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Abstract

Estrogen-related receptor oo (ERRa) modulates estrogen receptor (ER)-mediated activity and is
participating in the energy homeostasis by regulation of downstream target genes. The ERRa gene
itself is proposed to be regulated by peroxisome proliferator-activated receptor y coactivator
(PGC-1a) through an autoregulatory loop under physiological stimulation. We have previously
shown that the close family member ERRY is a positive regulator of ERRa gene expression. ERRa
and ERRy are coexpressed in metabolically active tissues such as heart, kidney and muscle, yet the
physiological role of ERRy and its relationship with ERRa in gene regulation are currently unknown.
The present study examined the interplay of ERRy and ERRa in regulation of ERRa gene expression.
Using real-time PCR analyses we found that ERRYy, like the ERRa and PGC-1a is induced in mouse
liver during fasting. Overexpression of ERRy in the HEC-1B cells robustly stimulated the multi-
hormone response element (MHRE) of the ERRa gene promoter and this activity was repressed by
increasing expression of ERRa. The two ERRs bind MHRE simultaneously in electrophoretic
mobility shift assay (EMSA) and they were detected as multimeric complexes in cells by
coimmunoprecipitation. Although ERRa and ERRYy share high sequence identity, they differ in
biochemical and molecular characteristics as examined by trypsin digestion, reporter activation, and
coactivator interaction and utilization. Using chromatin immunoprecipitation (ChIP) assay, we
showed that ectopic expression of both ERRa and ERRy modifies chromatin structure at the MHRE
region while ectopic expression of PGC-1a in HEC-1B cells promotes ERRy but not ERRa
occupancy at the MHRE region of the ERRa gene promoter and enhances the recruitment of
coactivator SRC1. These data suggested that ERRa and ERRy regulate ERRa gene expression with
different molecular mechanisms.

Introduction

The nuclear receptor superfamily consists of transcription factors that depend on ligands for
their activation and a larger group of transcription factors with unidentified ligands or no ligand
requirement (reviewed in (Mangelsdorf et al., 1995)). This latter group of nuclear orphan
receptors (reviewed in (Giguere, 1999)) has diverse biological roles in tissue development and
maintenance of homeostasis. Estrogen-related receptors (ERRS) belong to the NR3B orphan
nuclear receptor subgroup, which consists of three members a, § and y (Committee, 1999).
ERRo and ERRp were cloned based on sequence identity to the estrogen receptor o (ERa)
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DNA binding domain (Giguere et al., 1988) whereas the ERRy was identified by a yeast two-
hybrid screen (Hong et al., 1999). As with other nuclear receptors, ERRS are organized into
modular domains with a less characterized N-terminal domain, a highly conserved DNA
binding (DBD) domain, and a potential ligand-binding (LBD) domain that houses the
activation function (AF2) domain. It is controversial whether a ligand is needed for ERR
activation function (Kamei et al., 2003; Vanacker et al., 1999; Xie et al., 1999; Zhang and
Teng, 2000). Recent crystallography studies suggest that the ERR functions as a constitutive
activator and the classical nuclear receptor ligand is not required for its function (Greschik et
al., 2002; Kallen et al., 2004). Nonetheless, several potential ligands that either stimulate or
repress activity of the ERRs have been reported (Coward et al., 2001; Suetsugi et al., 2003;
Tremblay et al., 2001; Willy et al., 2004; Yang and Chen, 1999; Zuercher et al., 2005).

ERRa has been found to enhance the ERa-mediated response of the human lactoferrin gene
promoter via binding to an ERRE site. This site, TCAAGGTCA, is located 18 bp upstream
from the well-characterized estrogen response element (ERE) (Yang et al., 1996). In contrast,
ERRo and ERa function as a competitive repressor in transactivation activity on the synthetic
EREs and natural promoter (Giguere, 2002; Johnston et al., 1997; Xie et al., 1999; Zhang and
Teng, 2000; Zhang et al., 2006). The relationship of ERRa and ERa in the estrogen signaling
pathway, therefore, is significantly influenced by the enhancer element organization of the
target gene and the availability of cofactors in a given cellular environment.

Recently, ERRa was reported to be upregulated by estrogen in the uterus and heart (Liu et al.,
2003), by fasting in liver (Ichida et al., 2002) and by cold stress in brown fat and skeletal muscle
(Schreiber et al., 2003). The increased ERRa expression during fasting and cold exposure is
correlated with the induction of a coactivator, peroxisome-proliferation-activated receptor-y
(PPARY) coactivator-1a (PGC-1a), which is a master regulator in executing the energy
metabolism programs (reviewed in (Knutti and Kralli, 2001; Puigserver and Spiegelman,
2003)). ERRo was identified as a key partner for PGC-1a in regulation of genes involved in
the mitochondria oxidative phosphorylation (Huss et al., 2002; Laganiere et al., 2004; Mootha
etal., 2004; Schreiber et al., 2003). Interestingly, ERRa itself is PGC-1a inducible (Schreiber
et al., 2003). Inhibition of ERRa expression or function compromises the ability of PGC-1a
to stimulate genes in mitochondria biogenesis (Huss et al., 2004; Schreiber et al., 2004).

The ERRa gene lacks the typical TATA and CAAT boxes, but has multiple consensus Spl
binding elements in the GC-rich promoter (Shi et al., 1997). Previously, our laboratory has
shown that ERRa expression is upregulated in the mouse uterus by estrogen (Shigeta et al.,
1997) and recently we identified a multiple hormone response element (MHRE), a 57 bp region
in human and a 34 bp region in mouse, that plays a significant role in estrogen-stimulated
activity (Liu etal., 2003). The MHRE is a pleiotropic response element for other nuclear
receptors and also serves as the binding site for ERRa and ERRy (Laganiere et al., 2004; Liu
et al., 2005; Mootha et al., 2004). It has been proposed that, in response to physiological cues,
PGC-1a is induced and partners with ERRa to form an autoregulatory loop in the stimulation
of ERRa gene expression. This event stimulates the expression of downstream target genes
that are involved in energy production (Laganiere et al., 2004; Mootha et al., 2004).
Nonetheless, the mechanism of ERRa gene induction by PGC-1a remains to be elucidated.
ERRYy is coexpressed with ERRa in metabolically active tissues such as kidney, skeletal muscle
and cardiac muscle, where it binds to the MHRE and is a stronger activator than the ERRa. in
self-stimulating the ERRa gene promoter (Liu et al., 2005). In particular, PGC-1a interacts
with ERRy and coactivates ERRy’s transactivation function on the BPDGF (SIS) element
(Hentschke et al., 2002) and the ERRo. MHRE (Liu et al., 2005). These findings indicate that
ERRy may have a major role in regulation of ERRa gene expression and in energy homeostasis.
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In the present study, we demonstrate that ERRy expression is increased in liver of a fasting
animal. We investigated the relationship of ERRa and ERRY in the regulation of ERRa gene
expression and showed that ERRs have different molecular characteristics. Our results suggest
that ERRa and ERRy may have different yet complimenting roles in modulating the ERRa
gene expression during the PGC-1a induction.

Materials and Methods

Animal fasting, real time-PCR and Western blotting

Mature female CD-1 mice at 36-days of age (Charles River Laboratories, Wilmington, Mass)
were housed in the National Institute of Environmental Health Sciences (NIEHS) animal
laboratories (at 72° F, 40-60% humidity, and 12L:12D photoperiod) and provided with
unlimited water and food (NIH31 chow). The animals were handled and the experiments
conducted according to the approved method by the Animal Care and Use Committee of
NIEHS. For fasting, food was removed at 6PM and the animals were killed at either 6AM (12
h) or 6PM (24 h) the next day. The control mice (fed ad libitum) were housed in the same
facility and killed at 6PM together with the 24h fasting mice. Each experimental group
consisted of four mice whose livers were immediately frozen on dry ice after collection and
processed for RNA or nuclear protein preparation individually. Total RNA was extracted with
Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA) and the nuclear protein was prepared by
standard methods. TagMan Gene Expression Assays (Applied Biosystems, Foster City, CA)
were used to measure the ERRy (assay ID Mm00516267_m1) and PGC-1a. (assay ID
MmO00447183_m1) mRNA levels whereas SYBR green assays were used for ERRa and B-
actin according to the method previously described (Liu et al., 2003). Each sample was
quantified against its B-actin transcript contents, and then normalized with the control group.
The results are presented as fold of stimulation + S.D. Nuclear protein extracts from three
individual mice of control group and 24h fasting group were cleaned and concentrated with
PAGEprep Protein Clean-up and Enrichment Kit (Pierce, Rockford, IL). Protein concentration
was determined by the bicinchoninic acid (BCA) method (Pierce Chemical C., Madison, WI),
and a total of 30 pg protein was separated by 4-12% Bis-Tris NUPAGE gel. After
electroporesis, the proteins were electrotransferred to polyvinylidene difluoride membrane
(NOVEX, San Diego, CA). Western blotting was consequentially carried out by specific
antibody to ERRa (rabbit polyclonal antibody to the ERRa peptide at the C-terminal region
(P3-80) as previously described (Shigeta et al., 1997)), ERRy (a gift from U. Borgmeyer,
University of Hamburg, Germany), PGC-1a (Santa Cruz Biotechnology Inc., Santa Cruz, CA)
and ERa (TE111.5D11, NeoMarker, Fremont, CA). The dilution of each antibody used in
Western was indicated in the individual figure. ECL detection system ( Amersham Biosciences,
Piscataway, NJ) was used and the x-ray films were exposure for 1-5 minutes depending on the
intensity of the band. Blots were tripped according to the instruction of NOVEX and reprobed
with other antibodies.

Plasmids and primers

All of the plasmids used in the study are described in Table I, and the primers are presented in
Table Il. The gift plasmids were obtained from the following sources: pSG-ERRa from S Chen
(Backman Research Institute, City of Hope, Duarte, CA); pflag-ERRa from T Finkel (NHLB,
NIH, Bethesda, MD); the mutation constructs ERRa N, ERRa C, ERRa P-boxm (ERRa. p-
box) from JE Mertz (University of Wisconsin Medical School, Madison, WI); pcDNA3-
ERRYy, pcDNA3-Myc-ERRy, GST-ERRy, GST-ERRy AAF2 from U. Borgmeyer (University
Hamburg, Germany); ERa (HEGO) from P. Chambon (College de France, Cedex, France);
ERp from D. McDonald (Duke, Durham, NC); RORa from V. Giguere (McGill University,
Montreal, Quebec, Canada); pCR3.1-hSRC-1a from B.W. O’Malley (Baylor College of
Medicine, Houston, TX); pSG5-mGRIP1 from M.R. Stallcup (USC, Los Angeles, CA); pSG5-
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hACTR from RM Evans (Salk Institute, La Jolla, CA); pPCDNA3-hPGC-1a from A. Kralli
(Scripps Research Institute, La Jolla, CA). References for the plasmids are included in Table
l.

Northern blot analysis

Cell culture,

The FirstChioce Northern Human Blot I (Ambion, Austin, TX) containing 2 pg of poly(A)
RNA from 10 different human tissues was used. The human ERRa and ERRy, PGC-1a and
B-actin cDNA were labeled with [a-32P]JdATP by StripAble PCR Probe Synthesis and Removal
Kit (Ambion). Human ERRa probe was made to detect ERRa exon 1-2, 345 bp length and
exon 6-7, 322bp; ERRy exon 1-2, 216 bp; PGC-1a exon 2-3, 240 bp; B-actin exon 5-6, 144
bp. The specific activities of the probes were about 3 x 10° cpm/ul and a total of 1 x 107 cpm
of each probe was used in the NorthernMax (Ambion) hybridization solution. The human tissue
blot was independently hybridized with 4 different radiolabeled probes and therefore under
went three stripping procedures. Each probe was hybridized for 16 h. Exposure times were 48
h for the ERRy and PGC-1a probes, 24 h for the ERRa probe, and 2 h for the Bactin probe.

transient transfection and luciferase assay

HEC-1B (ATCC# HTB-113, endometrial) and HeLa (ATCC# CCL-2, cervix) cells were
maintained in Minimum Essential Medium-Eagle (American Type Culture Collection,
Manassas, VA) and supplemented with 100 units/ml penicillin, 10 pg/ml streptomycin, and
10% fetal bovine serum (Sigma, St. Louis, MO) at 37°C under 5% CO,. The transfections were
carried out with Qiagen Effectene Transfection Reagent (Qiagen, Valencia, CA). Total DNA
(201 ng) transfected in each experiment was kept constant with reporter constructs (100 ng per
well), internal control pRL-CMV plasmid (1 ng per well, the CMV immediate early enhancer/
promoter region were linked to the cDNA encoding Renilla luciferase; Promega, Madison,
WI1), nuclear receptor expression plasmids (50 ng per well or specified in individual
experiments), coactivator expression plasmids (5 ng per well) and the empty expression vector
pSG5 to make up the difference in plasmid concentration. Prior to transfections, cells were
plated in 24-well plates and grown overnight in the medium containing 10% dextran-coated
charcoal-stripped serum (Atlanta Biologicals, Norcross, GA). Twenty four h after transfection,
the cells were collected and the firefly and Renilla luciferase activities measured with Dual-
Luciferase Reporter Assay System (Promega) on the Fluoroskan Ascent FL instrument
(Labsystems, Franklin, MA).

In vitro transcription and translation, and nuclear protein preparation

Receptors and coactivators (ERRa, ERRy, ERa, ERB, RORa, PGC-1a and SRC1) were
transcribed and translated in vitro with either unlabeled or [3°S]-labeled methionine
(Amersham Biosciences, Piscataway, NJ) using the TNT Coupled Reticulocyte Lysate
Systems (Promega, Madison, WI1). For the dimerization experiments, ERRo and myc-ERRy
were co-transcribed/translated at either a 10:0, 10:1, 7:4, 4.7, 1:10, or 0:10 ratio, while
ERRo and ERa were at a 10:0, 10:2, 8:4, 6:6, 4:8, 2:10 and 0:10 ratio. Nuclear proteins of the
HEC-1B cells were prepared with the TransFactor Extraction Kit (Clontech, Palo Alto, CA)
and used in the EMSA, GST pull-down and limited proteolysis (trypsin digestion) assay.

Electrophoretic mobility shift assay (EMSA)

Double-stranded MHRE elements (AAB, AB, A, m1, m2, m3, m4, sequence in Fig. 3) were
cut out from the SV40-CAT reporters by Nhel and Xhol, gel purified and used in EMSA (Liu
et al., 2003). The oligonucleotides (LXERE) were synthesized by Sigma Genosys (The
Woodlands, TX) and the probe was labeled by fill-in with 32P-dGTP, dNTP mixture and DNA
polymerase | (Klenow large fragment). The unlabeled oligonucleotides encoding the MHRE:
wild type (AAB for human; AB for mouse; A for truncated) and mutant (m1, m2 and m3 are
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single site mutation of the AB element; m4 is multiple sites mutation of the AB element)
elements were used as the competitors at 1:50 molar ratio. Antibodies used in supershifted
experiments are: rabbit polyclonal antibody to the ERRa peptide at the C-terminal region (P3—
80), purified with protein-A column as described previously (Shigeta et al., 1997), human
lactoferrin (LF) and pre-immune serum (PS) were prepared in our laboratory (Teng et al.,
1986), and ERRY (a gift from Dr. U. Borgmeyer, University of Hamburg, Germany). The
antibody (1 pl/reaction) was incubated with the in vitro translated or nuclear proteins on ice
for 30 min before EMSA. The EMSA has been previously described (Shigetaetal., 1997;Yang
etal., 1996).

GST pull down assays

The GST pull-down experiments with GST, GST-ERRa (full length and AF2 deletion) and
GST-ERRY (full length and AF2 deletion) expression plasmids were performed as described
(Zhang and Teng, 2000). GST and GST-fusion proteins were prepared from Escherichia coli
BL-21 cells after isopropyl-I-thio-p-D-galactopyranoside (IPTG) induction of an overnight
culture. The bacteria were disrupted by sonication, and the fusion protein was isolated with
50% slurry of glutathione-Sepharose beads. Five ug of GST or GST fusion proteins were
incubated with the in vitro transcribed/translated 3°S-labeled ERRa, ERRy, PGC-1a or SRC1
in binding buffer (50 mM potassium phosphate, pH7.5; 150 mM KCI; 1 mM MgCly; 10% (v/
v) glycerol; 1% (v/v) Triton X-100) for 1 h at 4°C. Binding of the 35S-labeled protein to GST-
fusion protein was examined with SDS-PAGE and visualized by autoradiography.

Coimmunoprecipitation assay

HEC -1B cells were transfected with 3 pg/dish of flag-ERRa and myc-ERRYy for 24 h in 100
mm dishes. The cells were washed 3 times with ice-cold PBS and lysed with 1 ml/dish of RIPA
buffer (50 mM Tris-HCI, pH 7.4; 1% NP-40; 0.25% Na-deoxycholate; 150 mM NaCl; 1 mM
EDTA; 1 mM PMSF; 1 ug/ml each of aprotinin, leupeptin and pepstatin; 1 mM NazVO, and
1 mM NaF). After a pre-clearing step with protein A-agarose for 30 min, 400 ug of protein
lysate were incubated with 10 pl of mouse monoclonal anti-Flag, anti-myc or IgG (as a negative
control) antibodies overnight at 4°C. The antibody bound proteins were adsorbed to the protein
A-agarose. The immunoprecipitated proteins were then resolved in 4-12% Nu-PAGE Bis-Tris
gel system under denaturing condition (boiling and presence of SDS) with or without reducing
agent (50 mM of DTT). After transferring the protein onto polyvinylidene difluoride
membranes, the presence of flag-tagged ERRa and myc-tagged ERRy was detected first with
anti-myc antibody and then stripped and reprobed with anti-flag antibody.

Limited proteolysis assay

The in vitro transcribed/translated [3°S]- methionine labeled ERRa or ERRy (1 pl) was
incubated with or without the AB or m4 DNA elements (500 ng) in 20 ul reaction buffer (50
mM Tris-HCI, pH 7.9, 40 mM KCI, 6% glycerol, 0.05% NP-40) for 20 min at room temperature.
Trypsin (Sigma, St. Louis, MO) was added to a final concentration of 0.4 or 1.6 ng/ul. The
incubation was carried out for 5 min at 30°C before stopped by adding the loading buffer and
heated at 95° C for 10 min. The product was resolved by 4-12% Nu-PAGE Bis-Tris gel system
of Novex. The gels were dried, exposed to x-ray film and visualized by autoradiography.

Chromatin immunoprecipitation (ChIP) assay

Commercial mouse monoclonal antibodies were obtained with the following sources: ERa

(TE111.5D11) from NeoMarker (Fremont, CA); c-myc (9E10) from Santa Cruz Biotechnology
(Santa Cruz, CA), flag (M2) from Sigma, SRC1 (SRC-1-1135, Clone 4) from Gene Tex, Inc.
(San Antonio, Texas). The rabbit polyclonal antibodies against acetyl-histone H3 and acetyl-
histone H4 were from Upstate Biotechnology (Charlottesville, VA) whereas HDAC1 (H-51),

Mol Cell Endocrinol. Author manuscript; available in PMC 2007 March 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang and Teng

RESULTS

Page 6

PGC-1a (H-300) and CBP (A-20) were from Santa Cruz Biotechnology. Purified normal rabbit
IgG was from Sigma. The ChIP assay was performed according to the instructions of the ChIP
Assay Kit (Upstate Biotechnology, Lake Placid, NY) with minor modifications. HEC-1B cells
(in 100 mm culture dish) transfected with 2 ng of ERRa, ERRy, PGC-1a or control empty
vector pSG5 for 24 h and the proteins were cross-linked by incubation with 1% formaldehyde
for 10 min at 37°C. Cells were washed with cold PBS buffer twice and disrupted in SDS lysis
buffer containing the protease inhibitor cocktail (1mM PMSF, 1ug /ml aprotinin and 1ug /ml
pepstatin A). Chromatin was sonicated to an average length of DNA of 200-1000 bp as verified
by agarose gel electrophoresis. The sheared chromatin was diluted in ChIP dilution buffer and
an aliquot of the solution reserved for input control. The chromatin was immunoprecipitated
by antibodies as indicated. Briefly, after adding the antibodies (5 to 10 ug), chromatin solutions
were gently rotated overnight at 4°C, protein A agarose slurry (containing sonicated salmon
sperm DNA) was added and constantly rotated for one more hour at 4°C. The agarose beads
were collected by centrifugation, washed and the antibody bound chromatin was released from
the agarose beads. Finally, the DNA was purified by phenol/chloroform extraction and ethanol
precipitation. The presence of the MHRES region was detected with forward and reverse
primers (Table 1) in PCR reaction (Liu et al., 2005). In addition, 4 kb upstream of the MHRE
region was examined with forward and reverse primers and served as a negative control. The
PCR conditions for ChIP assay were 94°C for 30s, 58 °C for 30s, 72° C for 30s for a total of
35 cycles.

Fasting induces ERRa, ERRy and PGC-1a gene expression in mouse liver

To examine the expression levels of ERRo and ERRy and PGC-1a in the same tissue sample,
we performed Northern blot analyses using the Ambion human tissue blot that contains equally
loaded polyA mRNA from various human tissues (Fig. 1A). We used equal amount of probes
that were labeled to a similar specific activity in the hybridization. ERRa. mMRNA was detected
in all tissue examined with 24h of exposure time, whereas the levels of ERRy and PGC-1a
mRNA were several fold less than that for ERRa, and they required 48h of exposure time to
show the signals. Under these hybridization conditions, ERRy and PGC-1a mRNA were not
detected in some tissues such as spleen, lung and brain, whereas relatively low levels of
ERRy were present in skeletal muscle and pancreas. Despite the differential expression level,
the ERRs and PGC-1a were coexpressed in the skeletal muscle, heart and kidney.

During fasting, the demand for energy production through the mitochondria oxidation
phosphorylation pathway in liver is increased and the expression of PGC-1a and ERRa is
induced to meet the needs for executing the energy balance program (Knutti and Kralli,
2001; Puigserver and Spiegelman, 2003). To examine whether the expression of ERRYy is also
affected by fasting, we investigated its expression in liver by real time PCR from fed (control)
and fasting mice. It was interesting to find that the mRNA of ERRy was induced 6-fold after
the food was removed for 12 h and down to 4-fold by 24 h. Although the absolute value of
ERRa mRNA in the fasting mice was higher than ERRY, the fold of induction was higher in
ERRy whereas the ERRa and PGC-10 were both increased steadily and maintained at 2-3 fold
higher than the fed mice (Fig. 1B, upper panel). Fasting also increased the production of
ERRa, ERRy and PGC-1a proteins in liver (Fig. 1B, lower panel) but had no effect on the
ERa protein, which remained constant in the level of fed and fasting (24h fasting) mice. This
study demonstrated that in addition to ERRa and PGC-1a, the expression of ERRY is also
regulated by fasting.
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Functional and physical interaction of ERRa and ERRy on the ERRa gene promoter

We have previously shown that ERRa gene is regulated by PGC-1a and ERRY in uterine cells
(Liu et al., 2005). To investigate whether coexpression of ERRa and ERRy has any effect on
the activity of ERRa gene promoter, we cotransfected various amounts of ERRa and ERRy
expression constructs individually or in combination with the human ERRa MHRE-reporter
(AAB-Luc) into human endometrial carcinoma HEC-1B cells. In agreement with our previous
findings, overexpression of ERRy increased the AAB-Luc activity nearly 35 times higher than
overexpression of ERRa (Fig. 2A). However, the ERRy-stimulated activity was reduced rather
than enhanced by ERRa coexpression. This effect was not due to the different expression levels
of the ERRa or ERRYy constructs in transfected cells because both expression constructs either
alone or together produced comparable levels of protein as detected by myc antibody in
Western blotting analyses (Fig. 2A, insert).

This repression effect of ERRa on ERRy-stimulated activity could come from competition for
binding to the MHRE (either AAB or AB). By using various ERRa mutant constructs (Fig.
2B, bottom), we examined whether competition could be the cause of repression on ERRy-
stimulated activity. It was interesting to find that the ERRa mutant lacking the N-terminus (76—
422) or defective in DNA binding (p-box mut) still repress ERRy stimulated activity on the
AAB-Luc. The repression effect was lost when the 174-422 region of the ERRa was deleted
even though the mutant constructs still retain the DBD region (1-173). These results suggest
that the repression function of ERRa lies beyond the DNA binding and the mechanism of
repression may be more complicated than simple competition for binding to DNA.

In the electrophoresis mobility shift assay (EMSA), we found that the in vitro transcribed/
translated ERRa and ERRy but not ERa, ERB or RORa bound AAB (data not shown). The
binding specificity was demonstrated by competition and antibody supershift (SS)
experiments. Excessive unlabeled (molar ratio of 50x) wild-type oligonucleotides (AAB and
AB, Fig. 3A) competed efficiently for binding with ERRa. (Fig. 3B) on the AB element.
Interestingly, m2 competed efficiently with ERRa binding. Nevertheless, the competition
efficiency was significantly reduced with m1 and m3 and with the short A element (A). When
all three potential ERRs binding sites were mutated (m4), the mutant oligonucleotides lost the
ability to compete. In the presence of antibody, the AB-ERRa complexes could be supershifted,
while non-relevant antibody (LF) and pre-immune serum (PS) did not affect the mobility of
the band. These observations are similar to the EMSA study of ERRy binding with the AB
element (Liu et al., 2005). Whether the endogenous ERRa and ERRy bind AB in the context
of nuclear protein extract was also investigated (Fig. 3C). Using nuclear protein extract of
HEC-1B cells, we found one retarded protein-AB element complex. The wild-type and mutant
oligonucleotides competed with this complex with similar efficiency as the ERRa or ERRy
proteins produced in vitro (Fig. 3C and Liu, 2005). Furthermore, the antibody to ERRa
supershifted this complex (SS) (Fig. 3D), which indicates the presence of ERRa. in the nuclear
protein extract. We did not detect any supershifted band by the antibody to ERRy, however, a
reduced retarded band (arrow) and slightly increase of supershifted band (ss) were found when
both antibodies were present. The findings suggest that abundant ERRa and less ERRYy are
present in the nuclear protein-AB complex. Non-relevant serum did not supershift the complex
(data not shown). These studies suggested that both ERRa and ERRY bind specifically and at
the similar location on the AB element.

To investigate whether ERRa and ERRy compete for binding to the AB element or they can
bind simultaneously, we co-transcribed/translated the ERRa and myc-tagged ERRY in vitro
which produced protein products of different sizes. Binding of these protein to the AB element
were examined. We found that ERRa and ERRYy bind individually or with each other (a/y) on
the AB (Fig. 4A) and the 1XxERE (Fig. 4B) elements. Interestingly, ERRa binds 1XERE more
efficiently than ERRYy does, although they both bind the AB element equally well (compare
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Fig. 4A and B). It is not clear whether ERRa and ERRy bind as homodimer or heterodimers

in the present study, more detailed EMSA are required since the AB element consist of three
ERE half site for potential bindings. However, on the 1x ERE, regardless of the weak binding,
ERRYy formed a heterodimer with the ERRa. ERa did not heterodimerize with ERRa (Zhang
and Teng, 2000;Zhang and Teng, 2001) or ERRy (Razzaque et al., 2004) and served as a control
(Fig. 4C).

The GST-pull-down assay demonstrated a direct protein-protein interaction between ERRa
and ERRYy (Fig. 5A). In addition, ERRa and ERRY interaction was also demonstrated by
coimmunoprecipitation (IP/IB) (Fig. 5B). We consistently detected a larger complex at the
100-120 kDa regions with either myc-ERRy and flag-ERRa specific antibodies. The large
complex could be reduced to the expected protein size of 53 or 64 kDa for ERRa and ERRY,
respectively, in the presence of reducing agent (DTT) suggesting that the ERRs may form
higher order complexes in vivo with bisulfite bonds that are not dissociable by boiling or
detergent. These results clearly showed that ERRa and ERRYy interact in the cell and they may
bind the response element as a heterodimer or even as a multimer.

Differential molecular characteristics of the ERRa and ERRy

Recent findings of several laboratories demonstrate that the sequence of DNA binding element
is important in regulating the ERRYy transactivation function (Razzaque et al., 2004; Sanyal et
al., 2004). Consistent with these reports, we found that the AAB of the ERRa gene and the
synthetic 3x ERE which contain multiple ERE half sites, are very sensitive to ERRy stimulation
whereas 1x ERE and the NRRE of the MCAD gene are less responsive (Fig 6A). In fact, a 10-
fold difference can be observed in HEC-1B or commonly used cervical carcinoma HeLa cells.
On the contrary, ERRa did not show preference for these response elements and consistently
activated all response elements at a lower level. To study whether the DNA sequence could
mediate the ERRs’ structural change, we use limited proteolysis assay. The radiolabeled ERRs
were bound to the wild type or mutant AB elements and subjected to limited proteolysis by
increasing doses of trypsin as described in the Methods. ERRYy yields different trypsin digestion
pattern (Fig. 6B, right panel, arrows) when bound to the AB element as oppose to the unbound
protein or in the presence of mutated AB element (m4), an occurrence not shared with ERRa
(Fig. 6B, left panel). Moreover, ERRYy strongly interacted with coactivator SRC1, and the
interaction required AF2 domain as the mutant construct that lacks the AF2 domain (AAF2)
interacted poorly with the coactivators (Fig. 6C). In contrast, SRC1 interacted weakly with
ERRa and the AF2 domain did not play a critical role in the interaction. Surprisingly,
PGC-1a interacted equally with ERRa and ERRY, and the AF2 domains are not required for
the interaction suggesting that the binding of PGC-1a to ERRs at a region that is different from
that used by other coactivators. In contrast, the AF2 domain of the ERRa was reported to be
required for PGC-1a binding (Huss et al., 2002). Our deletion construct contains extra three
amino acids at the C-terminus. Whether this difference between the two deletion constructs
can influence PGC-1a interaction warrants further investigation.

Next, we investigated whether the coactivator interactions could be reflected in the ERRa and
ERRYy activation function. We transfected a constant level of coactivator with increasing
concentration of either ERRa or ERRy expression constructs in the HEC-1B cells. We found
that the transactivation activity of ERRa was stimulated 7-8 fold by PGC-1a and 3-5 fold by
SRC1 (Fig. 6D). ERRYy strongly activated the AAB-Luc reporter without additional coactivator,
presumably via the endogenous factors. However, overexpression of PGC-1o.and SRC1 further
stimulated the AAB-Luc activity. PGC-1a alone stimulated the AAB-Luc 4-fold while SRC1
was inactive. Thus indicates that PGC-1a is an effective coactivator in the stimulation of AAB-
Luc activity and that the endogenous ERRa or ERRYy serves as the DNA binding partner for
PGC-1a.
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Effect of ERRa and ERRy expression on the chromatin structure and coactivator recruitment
at the MHRE region

We used chromatin immunoprecipitation assay (ChIP) to determine whether binding of
ERRo to the MHRE chromatin is affected by increasing expression of ERRy or vice versa in
the HEC-1B cells. ERRao and ERRYy were both detected on the MHRE chromatin of HEC-1B
cells. Overexpression of either ERRa or ERRY increased its own binding without affecting the
occupancy of the other (Fig. 7A, compare the relative value under the band). These results
suggest that the binding of ERRa and ERRYy to the MHRE is not mutually exclusive, which is
consistent with the aforementioned in vitro EMSA study (Fig. 4A). Furthermore, the potential
of ERRa and ERRY to form a heterodimer or even multimer on the MHRE region is also
agreeable with the coimmunoprecipitation study (Fig. 5B). It was interesting to find that the
chromatin structure of MHRE was modified towards a transcriptionally active state through
increasing acetylation of histone 3 and 4 (Ac-H3 and Ac-H4) and decreasing histone
deacetylase 1 (HDAC1) occupancy by overexpression of either ERRa or ERRy (Fig. 7B). In
contrast, ERRy expression increased SRC1 and CBP recruitment, whereas ERRa did not. These
results support the protein-protein interaction study where ERRY interacts with SRC1 stronger
than with ERRa (Fig. 6C). This result could, in part, explain the strong activation activity of
ERRYy on the MHRE. Modification of chromatin structure and coactivator or corepressor
recruitment are not observed at the upstream non-relevant region of the ERRa gene. Previously,
we have shown that PGC-1a enhances ERRYy interaction with MHRE both in vitro and in
vivo (Liu et al., 2005). The present ChIP study demonstrated again that PGC-1a promotes
endogenous ERRYy binding and SRC1 recruitment to the MHRE 24 h after transfection.
Interestingly, overexpression of PGC-1a had no effect on ERRa binding to the same region at
the time point examined (Fig. 7C). These ChlIP studies combined with the functional study
(Fig. 2) and coactivator interaction (Fig. 6C) imply that ERRY is a strong activator in the
regulation of ERRa gene expression, whereas ERRa involves in chromatin modification and
modulates the activity of ERRy on the MHRE.

Discussion

In this report, we found that ERRY, a close family member of ERRa stimulates ERRa gene
expression whereas its own gene product represses ERRy’s activity. The ERRs have different
biochemical and molecular characteristics. When bind to MHRE, ERRy but not ERRa recruits
SRC1 and CBP. This finding is consistent with the functional study that ERRYy is a stronger
activator than ERRa on regulation of its own gene expression. Importantly, PGC-1a enhances
ERRYy occupancy on the chromatin of the ERRa gene at the MHRE region.

Expression of ERRa, ERRy and PGC-1a in metabolically active tissues such as skeletal muscle,
heart and kidney has been reported by many laboratories (Bonnelye et al., 1997; Heard et al.,
2000; Hong et al., 1999; Huss et al., 2002; Ichida et al., 2002; Knultti et al., 2000; Puigserver
et al., 1998; Sanyal et al., 2002; Shi et al., 1997; Shigeta et al., 1997; Sladek et al., 1997),
however, they were examined individually. The Northern blot analyses of the present study
examined the coexpression of ERRs and PGC-1a in the same poly A RNA preparation of
various human tissues. Indeed, ERRa is most abundant in many tissues that require high-energy
output in particular the kidney and heart where ERRy and PGC-1a are also highly expressed.
In these tissues, the relative ratio of ERRa, ERRy and PGC-1a may be important in executing
the metabolic program that involves the PGC-1a and ERRa and ERRy. Recently, mounting
evidence demonstrates that PGC-1a functions as a master regulator in executing the energy
balance program including the up-regulation of ERRa gene expression (Knutti and Kralli,
2001; Puigserver and Spiegelman, 2003). ERRa cooperates with PGC-1a in stimulation of
genes involved in the mitochondrial biogenesis, mitochondria oxidative phosphorylation (Huss
et al., 2004; Schreiber et al., 2004), and the mitochondria structure (Cartoni et al., 2005).
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However, a physiological role for ERRy in energy metabolism is not established. It is known
that ERRYy is a strong activator of selective response elements (Razzaque et al., 2004; Sanyal
et al., 2004), interacts with PGC-1a (Hentschke et al., 2002; Huppunen et al., 2004; Huss et
al., 2002) and stimulates the ERRa gene promoter via the MHRE (Liu et al., 2005).
Furthermore, treatment of HEC-1B cells with ERRy siRNA significantly reduced the ERRa
mRNA expression (Liu et al., 2005). Our current data showed that ERRy expression in liver
is also under the influence of physiological cue such as fasting. These studies support the
hypothesis that ERRYy is one of the major regulators of ERRa gene expression. Since the
expression of ERRa in selective tissues is influenced by circadian rhythm (Horard et al.,
2004), basal levels of ERRa may fluctuate during the 24 h fasting period with maximum in the
afternoon. It is not known whether PGC-1a or ERRYy are also under circadian regulation. These
factors may influence the level of ERRa, ERRy and PGC-1a mRNA measured during fasting.
Nonetheless, four mice in the control group were Killed in the afternoon at the highest level of
circadian behavior and significant induction of ERRs and PGC-1a were detected in both 12
and 24h fasting mice. Taken together, ERRy may involve in regulation of the energy balance
program at least by enhancing the ERRa expression. Whether ERRYy regulates the same
ERRa downstream target genes in mitochondria oxidative phosphorylation or mitochondria
biogenesis requires further investigation.

ERRa and ERRYy share high sequence homology at their DNA binding domain (98% identity)
and bind response elements in a similar fashion (Fig. 3 and Liu 2005), yet ERRy shows high
variability in its capacity to stimulate the different response elements, whereas ERRa does not
(Fig. 6A). For example, ERRYy binds the consensus steroidogenic factor 1 response element
(SF-1RE) and thyroid hormone response element (TRE), but it only activates the SF-1RE
moderately and is inactive on the TRE, whereas ERRa activates both elements (Heard et al.,
2000;Sanyal et al., 2002). Additionally, the osteopontin (OPN) gene promoter is very sensitive
to ERRa stimulation but not to ERRy (Bonnelye and Aubin, 2005;Huppunen et al., 2004).
These studies demonstrate that the ERRo and ERRy have very different molecular and
biochemical characteristics. Indeed, our molecular study showed that the conformation of
ERRYy is influenced by binding to the MHRE (Fig. 6B) and the changes of conformation could
lead to the recruitment of coactivators or release of corepressors, thus affecting its
transactivation function. The biological implication of ERRy conformational change upon
binding to different response elements is not clear but may be important to its functional roles,
especially since it has a broad range of binding specificity (Razzaque et al., 2004). Another
major difference between ERRa and ERRY is that ERRY interacts strongly with SRC1, a
coactivator not only required for the transactivation function of nuclear receptors but also
needed to increase the potency of PGC-1a (Puigserver et al., 1999). Specifically, the AF2
domain of the ERRYy is required for the protein-protein interaction with coactivators. On the
other hand, ERRa interacts with the coactivator weakly whether AF2 domain is present
suggesting, that the region of receptors and coactivators interaction is different between
ERRa and ERRYy. Interestingly, both ERRa and ERRy bind PGC-1a identically. The
differences in coactivator interaction are also reflected in their coactivation function, in which
PGC-1a is the most potent coactivator for both ERRa and ERRy whereas SRC-1 is a potent
coactivator for ERRy. Since SRC-1 is ubiquitously expressed, it may explain why ERRy
actively stimulates the ERRa gene expression in the absence of PGC-1a in several cell lines
tested (Fig. 6D and (Liu et al., 2005)).

How ERRa represses the ERRy-stimulated MHRE activity is unclear, nonetheless, we can rule
out the competition for binding to the DNA since ERRa mutants deficient in DNA binding (p-
box mut) retain the repression function, whereas the N-terminus containing the DNA binding
domain lost the repression function. These study suggest that the repression function of the
ERRa lies at the C-terminal region. In EMSA study, both ERRa and ERRy were present on
the MHRE although it was not clear whether they form heterodimers. Moreover, the ERRa

Mol Cell Endocrinol. Author manuscript; available in PMC 2007 March 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang and Teng

Page 11

and ERRYy interact with each other in vitroand in vivo. It has been shown that heterodimerization
between ERRa and ERRY inhibits the transactivation function of each other, in contrast to the
homodimerization which is needed for their transcriptional activity (Horard et al., 2004;
Huppunen and Aarnisalo, 2004). It is also known that one of the dimerization interfaces of
ERRa resides in the C-terminal region (Horard et al., 2004), implicating that the
heterodimerization between the ERRs is one of the mechanism for ERRa repression. We
detected both ERRa and ERRy on the chromatin of MHRE by ChIP assay and showed that
overexpression of ERRYy significantly increases its occupancy on the chromatin of MHRE
without affecting the ERRa presence, and vice versa (Fig. 7A). MHRE is composed of multiple
ERE half sites with various spacing and orientations (Liu et al., 2003) and the two reversed
ERE half sites (TGACCTTCA) separated with 14 bp are important for ERRs binding and
transcriptional activity (Fig. 3 and reference (Liu et al., 2003)). It is unusual for a nuclear
receptor to bind two ERE half site with such wide space in between. Nonetheless, ERRy has
been reported to bind a broad range of sequences, including the monovalent binding sites
(Razzaque et al., 2004), whereas ERRa also binds variety of response sequences (Barry et al.,
2006; Johnston et al., 1997) including the NRRE-1 of the medium chain acyl-coenzyme A
dehydrogenase (MCAD) gene at sites with 14 bases in the middle (Maehara et al., 2003).
Recently, Giguere’s laboratory demonstrated that a single nucleotide change in ERRa binding
site can affect the mode of PGC-1a activation of its target promoters (Barry et al., 2006). Thus,
the binding characteristics of ERRs may influence the recruitment of coactivators and the
transactivation activity.

Although ERRa and ERRy have very different transcriptional activities on the MHRE of
ERRo gene they both modified the chromatin towards an active state by increasing acetylation
of histone 3 and histone 4, and decreasing the presence of histone deacetylase 1. The most
striking difference between ERRo and ERRYy lies in their ability to recruit SRC1. The presence
of SRC1 on the MHRE chromatin is significantly increased by ERRy, but not by ERRa.
Interestingly, ectopic expression of PGC-1a enhances ERRy occupancy at the MHRE region
and increases the SRC1 presence as well. With PGC-1a overexpression, homodimerization of
ERRy may be increased whereas heterodimeriztion of ERRa and ERRy may be decreased, thus
providing an explanation for the activation of ERRa gene by ERRYy. In conclusion, this study
shows that ERRy has an important role in regulation of the ERRa gene expression. Itis currently
not known whether ERRYy also regulates the expression of genes involved in the fatty acid
metabolic pathway and energy balance program. Because of the strong activation function of
ERRy and the fact that it is able to activate expression of the ERRa gene in the absence of
PGC-1a, ERRy might be a potential target for developing drugs that treat diabetic and
metabolic-related human diseases.
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Figure 1.

Expression of ERRa, ERRy and PGC-1a in human tissues and mouse liver during fasting. A.
Northern blot analyses of human tissues. ERRa, ERRy, PGC-1a and p-actin probes (between
200-300 bp in length) were labeled to a similar specific activity and used in sequential
hybridization to the FirstChoice™ Northern Human Blot | from Ambion (2 pg polyA RNA /
lane). The hybridization time for all four probes was 16 h, however, the exposure time varies.
The x-ray film for ERRy and PGC-1a were exposed for 48 h while ERRa was exposed for 24
h and p-actin for 2 h. B. ERRa, ERRy and PGC-1a expression in mouse liver during fasting.
Adult female mice (4 per group) were fed (N), fasted for 12 h (12) or 24 h (24). Total liver
RNA was prepared from the individual mouse and analyzed by real time PCR with specific

Mol Cell Endocrinol. Author manuscript; available in PMC 2007 March 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang and Teng

Page 18

primers to ERRa, ERRy or PGC-1a (upper). Data is presented as fold of stimulation from 4
mice + SE. Liver nuclear protein lysates (30 pg protein) were individually prepared and the
presence of ERRa, ERRy, PGC-1a and ERa were detected by Western blot analyses with their
respective antibodies (lower). The antibody dilution and exposure time as follow: ERRa,
1:1000 and 2 min; ERRy, 1:200 and 1 min; PGC-1a, 1:500 and 5 min; ERa, 1:2000 and 5 min.
There were three mice per experimental group and the length of fasting was 24 h.
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Figure 2A
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Figure 2B
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Figure 2.

Effect of ERRa and ERRYy on the AAB activity. A. Dose effect. The AAB-Luc reporters were
cotransfected with myc-ERRa or myc-ERRYy individually or together (1:1 ratio) at the varying
concentration (as indicated) into HEC1-B cells. Twenty-four h after transfection, cells were
collected and reporter Luc activities measured. The firefly luciferase reporter activities were
normalized to Renilla luciferase activities and plotted as fold of activation against vector
control. The results are reported as the mean + S.D. from a minimum of three independent
experiments with duplicates for each experiment. Expression level of the transiently transfected
ERRa and ERRYy expression constructs were verified with myc antibody by Western blotting
(insert). B. Effect of ERRa on ERRYy transactivation function with AAB. Mutant ERRa. (either
truncation or mutation) were cotransfected with ERRy expression vector (or empty vector) and
the AAB-Luc reporters into HEC-1B cells. The Luc activities were determined 24 h later.
Schematic presentation of the ERRa constructs is shown at the bottom. 1-422, full-length
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ERRa; 1-173, N-terminal region of the ERRa (1-173 amino acid); 76-422, C-terminal region

of the ERRa (76-422 amino acid); P-boxmut, mutation made at the P-box of the DBD. Data
is presented as means = SE from three experiments with duplicated samples.
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Figure 3.

Detection of ERRa binding to AAB or AB by EMSA. A. Schematic presentation of the AAB
element and the oligonucleotides used in competition. Location of the mutation(s) is indicated
(Liu et al., 2005). B. Binding of ERRa to AB oligonucleotides. C. Binding of nuclear protein
from HEC-1B cells to AB oligonucleotides. Specific binding was shown by oligonucleotides
competition. D. Antibody supershifting analysis. One pl of antibody was added to the reaction
mixture for supershift study. Arrow, protein-DNA complexes; SS, antibody supershifted
complexes; TNT, in vitro transcription/translation mixture; LF, lactoferrin antibody; PS, rabbit
serum; Ab, antibody.
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Figure 4.

Binding characteristic of ERRa and ERRy on AB or 1X ERE oligonucleotides. A. ERRa and
ERRYy binding to AB oligonucleotides. In vitro transcribed/translated ERRa and myc-tagged
ERRy were used. The heterodimer form is indicated. B. ERRa and ERRy binding to 1x ERE.
C. ERRa and ERa binding to 1x ERE. Relative ratio of the receptors produced in vitro was
described in the Material and Methods.
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Detection of ERRa and ERRY interaction in vitro and in vivo. A. GST-pull down assay. In
vitro transcribed/translated 3°S- ERRy was pull-down with GST- linked ERRa or ERRY. B.
Coimmunoprecipitation. HEC-1B cells were transfected with either flag-ERRa or myc-
ERRYy and the protein complex was immunoprecipitated (IP) by indicated antibody (either flag
or myc). The complex was resolved on a denatured SDS-PAGE either with or without the
presence of reducing agent (5 mM DTT). The protein was detected by immunoblotting (I1B)

with indicated antibody (either flag or myc).
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Figure 6D
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Figure 6.

Differential molecular characteristics of the ERRa and ERRY. A. Effect of response element
on the transactivation activity of ERRy and ERRa. Transfection study was preformed in
HEC-1B (left) and HeLa (right) cells. B. Effect of trypsin digestion on ERRa and ERRy with
or without bound to the AB oligonucleotides. C. Detection of coactivator interaction with
ERRy and ERRa by GST-pull down assay. AF2, AF2 domain deletion; full, the full-length
protein. D. Selectivity of ERRy and ERRa in coactivator utilization. Fold activation is against
the empty expression vector.
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Figure 7.

Effect of ERRa and ERRy on MHRE chromatin structure. Chromatin was immunoprecipitated
by indicated antibodies in HEC-1B cells. The MHRE and none relevant region at 4 kb upstream
from the ERRa gene were detected by PCR. Antibody to ERRa, ERRy, PGC-1a, acetylated
histone 3 (Ac-H3), acetylated histone 4 (Ac-H4), histone deacetylase 1 (HDAC1), coactivator
CBP and SRC1 were used. A. Detection of ERRa and ERRy on the MHRE chromatin by ChIP
assay. Empty vector, ERRo or ERRy was overexpressed in the HEC-1B cells. The presence
of ERRs on the MHRE was detected by ChIP with specific antibody to either ERRa or
ERRYy. Intensity of the band was scanned in an Innotech Chemilmager 5500 with signal spot
densitometry according to the user’s manual. Vector sample is set as 1. B. Effect of ERRa and
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ERRYy overexpression on the histone modification and coregulator recruitment at the MHRE

chromatin region. C. Effect of PGC-1a overexpression on the ERRa, ERRy binding and SRC1
recruitment to the MHRE chromatin region.
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Table |
Plasmids

Reporters Description Reference
AAB-TATA-Luc hERRa MHRE (Liu et al., 2003)
3x ERE-TATA-Luc synthetic triple ERE (Zhang & Teng, 2000)
1x ERE-TATA-Luc vit A2 ERE (Zhang & Teng, 2000)
NRRE-TATA-Luc MCAD, NRRE (Disch et al., 1996)
Expression constructs
Plasmid Description Reference
pcDNAS3.1-ERRa-myc-his| with myc and his tag (Zhang and Teng, 2000)
pSG-ERRa hERRa (Yang et al., 1998)
pFlag-ERRa with flag tag (Ichida et al., 2002)
pGEX-4T-1 GST tag expression vector Amersham
GST-ERRa. GST tag (Yang et al., 1996)

pcDNA3.1-ERRy hERRy (Hentschke et al., 2002)
pcDNA3.1-myc-ERRy myc tag (Hentschke et al., 2002)
GST-ERRy GST tag (Hentschke et al., 2002)
GST-ERRy AAF2 delete AF2 (Hentschke et al., 2002)
pSG-HEGO (Migliaccio et al., 1991)
pcDNA3.1-ERB (Hall and McDonnell, 1999)
RORa (Giguere et al., 1994)
Mutant constructs

Construct Mutation Reference

ERRa-N N-terminal 1-174 (Kraus et al., 2002)
ERRa-C C-terminal 76-422 (Kraus et al., 2002)

ERRa - pboxmut

E97G/A98S/A101V

(Kraus et al., 2002)

GST-ERRo AAF2

hERRa (1-406, delete 16aa)

current study

Coactivator expression constructs

Construct Description Reference
PCR3.1-hSRC-1a human (Onate et al., 1995)
pcDNA3.1-hPGC-1a human (Knutti et al., 2000)
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Table Il

Primers
For Northern blotting
hERRa
Direction Exon Sequence
forward exonl 5-ACA AGC AGC CGG CGG CGC CGC CGA GTG A3
reverse exon 2 5'AT GTCGACTCCTCCTCTTCCTTG3'
forward exon 6 5'AGA TGT CAG TACTGC AGA GCG T3’
reverse Exon 7] 5'GCT TCATAC TCC AGC AGGY'
hERRy
forward exonl 5'ATG TCA AAC AAA GAT CGA CAC3
reverse exon 2 5 GCC CACTACCTC CCA GGATAY
hPGC-1a
forward exon 2 5TTT GCC CAGATCTTC CTG AACY
reverse exon 3 5'ATG AGG CCAATCCGTCTT C3
hB-Actin
forward exon5 5'GAC AGG ATG CAG AAG GAG ATC AC3'
reverse exon 6 5'GCT GAT CCA CAT CTG CTG GAAY'
For real time PCR
mERRa
forward exon 6 5TTC GGC GAC TGC AAG CTC3'
reverse exon 7 5'CAC AGC CTC AGCATCTTC AAT G3'
mp-Actin
forward exons 5'GAC AGG ATG CAG AAG GAG ATT AC3
reverse exon 6 5'GCT GAT CCA CAT CTG CTG GAAZ'
mERRy
Applied Biosystems assay ID Mm00516267 m1
mPGC-1a
Applied Biosystems assay ID Mm00447183 m1l
For EMSA
1x ERE
top strand 5'CCC GAAGCTTCT AGGTCACAGTGACY
bottom strand 5'GC TCG AGG TCA CTG TGA CCT AGA AGY
For ChlP assay
MHRE region
forward 5'GTC AGT GCA GGA CAG CCC GCG AG3'
reverse 5'GAT AGG GCC CGG ACG GAG AAA GC3'
4 kb upstream
forward 5'GCA TAG CGA CAC TCG GGA CCT3'
reverse 5'GCG GGT CTT GCT AATGTT G3'
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