulfotransferase 

(SULT2A1).  In addition, the effect of ERRα on transcription of the genes encoding 

steroidogenic enzymes was unique from that seen for SF1.  
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CHAPTER II 

Experimental Procedures 

 

RNA extraction, cDNA synthesis and real-time PCR:  Normal human adult adrenals 

were obtained through the Cooperative Human Tissue Network (Philadelphia, PA) and 

normal human adult testis and  liver  total RNA were obtained from the Clontech master 

panel II (Cat# K4008-1, Clontech, Palo Alto, CA).  Human ovaries and placenta as well 

as whole fetal brain, heart, and kidney were obtained from Parkland Memorial Hospital 

(Dallas, TX) and were determined to be normal.  The use of these tissues was approved 

by the Institutional Review Board of the University of Texas Southwestern Medical 

Center at Dallas, Texas.  Total RNA was extracted from tissues as previously described 

(53).  Purity and integrity of RNA was checked spectroscopically and by gel 

electrophoresis prior to use.  Two µg of DNase treated total RNA was reverse 

transcribed in a final volume of 50 µl using the High Capacity cDNA Archive Kit (Applied 

Biosystems, Foster City, CA) and stored at –20°C. 

Primers for the amplification were based on published sequences for human 

ERRα and SULT2A1.  The following primer sequences used were:  ERRα 

(NM_004451) Forward: 5'-CACCATCAGCTGGGCCAAGAG-3' (exon 5), and Reverse: 

5'- GGTCAGACAGCGACAGCGATG (exon 6) which produced a 55 bp fragment; and 

SULT2A1 (NM_003167) Forward: 5’-TCGTGATAAGGGATGAAGATGTAATAA-3’ 

(exon_1) and Reverse: 5’-TGCATCAGGCAGAGAATCTCA-3’ (exon 2) which produced 

an 83 bp fragment.  PCR reactions were performed using the ABI Prism 7000 

Sequence Detection System (Applied Biosystems) in a total volume of 30 µl reaction 

mixture following the manufacturer’s recommendations using the SYBR Green 

Universal PCR Master Mix (Applied Biosystems), 0.1 µM of each primer, and 5 µl of 

each first-strand cDNA sample.  A dissociation protocol was performed at the 

completion of each experiment to verify that a single specific PCR product was 

amplified.  Standard curves were prepared using the human ERRα expression vector.  

No-template controls contained water in place of first-strand cDNA.  Each sample was 

normalized on the basis of its 18S ribosomal RNA content.  The 18S quantification was 
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performed using a TaqMan Ribosomal RNA Reagent kit (Applied Biosystems) following 

the manufacturer’s recommendations. 

Protein immunoblotting analysis:  Cultured H295R adrenocortical cells and adult 

adrenal and liver samples were used to prepare nuclear extract following the protocol 

described previously (54).  Polyacrylamide gel electrophoresis (PAGE) was carried out 

on the samples using a precast Novex gel electrophoresis system with 4–12% bis-Tris 

NuPage gels (Invitrogen, Carlsbad, CA). Proteins were electrophoretically transferred 

onto polyvinylidene difluoride membranes by wet transfer for 1 h at 30 V. After transfer 

the membranes were incubated overnight at 4C with rabbit ERRα specific antibody 

(1:1000 dilution) designed against the N-terminal region of ERRα (Cat# AB16363, 

Abcam, Cambridge, MA).  Membranes were incubated with horseradish peroxidase-

conjugated secondary antibodies, and immunoreactive bands were visualized using 

enhanced chemiluminescence western blotting detection reagents from Amersham 

Pharmacia Biotech (Piscataway, NJ).  Lamin B (Cat# SC-6216, Santa Cruz, Santa 

Cruz, CA) was used as a loading control for nuclear extracts. 

Cell culture and transfection assay:  Transfection assays were performed using CV-1 

cells which were derived from the kidney of the African green monkey (ATCC #CCL-70) 

(55) because of their significantly lower levels of ERRα expression than adrenal cells 

(data not shown). CV-1 cells were cultured in Dulbecco’s modified Eagle’s/Ham F12 

(DMEM/F12) medium (Invitrogen) supplemented with 5% NuSerum (Collaborative 

Biom, Bedford, MA) and antibiotics.  For transfection experiments Fugene 6 (Roche, 

Indianapolis, IN) was used to transfect 1 µg of reporter plasmid and 0.3 µg of 

expression vectors.  To assure constant amounts of DNA per well for each transfection, 

pCMX empty vector was used. The cells were co-transfected with 50 ng/well of β-

galactosidase plasmid (Promega, Madison, WI) to normalize luciferase activity.  Cells 

were harvested 22-24 hours after recovery and assayed for luciferase activity using the 

Luciferase Assay System (Promega, Madison, WI). 

Preparation of reporter constructs and expression vectors:  The 5’ flanking DNA 

from the human genes for StAR, CYP11A1, HSD3B2, CYP11B1, CYP11B2, CYP17, 

and SULT2A1 were inserted upstream of the firefly luciferase gene in the reporter 

vector pGL3-basic (Promega).  SULT2A1 deletion constructs were described previously 
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(56). Empty pGL3-Basic served as the control vector to measure basal activity in all 

transfections. The human ERRα and VP16-ERRα were described previously (16).  The 

coding regions of human SF1 and DAX were inserted into the eukaryotic expression 

vector pcDNA 3.1 zeo (Invitrogen) (50).  Mutations to putative ERRα binding sites in the 

SULT2A1 promoter were created using the QuikChange XL Site Directed Mutagenesis 

kit (Stratagene, La Jolla, CA) following manufacturer's recommendations.  Primer sets 

used for the mutations have been previously described (56). 

Immunohistochemistry 

Immunohistochemical analysis was performed employing the streptavidin-biotin 

amplification method using a Histofine Kit (Nichirei, Tokyo, Japan).  Antibodies used 

include SULT2A1 (rabbit polyclonal) (8), SF1 (rabbit polyclonal) (kindly provided by Dr. 

K. Morohashi (National Institute for Basic Biology, Okazaki, Japan) (57), and ERRα 

(mouse monoclonal; 2ZH5844H) purchased from Perseus Proteomics (Tokyo, Japan) 

(58).  Antigen retrieval for immunostaining of SF1 and ERRα was performed by heating 

the slides in an autoclave at 121 C for 5 min in citric acid buffer (2 mM citric acid and 9 

mM trisodium citrate dehydrate, pH 6.0).  The dilutions of the primary antibodies used in 

this study were 1:1000. The antigen-antibody complex was visualized with 

3.3’diaminobenzidine (DAB) solution (1 mM DAB, 50 mM Tris-HCl buffer (pH 7.6), and 

0.006% H2O2), and counterstained with hematoxylin.  For negative controls (data not 

shown) normal rabbit or mouse IgG was used instead of primary antibodies, and no 

specific immunoreactivity was detected in these sections.  Histological identification of 

three zones of the human adrenal cortex was based on previously published criteria (9). 

EMSA 
Nuclear extracts from human adult adrenal tissue were prepared as described above.  

EMSA assays were performed as previously described (54) using the oligonucleotides 

for cis-elements in the SULT2A1 gene as were described previously (56). 

Data analysis and statistical methods  
Data from at least three experiments run in triplicate, for a total of nine independent 

observations for each condition, were pooled and analyzed using single-factor ANOVA 

with Student-Newman-Keuls multiple comparison method, using SigmaStat version 3.0 

(SPSS, Chicago, IL). Significance was accepted at the 0-0.05 level of probability. 
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CHAPTER III 

Results 

 

Human adrenal tissue expresses ERRα mRNA and protein 

In order to demonstrate expression of ERRα in the human adult adrenal gland 

and to characterize the expression pattern of ERRα in steroidogenic tissues, 

quantitative real-time RT-PCR was performed using mRNA isolated from human adult 

adrenal, ovary, testis, placenta and fetal adrenal as well as control tissues (fetal brain, 

heart, and kidney) reported to highly express ERRα (13,25) (Fig. 4).  ERRα transcripts 

in the fetal adrenal (0.61 attmol/µg18S) and placenta (0.60 attmol/µg18S) were 

comparable to the levels detected in the testis (0.50 attmol/µg18S), brain (0.49 

attmol/μg18S) and kidney (0.60 attmol/μg18S) tissue samples.  Compared to other 

tissues, the expression of ERRα mRNA in the liver was low (0.205 attmol/µg18S).  This 

observation is in agreement with the levels of ERRα mRNA detected in previously 

published northern analysis data (13,28).   
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Figure 4. Quantification of ERRα transcript levels in human steroidogenic tissues.  Real-time 
RT-PCR was performed to quantify the level of ERRα mRNA in adult adrenal (a. adrenal), fetal 
adrenal (f. adrenal), placenta, ovary, testis, liver, fetal brain (f. brain), fetal heart (f. heart) and fetal 
kidney (f. kidney) as described in Materials and Methods. Data represent the mean ±SEM of at least 
three independent DNase-treated RNA samples and are expressed in attomoles of mRNA per μg of 
18S ribosomal RNA.   



 20

Once the presence of ERRα mRNA in the human adrenal was demonstrated, 

western analyses were performed to confirm the presence of the ERRα protein (Fig. 5).  

Incubation with ERRα-specific antibody revealed the presence of ERRα protein in 

nuclear extracts of human adult adrenal glands as well as in the H295R adrenocortical 

cell line.   No detectable level of ERRα protein was found in liver nuclear extract, which 

correlates with the real-time RT-PCR data and with previous studies indicating low 

levels of ERRα expression in liver (13,28). 
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Figure 5.  Western analysis of the human ERRα protein. Fifteen micrograms of nuclear extract 
protein from cultured H295R cells, human adult adrenal, and human liver were separated on a 4-12% 
Bis-Tris NuPage gel (Invitrogen) and blotted onto a polyvinylidene difluoride membrane as described 
in Materials and Methods.  Lamin B was used as a loading control. 

 

Finally immunohistochemical staining of adrenal sections was performed to 

localize the expression of ERRα within the human adrenal gland (Fig. 6).  ERRα 

immunoreactivity was detected in nuclei of cortical cells of the entire adrenal cortex, 

including zona glomerulosa (Fig. 6A), fasciculata, and reticularis (Fig. 6B).  No ERRα 

was detected in the cells of the adrenal capsule or inner medullary cells.  No staining 

was observed in the absence of ERRα antibody. 
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Figure 6.  Immunohistochemical analysis of ERRα (Panel A, B), SF1 (Panel C), and SULT2A1 
(Panel D) in human adult adrenal gland. ERRα immunoreactivity was detected in the nucleus of 
cortical cells in zonae glomerulosa (Panel A), fasciculata, and reticularis (Panel B). SF1 
immunoreactivity was detected in the nucleus of cortical cells in all these three zones (Panel C), while 
SULT2A1 immunoreactivity was detected in the cytoplasm of cortical cells in zona reticularis (Panel 
D), as were reported previously (3,9). Panels B-D were demonstrated as same tissue field in the 
serial sections.  Bar = 100 µm, respectively. G = glomerulosa, F = fasciculata, and R = reticularis.  
 

 

ERRα activates the transcription of SULT2A1 and CYP17 

To better determine the role of ERRα in the regulation of adrenal 

steroidogenesis, we examined its effects on the transcription of the genes encoding the 

enzymes involved in steroid hormone biosynthesis and the StAR protein.  The promoter 

constructs tested include CYP11A1, StAR, HSD3B2, CYP17, CYP11B1, CYP11B2, and 

SULT2A1. To minimize competition with endogenously expressed ERRα, CV-1 cells 

were used for transfection studies because these cells express low levels of ERRα 

(data not shown).  Of all constructs tested, only CYP17 (1.5-fold) and SULT2A1 (2.6-

fold) showed transcriptional activation when co-transfected with 0.1 µg ERRα (Fig. 7A).  

We also examined the effects of a VP-16 / ERRα chimera, which contains a VP16 insert 

directly 5’ to the ERRα coding sequence.  This VP16 insert is a portion of the viral 
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protein 16 promoter region isolated from the herpes simplex virus, and when placed 

upstream to the ERRα coding sequence, it mimics a ligand-activated transcriptional 

response.  Again only the CYP17 (12.1-fold) and SULT2A1 (79.5-fold) reporter 

constructs exhibited a marked responsiveness to the VP16 ERRα chimera (Fig. 7B). 
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Figure 7.  Effects of ERRα (panel A) and VP16ERRα (panel B) expression constructs on 
steroidogenic promoters.  CV-1 cells were transfected with luciferase promoter contructs containing 
CYP11A1, StAR, HSD3B2, CYP17 or SULT2A1 (1 µg/well).  Cells were co-transfected with 
expression plasmids containing the coding sequence of ERRα or VP16hERRα at a concentration of 
0.1 µg/well.  At twenty-four hours post-transfection the cells were lysed and assayed for luciferase.  
Data was normalized to co-transfected β-galactosidase expression vector and results are expressed 
as fold increase over basal activity.  Results are presented as mean ± SEM of data from at least three 
independent experiments performed in triplicate.  Asterisk indicates ERRα or VP16ERRα activation of 
the SULT2A1 promoter construct to be significant (P ≤0.001).  
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ERRα was then co-transfected into CV-1 cells with the SULT2A1 reporter 

construct and increasing concentrations of expression vectors encoding ERRα or 

VP16ERRα (Fig. 8). The SULT2A1 promoter was activated by ERRα and VP16ERRα in 

a concentration-dependent manner with activity increasing to 10.2- and 223.4-fold 

above basal levels, respectively, when cells were co-transfected with 1.0 µg/well of 

expression plasmid.   
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Figure 8.  Concentration-dependent effects of ERRα and VP16ERRα on SULT2A1 reporter 
gene activity.  CV-1 cells were transfected with luciferase reporter constructs containing the 
SULT2A1 promoter construct at a concentration of 1 μg/well.  Cells were co-transfected with the 
indicated amount of ERRα or VP16hERRα expression plasmid or the empty expression plasmid 
pCMX.  Cells were lysed and assayed for luciferase activity after 24 h.  Data was normalized to co-
transfected β-galactosidase expression vector and results are expressed as fold increase over basal 
activity.  Results represent the mean ±SEM of data from at least three independent experiments each 
performed in triplicate.  All values are significantly higher than basal (P≤0.001). 

 

 

Identification of ERRα Response Elements (ERREs) by deletion and mutation 

analyses 
The SULT2A1 5’-flanking DNA contains several putative nuclear receptor half 

sites (Fig. 9A) that match or closely resemble the consensus binding site TCAAGGTCA 

for ERRα. To determine if these nuclear receptor half-sites were potential ERREs, a 

series of deletion constructs were created containing progressively shorter fragments of 

SULT2A1 5’-flanking DNA.  These deletion constructs were co-transfected into CV-1 

cells with empty pCMX expression plasmid or pCMX containing the ERRα (Fig. 9B) or 
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VP16ERRα (Fig. 9C) coding sequences.  VP16ERRα responsiveness was reduced by 

approximately 50% of that seen with the wild type promoter when the -1063 promoter 

deletion construct was co-transfected.  Reporter activity further decreased following 

transfection with the -50 deletion fragment of the SULT2A1 to a level similar to that 

observed with pGL3Basic vector.  The pattern of effects of the various SULT2A1 

promoter deletions on reporter activity was similar for both wild-type ERRα and 

VP16ERRα. The combination of sequence and deletion analyses indicates three 

potential ERRα cis-elements: -1191, -85, and -65.  
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Figure 9.  The roles of ERRα binding cis-elements in the regulation of SULT2A1 transcription.  
Panel A. Schematic representation of SULT2A1 promoter with potential ERRα binding sites.  Gray 
boxes represent potential cis-binding sites and the numbers below represent the base pair at which 
the site begins based on the translational start site. Panels B and C. CV-1 cells were transfected with 
ERRα (Panel B) or VP16hERRα (Panel C) expression plasmids (0.3 µg/well) and pGL3Basic reporter 
constructs containing progressively smaller amounts of SULT2A1 5’-flanking DNA (1 µg/well) as 
indicated.  Cells were lysed and assayed for luciferase 24h post transfection.  Data were normalized 
to co-transfected β-galactosidase activity and fold induction was calculated relative to the basal 
promoter control.  Results represent the mean ± SEM of data from at least three independent 
experiments performed in triplicate.  Asterisk indicates ERRα or VP16ERRα activation of the 
SULT2A1 promoter construct to be significantly lower than the next largest promoter deletion 
construct (P ≤0.018).  
 

To determine the relative importance of each putative ERRα cis-element, all 

three sites were individually mutated in the context of the full-length (-1259bp) SULT2A1 

gene promoter (Fig. 10A).  Reporter activity of the wild-type and mutated reporter 

constructs were examined when co-transfected with either ERRα (Fig. 10B) or 

VP16ERRα (Fig. 10C) expression vectors. Mutation of the -1191 site lowered 

VP16ERRα responsiveness to approximately 40% of wild type.  After mutation of the -

85 site, VP16ERRα responsiveness is lowered to 5% of wild type.  Finally, VP16ERRα 

responsiveness of the SULT2A1 gene promoter is lowered to 16% of wild type after 

mutation of the possible ERRα response element at -65. The effect of mutation of these 

cis-elements was similar for both wild-type ERRα and VP16-ERRα with regard to the 

fold induction of reporter activity. 
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Figure 10.  Mutation of putative ERRα binding sites in the SULT2A1 promoter.  Panel A. 
Schematic representation of SULT2A1 promoter with potential ERRα binding sites indicated by gray 
boxes.  Panels B and C. CV-1 cells were transfected with ERRα (Panel B) or VP16hERRα (Panel C) 
expression plasmids (0.3 µg/well) and pGL3Basic reporter constructs containing the variations of the 
SULT2A1 promoter containing site-specific mutations (1 µg/well) as indicated.  Cells were lysed and 
assayed for luciferase 24h post transfection.  Data were normalized to co-transfected β-galactosidase 
activity and fold induction was calculated relative to the basal promoter control.  Results represent the 
mean ± SEM of data from at least three independent experiments performed in triplicate Asterisk 
indicates ERRα or VP16ERRα activation of the SULT2A1 promoter construct to be significantly lower 
than that of the non-mutated (-1259) SULT2A1 clone (P <0.001). 

 

ERRα binding to putative ERRα cis-elements of the SULT2A1 promoter 
To determine whether ERRα interacts directly with either the -85 or -65 cis-

element of the SULT2A1 promoter, 32P-labeled oligonucleotides containing sequence to 
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correspond with these specific elements were prepared and used in EMSA analysis 

(Fig. 11).  Both elements bound proteins in nuclear extracts from adult adrenal tissue 

although the -85 site bound with greater efficiency than the -65 site.  Binding could be 

completely blocked by addition of non-labeled oligonucleotide (data not shown). 

Complex formation was partially retarded causing a shift when antibody targeting N-

amino terminus of ERRα was added to the reaction mixture in a dose-dependent 

fashion. 
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Figure 11.  EMSA of ERRα -85 and -65 cis-elements.  EMSA was performed using 32P-labeled 
oligonucleotide probes containing the -85 or -65 consensus sequences of SULT2A1. Radiolabeled 
probe alone corresponds to FP (free probe), and H295R adrenocortical cell nuclear extract 
corresponds to H295R NE. Bands corresponding to probe/ERRα (as well as SF-1) complexes are 
indicated. The remaining lanes correspond to H295R NE incubated with increasing levels of antibody 
targeted to the amino terminus of the ERRα protein.  Supershift bands corresponding to probe/ERRα/ 
antibody complexes are indicated. 
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Effects of SF1 on the regulation of the SULT2A1 gene promoter by ERRα 

It is known that SF1 enhances transcription of the genes encoding steroid-

metabolizing enzymes through its action at nuclear receptor half-sites and we have 

previously shown that SF1 regulates SULT2A1 (3,56). Our current data suggest that 

ERRα also enhances transcription of a steroid-metabolizing enzyme gene, SULT2A1, 

via binding of nuclear receptor half-sites. Therefore, we next examined the combined 

effects of SF1 and ERRα on the SULT2A1 reporter construct. 

CV-1 cells were co-transfected  with the luciferase reporter construct for 

SULT2A1 and expression plasmids containing the coding sequences for ERRα,  SF1 or 

a combination of both ERRα and SF1 (Fig. 12).  The level of SF1 (0.1 µg/well) used in 

the transfection was optimized prior to testing and enhanced transcription of the 

SULT2A1 promoter approximately 4-fold over basal while ERRα (0.3µg/well) enhanced 

transcription 5.1-fold over basal.  When SF1 and ERRα were co-transfected SULT2A1 

transcription was enhanced 4.4-fold over basal, indicating that these factors likely exert 

their effects on SULT2A1 transcription independently—perhaps using the same cis-

elements. 

 

Effects of DAX1 on ERRα activation of SULT2A1 transcription 
DAX1 (NR0B1) is another orphan nuclear receptor that is a known inhibitor of SF1 

activity (60,61).  As SF1 and ERRα utilize some of the same nuclear receptor half sites, 

the question arises whether DAX1 can also inhibit the effects of ERRα on the SULT2A1 

promoter.  CV-1 cells were co-transfected  with the luciferase reporter constructs for 

SULT2A1 and expression plasmids containing the coding sequences for ERRα, SF1 or 

both in combination with the expression plasmid for DAX1 (Fig. 12).  Transfection of 

both ERRα and SF1 enhance SULT2A1 reporter gene transcriptional activation more 

than 4.4-fold over basal activity.  Addition of DAX1 completely ablated the ability of both 

ERRα and SF1 to enhance SULT2A1 transcription reducing activity to that observed 

with pGL3Basic vector. 
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Figure 12.  Comparison of ERRα and SF1 enhanced SULT2A1 transcription and the effects of 
DAX1.  CV-1 cells were transfected with luciferase reporter constructs for SULT2A1 (1 µg/well).  Cells 
were co-transfected with expression plasmids containing the coding sequences for ERRα or SF1 
alone or in combination with the expression plasmid for DAX1 at concentrations of 0.1 µg/well.  After 
24 hours the cells were lysed and assayed for luciferase activity.  Data were normalized to co-
transfected β-galactosidase expression vector and results are expressed as a fold induction over the 
basal reporter activity.  Results represent the mean ± SEM of data from at least three independent 
experiments each performed in triplicate.   
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CHAPTER IV 

Conclusions and Recommendations 

 

ERRα IS SIGNIFICANTLY EXPRESSED IN HUMAN  

ADRENOCORTICAL CELLS 
 

Conclusions 

ERRα is widely expressed in adult tissues, exhibits a broad range of target 

genes, and previous reports have shown expression in the mouse adrenal gland (13). 

Herein we demonstrated that ERRα is also present in the human adrenal gland.  Both 

real-time RT-PCR and western blot analysis confirm the presence of ERRα in the 

human adult adrenal.  Furthermore, immunohistochemical staining localizes ERRα to 

the nuclei of the adrenocortical cells across all three cortical zones with the highest 

expression being in the zona reticularis. 

 

Recommendations 

 According to the real-time RT-PCR data for all tissues analyzed, ERRα is also 

significantly expressed in the fetal adrenal and placenta.  Future studies are needed to 

investigate the role of ERRα in these developmental tissues.  It is known that DHEAS 

plasma levels are relatively high during fetal life.  Thus, with the data presented here it 

is a possibility that the ERRα expressed in the fetal adrenal might play a role in the fetal 

production of DHEAS.  However, in the placenta the role of ERRα is currently not clear.  

Previous studies have shown that ERRα, ERRβ, and ERRγ are all significantly 

expressed in the placental tissue during fetal development.  ERRβ is thought to play an 

important role in early placentation (59).  However, the roles of ERRα and ERRγ in the 

placenta remain unknown.  
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ERRα IS A REGULATOR OF SULT2A1 GENE TRANSCRIPTION 

 

Conclusions 

Transfection analyses indicate that steroid sulfotransferase, encoded by the 

SULT2A1 gene, was the steroid metabolizing gene most responsive to co-transfection 

with ERRα, while CYP17 also showed a moderate response.  Analysis of the SULT2A1 

5’-flanking region revealed six possible nuclear receptor half-sites for ERRα action (-

1191, -895, -499, -302, -85, -65 sites).  However, deletion analysis of the flanking region 

indicated that when interacting with the ERRα construct, the -85 and -65 sites played 

significant roles in the activation of the SULT2A1 gene transcription.  Use of the 

VP16ERRα chimera further indicated that the -1191 site on the SULT2A1 promoter was 

significantly involved in gene transcription. Mutational manipulation of the individual cis-

elements confirmed that maximal ERRα enhancement of SULT2A1 reporter gene 

activity relied on all three sites but particularly the -85 and -65 sites.  Further 

investigation via EMSA confirmed a direct interaction of the ERRα protein with the -85 

and -65 sites in vitro.   

 

Recommendations 

Although the -85 and -65 sites appear to play the major role in the enhancement 

of SULT2A1 reporter gene activity, additional studies are needed to better characterize 

the role of the -1191 site.   There is also no known SF1 activity at the -1191 site, 

therefore it may play an important role in facilitating ERRα activation of the gene 

promoter versus SF1 activation of the same promoter when both nuclear hormone 

receptors are co-expressed endogenously. 

Also, it is known that plasma levels of DHEAS are relatively high during fetal life, yet 

levels decrease significantly during early childhood prior to climbing again in early 

adulthood.  Our data indicates that ERRα is significantly expressed in both fetal and 

adult adrenal tissues during the peak times of adrenal androgen production. However, 

no studies have been done to determine ERRα levels in the adrenal glands after birth 

and during childhood when DHEAS levels are substantially lower. 
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Also, CYP17 is a required enzyme in the pathway of DHEAS production in the 

adrenal cortex.  Our data indicates that ERRα significantly enhances transcription of the 

CYP17 reporter gene construct.  Therefore, future studies are needed to investigate the 

possible role of ERRα in the regulation of CYP17 enzyme expression. 

 

ERRα AND SF1 REGULATE SULT2A1 GENE EXPRESSION AT THE SAME 

NUCLEAR RECEPTOR EXTENDED HALF-SITES  
 

Conclusion 

Since most of the ERRα-related enhancement of SULT2A1 gene activity could 

be localized to the -85 and -65 sites of the gene promoter, and SF1 has previously been 

shown to act at the same sites, the question arises as to whether SF1 and ERRα act 

collectively at these sites or in competition with each other.  Optimized levels of SF1 

(0.1 µg/well) enhanced transcription of the SULT2A1 promoter approximately 4-fold 

over basal while optimized levels of ERRα (0.3µg/well) enhanced transcription 5.1-fold 

over basal.  When SF1 and ERRα were co-transfected SULT2A1 transcription was 

enhanced 4.4-fold over basal, indicating that these factors likely exert their effects on 

SULT2A1 transcription independently—perhaps using the same -85 and -65 cis-

elements in a competitive fashion. 

 

Recommendations 

 Future studies that focus on the direct or indirect interaction between ERRα and 

SF1 in the regulation of SULT2A1 gene transcription are needed.  From our results it 

appears that the two nuclear hormone receptors compete for the same cis-elements on 

the SULT2A1 gene promoter, yet the mechanism of competition is not well understood.  

Determining what factors favor binding of ERRα to the cis-elements versus binding of 

SF1 to the same sites will provide new insight not only into the regulatory properties of 

ERRα, but also into those of SF1 which plays such a vital role in multiple steroidogenic 

enzyme production pathways. 
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DAX1 IS A POTENT INHIBITOR OF ERRα ACTIVATION OF THE SULT2A1 GENE 

TRANSCRIPTION 
 

Conclusion 

The addition of DAX1 to transfection experiments in CV-1 cell models completely 

ablated the ability of both ERRα and SF1 to enhance SULT2A1 transcription reducing 

activity to that observed with pGL3Basic vector.  Thus we conclude that both SF1 and 

ERRα are inhibited by DAX-1, a nuclear hormone receptor previously shown to interact 

with SF1 and block its transcriptional activity through the recruitment of co-repressors 

(60).  

 

Recommendations 

The use of the same cis-elements by ERRα and SF1 in the regulation of 

SULT2A1 gene transcription suggests a parallel purpose for the two nuclear hormone 

receptors.  Also, the fact that DAX1 represses transcriptional activity of both ERRα and 

SF1 suggests there may be significant overlap in the mechanisms regulating the activity 

of SF1 and ERRα.  However, our results (Fig. 7) demonstrate that the effects of ERRα 

in the steroidogenic pathway are not the same as is seen for SF1 suggesting that the 

role of these two transcription factors in the adrenal is distinct (3,50).  Thus, future 

studies are needed to better understand the similarities and differences in ERRα and 

SF1 regulation of the SULT2A1 gene transcription and why two similarly regulated 

nuclear hormone receptors were developed to regulate the production of steroid 

sulfotransferase SULT2A1 in the human adrenal. 
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