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Abstract
Regulation of the rat glutathione S-transferase A2 (GSTA2) gene by glucocorticoids is biphasic in
its concentration dependence to glucocorticoids, with concentrations of 10−100 nM repressing gene
activity (GR-dependent), and concentrations above 1 μM increasing transactivation (PXR-
dependent) in adult rat hepatocytes or transient transfection assays. Over-expression of either C/
EBPα or β negatively regulates basal and inducible expression of a 1.65 Kb GSTA2 luciferase
reporter, and synergizes the response to glucocorticoids (GC). C/EBP responsive elements have been
identified in the GSTA2 5’-flanking sequence, associated with the palindrominic Glucocorticoid
Responsive Element (GRE), the Ah receptor response elements, and the antioxidant response
element. In reporters lacking the palindromic GRE, negative regulation by GC is observed only when
C/EBPα is co-expressed. Co-transfection of C/EBPα/β induced gene expression of the GSTA2 XRE
reporter, but negatively regulated the GSTA2 ARE-reporter. In contrast, the ARE from the rat NAD
(P)H quinone oxidoreductase gene was induced by co-transfection of C/EBPs, but was still negatively
regulated by GC. PXR-induction of the GSTA2 reporter was partially ablated by co-transfection of
C/EBPα and enhanced by co-transfection of C/EBPβ. We conclude that C/EBPα and β are involved
in GC-dependent repression of GSTA2 gene expression and ARE sequences that bind C/EBPs
appears to be critical for these responses.
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INTRODUCTION
Hypothesis

Our previous studies indicated that glutathione S-transferase A2 (GSTA2) gene expression
was regulated developmentally by glucocorticoids (Linder and Prough, 1993; Sherratt et al.,
1990). In neonatal rat liver and primary fetal hepatocytes, GSTA2 gene expression was induced
by glucocorticoid treatment, while in adult rat liver and primary hepatocytes, gene expression
was repressed at glucocorticoid concentrations that activate the glucocorticoid receptor, but do
not activate PXR. In primary cultures of adult rat hepatocytes, GSTA2 was regulated by
glucocorticoids in a biphasic manner (Prough et al., 1996), with repression of gene expression
being observed at lower glucocorticoid concentrations (10−100 nM), while higher
concentrations of glucocorticoids (>1 μM) caused gene expression to be significantly
increased. These effects could be reproduced in transient transfection experiments (Falkner et

Address correspondence to Russell A. Prough, Ph.D., Department of Biochemistry and Molecular Biology, University of Louisville
School of Medicine, Louisville, KY 40292; E-mail: russ.prough@louisville.edu.

NIH Public Access
Author Manuscript
Drug Metab Rev. Author manuscript; available in PMC 2008 June 10.

Published in final edited form as:
Drug Metab Rev. 2007 ; 39(2-3): 401–418.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 1998, 2001) using HepG2 cells and 1.65 kb full-length GSTA2 promoter-based luciferase
reporter construct in the presence of both GR (low concentration negative regulation) and PXR
(high concentration induction). The effect mediated by low concentrations of glucocorticoid
(Falkner et al., 2001) was mediated in part through the palindromic GRE (−1602 bp) and several
GRE half sites (−1524, −1360, and −1063) found between −1.65 kb and −1.0 kb in the 5’-
flanking region of the GSTA2 and was blocked by addition of 1 μM RU 38486. By itself, this
same region acted as a positively-regulated GRE in transient luciferase reporter assays,
indicating that GR must act with another transcription factor that is developmentally regulated
to mediate this negative regulation of the GSTA2 gene.

Subsequent studies by others (Ki et al., 2005) identified C/EBPβ as a transcription factor that
can mediate similar negative regulatory responses in GSTA2. This study confirmed our earlier
published work that the response of the GSTA2 gene to glucocorticoids is biphasic and that
the palindromic GRE and half sites located between base pairs −1.65 and −1.0 kb are involved
in negative regulation of this gene through action of the glucocorticoid receptor (Fig. 1).
Multiple C/EBP binding sites have been identified in the GSTA2 gene including a C/EBP site
located at the ARE at −695 bp (Chen and Ramos, 2000), the XRE at −899 bp (Pimental et al.,
1993) and the palindromic GRE at −1602 bp (Falkner et al., 1998; Voss et al., 1998) of the 5’-
flanking region. Our previous work (Falkner et al., 2001) indicated that the PXR-mediated
induction of the GSTA2 was mediated through sequences at or near the ARE, suggesting
involvement of this cis-acting element in nuclear receptor-dependent regulation of the GSTA2
gene. Finally, expression of the GSTA2 gene is developmentally regulated. High expression
is observed in pre-neoplastic nodules (Pickett et al., 1984), an early stage of
hepatocarcinogenesis in which glucocorticoid receptor function and C/EBPα have been
implicated. In addition, it is highly expressed during early adult life (for review see Schrem et
al., 2004). These observations led us to develop the hypothesis that glucocorticoids regulate
the GSTA2 gene negatively via GR-dependent mechanisms involving other developmentally-
regulated transcription factors, either C/EBPα or C/EBPβ, acting through the nuclear-receptor
sensitive C/EBP binding site located at or within the ARE.

Regulation of the GSTA2 Gene
The transcriptional regulation of rat glutathione S-transferase A2 by xenobiotic compounds
has been well characterized by Pickett and coworkers (Rushmore et al., 1990; Rushmore and
Pickett, 1990; Rushmore et al., 1991). This gene's promoter has two independent xenobiotic
response elements (Fig. 1). The first characterized (Rushmore et al., 1990) is an XRE (−899
in the 5’-flanking region), which binds the Ah receptor whose ligands include polycylic and
polyhalogenated aromatic compounds. In addition to binding the Ah receptor, this element is
thought to bind C/EBPα (Pimental et al., 1993). Electrophoretic mobility shift experiments
indicated the GSTA2 XRE sequences formed DNA-C/EBP protein complexes that were
disrupted by pre-incubation with antiserum against C/EBPα, but not by C/EBPβ or δ antiserum.
It was proposed that C/EBPα facilitates recruitment of the Ah-receptor and therefore, positively
regulates GSTA2 gene transcription.

The other responsive element (−695 in the 5’-flanking region) known either as the antioxidant
(ARE) or electrophile response element (Rushmore and Pickett, 1990; Rushmore et al.,
1991), binds the transcription factor NF-E2-related factor-2 (Nrf-2) and its hetero-dimerization
partner, a member of the small maf family (Nguyen et al., 2003; Itoh et al., 1997; Itoh et al.,
1999). The ARE is partially responsible for the basal transcription rate of the GSTA2 gene, in
addition to the xenobiotic inducibility observed with a broad range of electrophilic compounds.
Interestingly, C/EBP family members have also been implicated in binding to this site. Chen
and Ramos (2000) demonstrated that over-expression of either C/EBPα or C/EBPβ negatively
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regulated expression of GSTA2 reporters in transient transfection experiments in murine
vascular smooth muscle cells.

In addition to the response elements activated by xenobiotic compounds, several other response
elements have been defined in the basal expression of GSTA2 (Paulson et al., 1990). These
include a HNF1 site (−859 bp) and an HNF4 site (−760 bp). The HNF1 site is of particular
importance in understanding the modes of negative regulation of the GSTA2 gene by
glucocorticoids, since it has been implicated in negative regulation of the GSTA2 gene by
glucocorticoids in cells treated with interleukin-6 (Voss et al., 1998).

C/EBP Proteins
The C/EBP proteins are a family of transcription factors comprised of at least 6 different genes
whose expression varies depending on tissue and developmental stage (Birkenmeier et al.,
1989). C/EBP transcription factors are members of the leucine zipper superfamily, that form
homodimers or heterodimers with other C/EBP family members or with other leucine zipper
transcriptions factors, such as AP-1 family members or NF-κB. The C/EBP proteins α and β
prefer to bind to the consensus sequence RTTGCGYAAY (Osada et al., 1996). In addition,
the various C/EBP genes generate different protein transcripts by alternate initiation through
ribosomal scanning mechanisms. C/EBP α and β are both expressed in liver, adipose, lung and
intestine.

C/EBPα is an important regulator of hepatocyte differentiation and function (for review see
Schrem et al., 2004). Studies in mice whose C/EBPα gene is ablated display hepatic architecture
resembling proliferative or pseudo-glandular hepatocarcinoma, and have severe disruptions in
lipid and carbohydrate metabolism. C/EBPα has been implicated with glucocorticoid receptor
signaling, in the action of cell cycle regulators, like p21 (Timchenko et al., 1996; Cram et al.,
1996) and is poorly expressed in rat liver following partial hepatectomy (Zhao et al., 2002) or
in hepatocarcinomas (Osada et al., 1995). In immortalized hepatocarcinoma cell lines, C/EBP
expression is very low and stable over-expression is difficult to achieve due to C/EBP-mediated
cell cycle arrest.

C/EBPβ was originally identified as a transcription factor induced by interleukin-6 and is
considered an important part of the acute phase response (Akira et al., 1990; Poli et al.,
1990). C/EBPβ has high sequence homology with C/EBPα and can compensate for some of
the hepatic functions of C/EBPα, if expressed from the C/EBPα promoter (Chen et al., 2000).
However, either ablation of the C/EBPα gene or disruption of the C/EBPα gene in adult animals
(Lee et al., 1997) results in severe changes in gene regulation suggesting that C/EBPβ
expression in normal animals is insufficient to fully compensate for the loss of C/EBPα
expression and indicates that C/EBPα is the predominant C/EBP controlling many hepatic
functions. C/EBPβ has been shown to interact with GR tethering to C/EBPβ to form a hormone
responsive element complex (Rudiger et al., 2002).

This review written in honor of Ronald W. Estabrook will describe two methods by which GR
regulates the rat GSTA2 gene. One involves a palindromic GRE associated with several GRE
half-sites, possibly through a putative C/EBP binding sites to recruit C/EBPs to the 5’-flanking
region. The other region is the ARE of GSTA2 that appears to be part of a novel Glucocorticoid
Regulatory Unit (GRU), like those GRUs seen in other genes, such as phosphoenol pyruvate
carboxykinase characterized by Hanson's group (Hatzoglou et al., 1991.) The studies shown
in this review will link the action of GR and C/EBP proteins in regulating the rat GSTA2 gene.
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MATERIALS AND METHODS
Materials

Restriction endonucleases, T4 ligase and pGL3-basic were obtained from Promega (Madison,
WI) or New England Biolabs (Beverly, MA). pCMV-β was obtained from Stratagene (La Jolla,
CA). The expression vector for the human glucocorticoid receptor pRSVGR and the
glucocorticoid responsive reporter plasmid, p2XDEX-Luc was a gift from Michael Mathis
(LSU Medical Center, Shreveport LA). The reporter plasmid for the GSTA2 gene, p1.65Ya-
CAT was provided by T.H. Rushmore and Cecil Pickett. Expression plasmids for the C/EBP
proteins, pMEX, pMEX C/EBPα and pMEX C/EBPβ were generously provided by Peter
Johnson, National Cancer Institute, NIH, Frederick, MD. The expression vector pPXR was
provided by Steven Kliewer (The U. Texas Southwestern Medical School, Dallas, TX).

Media for culturing E. coli, were purchased from Difco Laboratories (Detroit, MI).
Antimycotic/antibiotic solution, non-essential amino acids and Dulbecco's modified essential
medium (high modified) was obtained from Mediatech (Hernon, VA). Fetal bovine serum was
purchased from Harlan Bioproducts for Science (Indianapolis, IN). DNA purification kits were
obtained from Qiagen (Chatworth, CA) and were used to produce transfection quality DNA.
Oligonucleotides were purchased from Operon Technologies (Alameda, CA). PCR reagents
were purchased from Fisher Scientific (Pittsburgh, PA). BA and DEX were obtained from
Sigma Chemical Co (St. Louis, MO). t-Bu-DEX was purchased from Research Plus, Inc
(Bayonne, NJ). RU 38486 (17β-hydroxy-11β(4-dimethylamino-phenyl)-17α(propyl-1-ynyl)-
estra-4,9-dien-3-one) was obtained from Roussel Uclaf (Romainville, Cedex, France).
Chlorophenol red β-D-galactopyranoside was purchased from Boehringer-Mannheim
(Piscataway, NJ). All other reagents used were purchased from commercial sources and were
either American Chemical Society or Molecular Biology grade.

Cells and Culture Conditions
E. coli DH5α cells were purchased from Invitogen (Carlsbad, CA) and were routinely
transformed with plasmids of interest. HepG2 cells (ATCC HB8065), a human hepatoblastoma
derived cell line, were obtained from the American Type Culture Collection (Rockville, MD).
Cells were maintained in Dulbecco's modified Eagles Medium (high modified) supplemented
with 10% fetal bovine serum, antimycotic/antibiotic and non-essential aminoacids. The cells
were incubated at 37°C in a 5% carbon dioxide atmosphere and subcultured every 2 days.

Reporter Constructs
Luciferase deletion constructs of GSTA2 gene have been described previously (Falkner 1997,
2001). The pQARE-Luc reporter from the rat NAD(P)H:quinone oxidoreductase gene
described by Favreau and Pickett (1995) was synthesized by annealing a single copy of the
oligonucleotide for the ARE from this gene into 0.164YaLuc.

Transient Transfection
HepG2 cells were plated in 12-well plates and transfected at 40% confluency by calcium
phosphate-based transfection techniques described previously (Falkner et al., 2001). Following
transfection for 24 h, the cells were treated with various agents made up as 500 X stock solutions
in DMSO; controls received DMSO alone. After an additional 24 h, the cells were harvested
with 100 μl of cell lysis buffer (Promega, Madison, WI) according to the manufacturer’
instructions and subjected to a single freeze thaw event. All cells were co-transfected with 500
ng of pCMV-β as a transfection control. Routinely 125 ng of receptor expression plasmids and
1 μg of the various GSTA2 reporter plasmids were added to each well.
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Assays of β-galactosidase and Luciferase Activity
Luciferase activity was determined on 5 μl of cell extract with using the Luciferase Assay
system (Promega, Madison, WI) using a Wallac 1420 Victor3 Multilabel counter (Perkin Elmer
Life and Analytical Sci., Waltham MA). Cell extracts (5 μl) were incubated with chlorophenol
red β-galactopyranoside at 37°C for approximately 15−20 min. β-Galactosidase activity was
determined spectrophotometrically at 595 nm using a Bio-Tek μQuant microplate
spectrophotometer. (Winooski, VT).

Statistical Analysis
Students t-tests were used to define significance between groups. Fold-induction was analyzed
by fitting to theoretical equations with the least squares regression program Kineti77 (Clark
and Carrol, 1986).

RESULTS
C/EBPα and C/EBPβ Negatively Regulate GSTA2 Gene Expression

In our earlier work using tissues from neonatal and young adult rats, we noted that treatment
of these animals with BA and co-treatment with either corn oil or DEX (25 mg/kg body wt.)
in corn oil caused differences in expression of many hepatic genes involved in drug metabolism
between these two developmental states (Linder and Prough, 1993). BA caused induction of
GSTA2 mRNA and protein; however, BA-induction was increased by DEX in the neonatal rat
liver and decreased in the young adult rat liver. For P4501A1, another AhR-regulated gene,
DEX potentiated BA induction in both models (Linder and Prough, 1993), suggesting the
involvement of a second transcription factor in the regulation of GSTA2 in the adult
developmental models.

Among the known transcription factors that increase during development of the rat liver are
the C/EBP transcription factors which play a role in the developmental expression of hepatic
genes, like albumin, 442/Ap2 protein, stearoyl acyl-CoA desaturase 1, insulin-responsive
glucose transporter, and many others (McKnight et al., 1989). To test the hypothesis that C/
EBP transcription factors (C/EBPα and C/EBPβ) regulated the expression of the rat GSTA2,
we prepared a rat GSTA2 promoter-dependent luciferase reporter construct by cloning double-
stranded PCR products into cloning sites on 0.164YaLUC and subsequently developed a set
of deletion constructs (A–E, Fig. 1). DEX negatively regulated both the basal and BA-
dependent gene expression of the 1.65 kb 5’-flanking region luciferase reporter construct as
shown in Fig. 2. In this experiment, the GC-dependent repression of luciferase activity was
61% and 55 % for control and BA-induced cells, respectively, consistent with our previously
published results using intact liver of young adult rats (see above) and in transient transfection
experiments (Falkner et al., 1998). Co-transfection of expression vectors for the C/EBP
proteins dramatically reduced basal level transcription rates for both C/EBPα and C/EBPβ by
95% and 89%, respectively. Under these conditions, the expression of a chloramphenicol
acetyl-transferase reporter containing the C/EBP responsive element in the 5’-flanking region
of the albumin gene was positively increased by C/EBPα and C/EBPβ, 9.4 ± 0.3 and 5.6 ± 0.4-
fold, respectively (data not shown). However, glucocorticoids negatively regulated both the
basal and BA-dependent gene expression of luciferase reporters in cells co-transfected by C/
EBPα by 46% and 70%, respectively. With cells transfected with C/EBPβ, no significant
repression of basal level expression was observed in this experiment. However, the BA-induced
gene expression was repressed by 65%. Thus, a synergistic negative regulation by DEX
treatment and C/EBPα co-transfection was observed with the GSTA2 luciferase reporter genes,
suggesting that the GR and C/EBP proteins must act through a single concerted mechanism.
The results of co-transfection of C/EBP expression vectors is in agreement with those obtained
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in vascular smooth muscle cells (Chen and Ramos, 2000) and in H4IIE cells co-transfected
with C/EBPβ (Ki et al., 2005).

Over-expression of C/EBPα Alters the Action of RU 38486
To further test the hypothesis that the effects of DEX are mediated by the glucocorticoid
receptor (GR), we used the antagonist RU 38486 to ablate the response of DEX action through
GR. As shown in Fig. 3, RU 38486 was an effective antagonist in control cells and those co-
transfected with C/EBPβ, but not C/EBPα. DEX caused a 25% decrease in expression of BA-
induced activity, but RU 38486 modestly increased basal expression. However, RU 38486
caused reversal of the DEX-dependent suppression of expression. When C/EBPα was co-
expressed with GR, reporter expression was suppressed to 30% of control and DEX suppressed
expression by an additional 48%. This suppression was partially reversed by addition of RU
38486. In contrast to control cells, RU 38486 displayed partial agonist activity in C/EBPα co-
transfected cells, suppressing basal expression by 31%. In cells co-transfected with C/EBPβ,
less pronounced suppression of GSTA2 reporter expression was observed. C/EBPβ co-
expression repressed basal expression to 70% of control and DEX treatment further suppressed
expression by 29%. In contrast to cells co-transfected with C/EBPα, RU 38486 did not display
any partial agonist activity and reversed the effect of DEX.

Deletion Mapping of the C/EBP:GR Loci of Regulation
In order to define the cis-acting element involved in the C/EBP and GR regulated regions of
the 5’-flanking region, we prepared a series of deletion constructs starting with a 1.65 kb 5’-
flanking region luciferase construct. The longest construct (Fig. 1, Construct A) was composed
of 1.65 kb of 5’-flanking region contains an upstream region of a palindromic GRE (−1602)
and 3 GRE half-sites (−1524, −1360, −1063, and −546), a XRE at −899 bp that binds the Ah
receptor, an HNF1 site at −859 bp, an HNF4 site at −760 bp, and the antioxidant responsive
element (ARE) at −695 bp. All these reporter constructs contain the 164 bp minimal promoter
of GSTA2 defined by Rushmore and Pickett (1990).

As seen in Fig. 2, the basal expression of the full-length construct was negatively regulated by
DEX. Co-expression of C/EBPα strikingly repressed basal expression and DEX further
decreased expression, while C/EBPβ was less effective in its negative regulation. The central
construct (914 bp to −639 bp) that contains the XRE, HNF1, and ARE cis-acting elements, but
does not contain any sequences with homology to a concensus GRE, was potently repressed
by C/EBPα and C/EBPβ. However, there was much less effect of DEX on the construct (Fig.
4, Construct B), clearly indicating that the palindromic GRE (−1602 bp) is an important element
in the glucocorticoid-dependent regulation of this gene. Treatment with DEX did not negatively
regulate reporter gene expression in cells co-transfected with the empty expression vector
pMEX, in agreement with previous studies (Falkner et al., 1998;Ki et al., 2005). In contrast to
control cells, DEX-treatment suppressed basal expression by 20% in cells co-transfected with
C/EBPα. Observation of DEX-dependent suppression of this reporter gene requires co-
expression of C/EBPα. In contrast to C/EBPα, C/EBPβ co-transfection did not support DEX-
dependent suppression of gene expression.

The central reporter construct B (−914 to −639 bp) has two C/EBP response elements. The
first described was a C/EBPα response element located within the XRE sequence (Pimental et
al., 1993), while the second element is located at the ARE (Chen and Ramos). We tested the
ability of DEX to negatively regulate either a XRE or ARE reporter constructs co-transfected
with either C/EBPα or β (Fig. 4, Constructs C & D). The XRE construct C (−913 to −881 bp)
was positively regulated by C/EBPα, increasing basal activity by 4-fold, consistent with the
study of Pimental et al. (1993). Likewise, co-transfection of C/EBPβ also increased basal gene
expression (1.35-fold), albeit to a lesser extent than C/EBPα (Fig. 4, Construct C). The effect
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of DEX on the XRE luciferase construct co-transfected with either C/EBPα or β was not
statistically significant. Therefore, it appears unlikely that the C/EBP element located at the
XRE mediates GR-dependent negative regulation of this gene.

Basal expression of the construct containing the ARE responsive element (−721 bp to −681
bp) construct was decreased by co-transfection of C/EBP proteins, to 70% and 40% for C/
EBPα and β, respectively (Fig. 4, Construct D). Unlike the XRE element, this reporter was
negatively affected by DEX by C/EBPα, but DEX in the presence of the empty expression
vector pMex did not affect expression. However, DEX in the presence of C/EBPα suppressed
reporter expression 70% of that seen in control cells. C/EBPβ also suppressed basal level
expression by 40%, but there was no affect of DEX on expression.

Expression of the minimal −164 bp promoter construct was only slightly increased basal
expression by either C/EBPα or β proteins (Fig. 4, Construct E) and DEX did not have any
significant effect in the presence of either C/EBP. From these results, GR negatively regulates
this gene by mechanisms involving the palindromic GRE at −1602 bp and another transcription
factor, namely C/EBPα and C/EBPβ. When the palindromic GRE is studied in a luciferase
construct, it was positively regulated by GR plus DEX (Falkner et al., 1998). C/EBPs induce
expression of the XRE reporter and is not DEX sensitive, while DEX negatively regulates the
ARE reporter in the presence of C/EBPs. Thus crosstalk between the transcription factors and
cooperativity between the response elements must be a crucial factor in determining the
response of the gene to GC. The GR may assist in recruitment of C/EBPs to the ARE site and
possibly the XRE site that bind the C/EBP proteins through a looping mechanism.

Effect of C/EBP Proteins on Other ARE Constructs
Since the possible interactions of the transcription factors that bind to ARE may have
importance in regulation of other ARE-containing genes upon treatment with GC, we prepared
a luciferase reporter construct, pQARELuc, containing the ARE of the rat NAD(P)H:quinone
oxidoreductase 5’-flanking region described by Favreau and Pickett (1995). We had previously
shown this rat gene is negatively regulated by glucocorticoids, yet there was no defined GRE
that could be located in the 5’-flanking region (data not shown). While the effect of C/EBP
proteins was to increase its basal expression by 2- and 3.5-fold in the presence of C/EBPα or
β, respectively (Fig. 5), the ARE reporter from the QOR gene was also negatively regulated
by DEX, similar to the DEX-response of the GSTA2 ARE reporter. In cells co-transfected with
the control pMEX expression vector, DEX caused a 30% suppression of gene activation, but
in the presence of C/EBPα and β the effect of DEX was greater with a 57% and 46% suppression
of gene expression. This clearly demonstrates a synergistic effect of C/EBP co-transfection on
the ability of GR to negatively regulate this construct. These results also suggest that AREs
may be loci of C/EBP action, allowing the definition of a C/EBP-ARE composite element,
allowing GR to negatively regulate gene expression.

Effects of C/EBP Proteins on the PXR-dependent Induction of GSTA2
Previously, we demonstrated that the GSTA2 is regulated through action of the Pregnane X
Receptor (Falkner et al., 2001). The expression of this gene in primary rat hepatocytes displayed
a biphasic concentration dependence. The induction of GSTA2 by high concentrations of
glucocorticoids or pregnane derivatives was similar to the induction of P4503A23 regulated
by PXR ligands, but surprisingly the locus of PXR interaction was defined as the ARE (Falkner
et al., 2001). Thus, the ARE and its associated C/EBP response element appears to be involved
in both PXR- and GR-dependent regulation of gene expression. We co-transfected C/EBPs
and PXR prior to measuring responsiveness of the GSTA2 ARE reporter to t-Bu-DEX, a ligand-
activator of PXR. Co-transfection with PXR alone increased basal level expression by 4-fold
(Falkner et al., 2001) and 10 nM t-Bu-DEX caused a further 1.5-fold increase in luciferase
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activity (Fig. 6). C/EBPs suppressed basal expression 20% and 70% for C/EBPα and β,
respectively. Interestingly, t-Bu-DEX did not induce gene activation in cells co-transfected
with C/EBPα, but did increase expression by t-Bu-DEX by 1.9-fold in the presence of C/
EBPβ. These and our previous results suggest that C/EBPs affect the PXR-dependent induction
of gene expression, as well as the GR-dependent gene repression, through the ARE indicating
there are interactions or crosstalk between the transcription factors that apparently bind to these
ARE; namely, C/EBPα/β and Nrf2 interacting with GR and PXR.

DISCUSSION
The rat glutathione S-transferase A2 gene encodes a protein that can either homodimerize or
heterodimerize with subfamily members to produce an enzyme which catalyzes conjugation
of glutathione with the electrophilic centers of a wide range of xenobiotic and endobiotic
compounds. These reactions inactivate electrophiles, preventing protein or nucleic acid
alkylation, and target molecules for export from the cell by members of the multidrug
resistance-associated proteins, most notably MRP1 (for review see Cole and Deeley, 2006). In
addition, GSTA2 may also serve as an intracellular binding protein for non-substrate ligands,
such as the PXR ligands, the pregnane steroids (Homma et al., 1986) and bile acids such as
lithocholic acid (Takikawa and Kaplowitz, 1988). Regulation of the rat glutathione S-
transferase A2 (GSTA2) gene by glucocorticoids is complex and two different mechanisms
involving either GR or PXR have been proposed to address this complexity (Falkner et al.,
2001).

REGULATION OF THE GSTA2 GENE IN TISSUES AND ISOLATED
HEPATOCYTES

Our studies (Linder and Prough, 1993) suggest that there are important developmental
differences in the ability to regulate this gene. For example, in liver from two developmental
models (neonatal or adult rats), there is a difference in the action of glucocorticoid agonists.
In neonates, DEX caused induction of GSTA2 message and protein, while in adult animals this
GR-dependent response was suppressed. Similar results were obtained in isolated hepatocyte
cultures (Xiao et al., 1995, Voss et al., 1996, Prough et al., 1996). In addition, the adult rat
hepatic glutathione S-transferase A2 gene was regulated by glucocorticoids in a biphasic
manner, with lower concentrations of GC repressing gene transcription, while high
concentrations of GC induced gene transcription.

Similar results were obtained in studies by Boyer and coworkers (Voss et al., 1996), who
demonstrated the same biphasic regulation of the GSTA2 gene by glucocorticoids in cultured
rat hepatocytes; however, this occurred only in the presence of added recombinant
interleukin-6. In these studies neither recombinant interleukin-6 nor corticosteroid treatment
had any significant effect on GSTA2 transcript levels. This observation was important, since
it linked the glucocorticoid-dependent regulation of GSTA2 with rIL6 signaling. In our studies,
we utilized a Matrigel based cell culture system, while the studies by Voss et al employed
collagen coated plates. (Xiao et al., 1995, Voss et al., 1996, Prough et al., 1996). The
significance of the cell culture methods and the degree of de-differentiation hepatocytes
undergo in culture may account for the differences in GC sensitivity.

Negative Regulation of the Rat GSTA2 Gene Involving the Glucocorticoid Receptor and C/
EBP Ramily Members

Our initial studies performed in isolated rat hepatocytes indicated a biphasic response to
glucocorticoids in isolated rat hepatocytes. We reproduced those effects in transient
transfection assays in HepG2 cells (Falkner et al., 1998). Using mutation and deletion
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constructs we documented the importance of a palindromic glucocorticoid response element
and three glucocorticoid receptor half sites located between −1.65 and −1.0 kb in the 5’-
flanking region of the GSTA2 gene. If these response elements were either mutated or deleted,
the glucocorticoid response was significantly reduced. In contrast, this region has no effect on
the IL-6 glucocorticoid mediated mechanism of gene suppression. However, this region did
not negatively regulate expression by itself, since when a construct containing the sequences
between −1,710 to −1,000 bp of the 5’-flanking region of the GSTA2 gene was studied in
isolation, it was induced by DEX, strongly suggesting that another transcription factor must
mediate the negative regulatory effect of the entire gene.

An important advance in our understanding of this mechanism of regulation was the
demonstration that C/EBPβ and Nrf-2 are both involved in this mechanism and act to recruit
SMRT (silencing mediator for retinoid and thyroid receptors, Ki et al., 2005). Although this
study assumed that C/EBPβ was an inducer of GSTA2 gene expression presumably acting
through the C/EBP element located at the XRE, the results of over-expression studies presented
in the current article and by others (Chen and Ramos, 2000) suggest that C/EBPs are negative
regulators of GSTA2 gene expression. The study of Ki et al. (2005) demonstrates through
chromatin immunoprecipitation assays that the co-repressor SMRT binds to C/EBPβ and Nrf-2
in a GC-dependent manner to form a negative regulatory complex located between base pairs
−989 and −643 in the 5’-flanking region. We propose that the C/EBP site responsible for
mediating negative regulation in this region is located at the ARE, rather than the XRE, and
both C/EBPα and C/EBPβ can mediate this effect.

The significance of C/EBPα as a silencer is consistent with the observation that GSTA2 gene
expression is elevated in chemical hepatocarinogenesis models (Pickett et al., 1984). In rats
during chemically induced hepatocarcinogenesis, C/EBPα levels are reduced, while C/EBPβ
levels are unchanged (Osada et al., 1995). This function of C/EBPβ may contribute to the
increased expression of glutathione S-transferase P1 (Osada et al., 1995), a marker of
chemically induced hepatocarcinogenesis in the rat.

Alternative Mechanisms for Glucocorticoid Regulation of GSTA2
Subsequent studies by Boyer and coworkers (Voss et al., 1996; Voss et al., 2002; Whalen et
al., 2004; Whalen et al., 2006) have also demonstrated that the negative regulation of the
GSTA2 gene requires interleukin-6 treatment for synthesis of a novel transcriptional repressor,
a short form of ubiquitin-specific protease 3. Initially, transient transfection assays were used
to determine that the response was mediated by elements residing between base pairs −914
and −663 in the 5’-flanking region of the gene; this area contains the XRE, ARE, HNF1 and
HNF4 response elements. Using EMSA analysis, a specific DNA-protein complex was
identified in cells treated with both rIL-6 and DEX (Voss et al., 2002), which was subsequently
identified as a short form of ubiquitin-specific protease 3 (Whalen et al., 2006). Nuclear extract
from these cells induced an electro-phoretic mobility shift of a double-stranded oligonucleotide
corresponding to the sequences −881 to −852 in 5’-flanking region, a core sequence of TGATT
that is part of the HNF1 response element. In these studies, reduction in GSTA2 gene expression
was correlated initially with a loss of HNF1 binding and at later time points to an increase in
binding of ubiquitin-specific protease 3.

Cross Talk Between GR, Nrf2 and C/EBPs
The studies we have reported provide evidence that the palindromic and half sites between
−1,710 and −1,000 bp in the 5’-flanking region of GSTA2 impart the negative regulatory
properties of GR upon binding to the palindromic and half site GREs. The deletion studies
reported suggest that the ARE may be a locus where C/EBPα and β interact with GR, Nrf2, or
PXR in regulating this gene. The ARE of NAD(P)H:quinone oxidoreductase also displays
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negative regulation in the presence of GR and C/EBP, further suggesting a common mechanism
of these transcription factors acting at AREs. Additional experiments are required to establish
whether the ARE sequences of other genes may be similarly regulated by GR and C/EBP
proteins. These interactions may be important for developmental differences in gene
expression, as was seen for GSTA2 and NAD(P)H:quinone oxidoreductase.

CONCLUSIONS
As defined by the careful analysis of the ARE of the rat GSTA2 gene (Rushmore et al., 1989;
Rushmore and Pickett, 1993), this responsive element is required for both basal and inducible
transcriptional activity of this gene, and probably by other genes regulated by Nrf2. The ARE
sequence has similarity to both the TRE (Fos/Jun) and C/EBP responsive elements. The
detailed studies of Rushmore et al. (1990, 1991) were critical to defining the differences
between AP1 TREs and the ARE. For example, the GSTA2 ARE is not an AP1 site, although
the ARE from the rat NAD(P)H:quinine oxidoreductase gene is an AP1 responsive element.
Therefore, the sequence specificity required for determining the sequence specificity of which
ARE elements are C/EBP responsive should be determined for human genes.

C/EBP sequence RTTGCGYAAY
ARE GTGACAAAGC-
AP1 TRE TGACTCA

In addition, the physical interactions of the transcription factors that bind to the GSTA2 ARE,
namely Nrf2, GR, PXR, need to be elucidated to understand tissue- and development-specific
regulation of genes containing the ARE enhancer element. In the case of C/EBPs that are
differentially expressed during development, expression of genes can be either attenuated or
enhanced depending on the relative expression of these transcription factors. This knowledge
may help explain the complex pattern of expression of GSTA2 seen during life of the rat
described by Listowsky's group, demonstrating high levels of expression at birth, low levels
during neonatal life and high levels during adolescent and adult life (Abrahamovitz et al., 1988).
Further, our results suggest that since the ARE in at least 2 genes (rat GSTA2 and NAD(P)
H:quinone oxidoreductase) displays complex regulation by C/EBPs, other genes with AREs
may also be sensitive to cross-talk with basic leucine zipper transcription factors. GSTA2 plays
an important role in binding lipids, sterols, and bile acids, and in the disposition of exogenous
and endogenous compounds, protective mechanisms important for hepatic homeostasis.
GSTA2 is an abundant protein and over-expression of this protein could require a significant
energy burden on the cells. Thus, the complex expression pattern of GSTA2 may reflect a
trade-off between the advantage of high expression protecting DNA in rapidly proliferating
tissues and the energy conservation of reduced expression in post-mitotic cells in which
regulation is controlled by a combination of xenobiotic and endobiotic compounds and
hormonal action.
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ABBREVIATIONS
AhR, aryl hydrocarbon receptor
ARE, antioxidant response element, also known as electrophilic (EpRE) responsive element
BA, 1,2-benzanthracene
C/EBP, CCAAT-enhancer binding protein
DEX, dexamethasone
DMSO, dimethyl sulfoxide
GC, glucocorticoids
GR, glucocorticoid receptor
GRE, glucocorticoid response element
GST, glutathione S-transferase
Nrf2, NF-E2-related factor-2
PXR, pregnane X receptor
QOR, NAD(P)H:quinone oxidoreductase
RU 38 486, 17β-hydroxy-11β-(4-dimethylamino-phenyl)-17α-(prop-1-ynyl)-estra-4,9-
dien-3-one
t-Bu-DEX, t-butyl-dexamethasone acetate
t-bHQ, t-butylhydroquinone
XRE, xenobiotic responsive element
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Figure 1.
Schematic Map of the responsive elements on the 5’-flanking region of the rat glutathione S-
transferase gene and reporter constructs prepared.
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Figure 2.
Effect of co-transfection of either C/EBPα or β on the GR-dependent repression of GSTA2
reporter construct activities in HepG2 cells transfected with either p1.65YaLuc. Luciferase and
β-galactosidase assays were performed on lysed HepG2 cells that had been transfected with
p1.65Ya-Luc, a control vector pCMV-β, an expression vector for the glucocorticoid receptor
pRSV-GR, and pMEX expression vectors for either pC/EBPα or β, as described in materials
and methods. Cells were treated with either 0.1 μM DEX, 50 μM BA, or a combination of both
compounds (BA+DEX). Control cells (CON) received DMSO alone. The normalized
luciferase activity is expressed as the relative light units divided by β-galactosidase activity
and is the average activity ± SD for three independent samples. *P < 0.05 statistically
significant difference from control cells, **P < 0.05 statistically significant different from basal
or BA-induced cells.
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Figure 3.
Effects of DEX and RU 38486 on luciferase activity of HepG2 cells transfected with plasmid
p1.65Ya-Luc and expression vectors for C/EBPα and β. Luciferase and β-galactosidase assays
were performed on lysed HepG2 cells that had been transfected with p1.65Ya-Luc, a control
vector pCMV-β, an expression vector for the glucocorticoid receptor pRSV-GR, and pMEX
expression vectors for either pC/EBPα or β, as described in materials and methods. Cells were
treated with either 0.1 μM DEX, 1 μM RU 38486 or a combination of the two compounds. The
normalized luciferase activity is expressed as the relative light units divided by β-galactosidase
activity and is the mean ± SD of three wells. *P < 0.05 statistically significant decrease from
control cells. **P < 0.05 statistically significant increase from control cells.
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Figure 4.
Effects of DEX on the expression of luciferase activity in HepG2 cells transfected with deletion
constructs of GSTA2 genes co-transfected with either C/EBPα or β. Deletions constructs are
shown in Figure 1. Luciferase and β-galactosidase assays were performed on lysed HepG2
cells that had been transfected with deletion constructs, 0.914−0.638Ya-Luc (Construct B),
XRE-Luc (Construct C), 0.721−0.681Ya-Luc (Construct D), or 0.164YaLuc (Construct E).
All cells were co-transfected with a control vector pCMV-β, an expression vector for the
glucocorticoid receptor pRSV-GR, and pMEX expression vectors for either pC/EBPα or β, as
described in materials and methods. Cells were treated with either DMSO alone or 0.1 μM
DEX. The normalized luciferase activity is expressed as the relative light units divided by β-
galactosidase activity and is the average normalized luciferase ± SD of three wells. *P < 0.05
statistically significant difference from control cells.
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Figure 5.
Effect of co-transfection of either C/EBPα or β on the GR-dependent repression of a rat NAD
(P)H:quinone oxidoreductase ARE luciferase reporter construct activities in HepG2 cells.
Luciferase and β-galactosidase assays were performed on lysed HepG2 cells that had been
transfected with pQARE-Luc, a control vector pCMV-β, an expression vector for the
glucocorticoid receptor pRSV-GR, and pMEX expression vectors for either pC/EBPα or β, as
described in Materials and Methods. Cells were treated with either DMS0 or 0.1 μM DEX.
The normalized luciferase activity is expressed as the relative light units divided by β-
galactosidase activity and is the average activity ± SD for three independent samples. *P <
0.05 statistically significant decrease by DEX from control cells, **P < 0.05statistically
significant induction by C/EBP.
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Figure 6.
Effect of co-transfection of either C/EBPα or β on the GR-dependent repression of a rat GSTA2
ARE luciferase reporter construct activities in HepG2 cells. Luciferase and β-galactosidase
assays were performed on lysed HepG2 cells that had been transfected with pARE-Luc, a
control vector pCMV-β, an expression vector for the glucocorticoid receptor pRSV-GR, and
pMEX expression vectors for either pC/EBPα or β as described in Materials and Methods.
Cells were treated with either DMS0 or 50 μM t-butyl-DEX. The normalized luciferase activity
is expressed as the relative light units divided by β-galactosidase activity and is the average
activity ±SD for three independent samples. *P < 0.05 statistically significant induction from
control cells.
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