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Abstract
The pyruvate dehydrogenase complex (PDC) catalyzes the conversion of pyruvate to acetyl-CoA in
mitochondria and is a key regulatory enzyme in the oxidation of glucose to acetyl-CoA.
Phosphorylation of PDC by the pyruvate dehydrogenase kinases (PDK) inhibits its activity. The
expression of the pyruvate dehydrogenase kinase 4 (PDK4) gene is increased in fasting and other
conditions associated with the switch from the utilization of glucose to fatty acids as an energy source.
Transcription of the PDK4 gene is elevated by glucocorticoids and inhibited by insulin. In this study,
we have investigated the factors involved in the regulation of the PDK4 gene by these hormones.
Glucocorticoids stimulate PDK4 through two glucocorticoid receptor (GR) binding sites located
more than 6,000 base pairs upstream of the transcriptional start site. Insulin inhibits the glucocorticoid
induction in part by causing dissociation of the GR from the promoter. Previously, we found that the
estrogen related receptor alpha (ERRα) stimulates the expression of PDK4. Here, we determined that
one of the ERRα binding sites contributes to the insulin inhibition of PDK4. A binding site for the
forkhead transcription factor (FoxO1) is adjacent to the ERRα binding sites. FoxO1 participates in
the glucocorticoid induction of PDK4 and the regulation of this gene by insulin. Our data demonstrate
that glucocorticoids and insulin each modulate PDK4 gene expression through complex hormone
response units that contain multiple factors.
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Introduction
The metabolism of pyruvate to acetyl-CoA is catalyzed by the pyruvate dehydrogenase
complex (PDC) which is located in mitochondria [1]. PDC is a key step in the control of glucose
oxidation to acetyl-CoA, and PDC activity is decreased in diabetes and fasting [2]. Although
activity of the pyruvate dehydrogenase complex is negatively regulated short term by its
reaction products acetyl-CoA and NADH, long-term regulation of PDC activity is mediated
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via pyruvate dehydrogenase kinase (PDK) dependent phosphorylation [2]. Three serine
phosphorylation sites on the α-subunit of pyruvate dehydrogenase (E1) are targeted by PDKs
leading to reduced activity of PDC [1]. Thus PDK is an important regulator of the pyruvate
dehydrogenase complex. While four PDK isoforms (PDK1, 2, 3, 4) have been identified in
mammalian tissues, the PDK2 and PDK4 isoforms are highly expressed in the liver, heart and
skeletal muscle. PDK2 and PDK4 mRNA and protein levels are elevated in livers of diabetic,
fasted and insulin resistant animals [3–5]. Expression of the PDK4 gene is increased by
glucocorticoids, retinoic acid, prolactin (via STAT5), long chain fatty acids and fibrate
compounds [5–8]. The induction of PDK4 by fibrates is mediated by the peroxisome
proliferator activated receptor α (PPARα) [9,10]. Conversely, PDK4 and PDK2 gene
expression is inhibited by insulin [8,11].

Given the central role of PDK4 in regulating PDC activity, it is important to understand the
molecular mechanisms underlying the regulation of PDK4 expression by hormonal and
nutritional factors. In this regard, several nuclear receptors and transcription factors including
the estrogen related receptor (ERR), glucocorticoid receptor (GR), forkhead transcription
factor (FoxO1) and hepatic nuclear factor 4 (HNF4) have been found to regulate PDK4 gene
expression. ERRs are orphan nuclear receptors and three isoforms have been identified, α β
and γ[12]. Several lines of evidence have suggested a role for ERRα and ERRγ in the control
of metabolic genes. ERRα induces medium chain acyl-CoA dehydrogenase (MCAD)
indicating a role in fatty acid oxidation [13]. In the heart, ERRα and ERRγ activate a network
of genes involved in fatty acid transport, mitochondrial function and fatty acid oxidation
[14]. ERRα contains a DNA binding domain and a ligand binding domain which is involved
in dimerization, transcriptional activation and interactions with coactivators [15]. We found
that ERRα induces PDK4 expression through two binding sites in the proximal promoter
[16]. In addition, we have determined that HNF4 stimulates the PDK4 gene in hepatoma cells
[17].

In these studies, we have explored the mechanisms by which glucocorticoids and insulin
modulate the expression of PDK4. The induction of genes by glucocorticoids is mediated by
the glucocorticoid receptor (GR) which is sequestered in the cytosol with heat shock proteins
and moves to the nucleus in the presence of ligands to modulate gene expression [18]. The GR
binds to glucocorticoid response elements (GRE) within genes and interacts with other
transcription factors and coactivators to create glucocorticoid response units (GRU) which
control gene expression [18,19]. Factors including CCAAT enhancer binding protein β (C/
EBPβ), FoxO1 and HNF4 are found in the GRUs of gluconeogenic genes such as the PEPCK
gene [20]. FoxO1 is also an important participant in the insulin inhibition of several genes.
Insulin activates protein kinase B (PKB) which phosphorylates FoxO1 on serines 256 and 319
and threonine 29 leading to the nuclear exclusion of FoxO1 [21–23]. FoxO1 dissociation from
promoters contributes to the insulin inhibition of gene expression [24,25].

In addition, numerous coactivators participate in the control of gene expression. In particular,
we have focused on the peroxisome proliferator activated receptor γ coactivator (PGC-1α)
[16,17]. PGC-1α was initially cloned from brown adipose tissue as a protein that interacts with
the peroxisome proliferator activated receptor γ (PPARγ) [26]. PGC-1α promotes
mitochondrial biogenesis and mitochondrial oxidation of long chain fatty acids [27]. In the
liver, PGC-1α abundance is greatly increased following an overnight fast, and PGC-1α is
induced by glucocorticoids and cAMP [28,29]. Hepatic PGC-1α levels are elevated in
streptozotocin-induced diabetes several models of type II diabetes [29]. In addition to its known
role in hepatic glucose production (gluconeogenesis), PGC-1α amplifies the cAMP and
glucocorticoid dependent induction of phosphoenolpyruvate carboxykinase (PEPCK) and
glucose-6 phosphatase (G6Pase) gene expression [28–30]. Previous studies from our
laboratory and others have shown that PDK4 expression is induced by PGC-1α in primary rat
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hepatocytes and cardiomyocytes [16,17]. PGC-1α is recruited to the PDK4 gene through
interactions with ERRα [31].

In these studies, we have investigated the regulation of the PDK4 gene by glucocorticoids and
insulin. Here, we report that the glucocorticoid induction of PDK4 requires two distal GREs
as well as FoxO1 in the proximal promoter. However, ERRα and PGC-1α, which induce the
PDK4 gene, do not amplify the glucocorticoid induction. Insulin acts at multiple sites in the
promoter to decrease PDK4 transcription including the GREs in distal promoter, the FoxO1
site and a binding site for ERRα. Our data indicate that both the glucocorticoid and insulin
regulation of the PDK4 gene are mediated through complex hormone response units.

Materials and Methods
Transient transfections of luciferase reporter genes

Transient transfections were performed in McA-RH7777 cells using the calcium phosphate
method as described previously [16]. McA cells were transfected and incubated overnight at
37°C in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 5% calf serum and 5%
fetal calf serum. The following day the cells were washed with phosphate buffered saline and
serum-free media containing 100 nM dexamethasone or 10 nM insulin was added as described
in the figure legends. Cells were harvested after 24 h and luciferase assays were performed
using Promega Dual Luciferase Kit (E1960) following the manufacturer’s protocol. Luciferase
values were normalized for protein content and renilla luciferase activity to account for cell
density and transfection efficiency, respectively [16].

Construction of PDK4-luciferase reporter genes
Cloning of the rat −2989/+78 PDK4 promoter region and ligation to a luciferase-reporter
construct was described previously [16,17]. The −1529/+78 PDK4-luciferase vector was
generated by a Kpn I digestion of −2989/+78 PDK4-luciferase to remove the −2989 to −1529
fragment. Mutations in the promoter were introduced using the Stratagene QuikChange Site-
Directed Mutagenesis kit (200518). The following primers were used: PDK4 Mut338, 5′-
agatggctcctgagttgtaaacaaaaacaagtctgggcggg-3′; Mut347, 5′-
tgacattgagatggctcctgagtttgcaacaaggacaagtctgggc-3′; M370 5′-cgaggaatgcgtcttcgcgagatggctcct
-3′. We had previously shown that these mutations disrupted the binding of ERR and FoxO1
to their respective sites [16].

To construct the −6529/+78 PDK4-luciferase vector, an Asc I site was introduced at nucleotide
−2872 into both the −6529/−2829 and the −2989/+78 segments of the PDK4 promoter. The
two promoter fragments were ligated together using the Asc I site to generate a −6529 to +78
promoter region. The −6.5K/+78 PDK4 promoter was then ligated into pGL3 basic luciferase
using the Sac I and Bgl II restriction sites. To introduce the ERRα and FoxO1 mutations into
the −6.5/+78 PDK4-luciferase, the −1529/+78 PDK4-luciferase vectors containing the
disrupted sites were digested with Kpn I and Bgl II. This promoter region was substituted into
the Kpn I and Bgl II sites of the 6.5/+78 wild type PDK4-luciferase vector. All sequences were
verified using the Molecular Resource Center at the University of Tennessee Health Science
Center.

The −7009/+2829 region of the PDK4 gene was ligated in front of SV40-luciferase. The
putative glucocorticoid response elements (GREs) were disrupted by site directed mutagenesis
using the QuikChange site-directed mutagenesis kit. The following primers were used: GRE
Mut- 6460 5′-ctttgaactagaacgactgatccagtacagggac-3′; Mut-6386 5′-
gttattatgaaggtttgtgtcgcactacagttcttccacaaaggg-3′; Mut-6010 5′-
gtcattttccttactatggggagcaggggag-3′. The altered nucleotides are underlined.
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Real time PCR analysis
For real time PCR, cDNA was prepared using RNA isolated from McA cells or primary rat
hepatocytes. The RNA was isolated with RNA-Stat-60 (Tel-test) [17]. The RNA was then
treated with DNase I (2 units) at 37 °C for 1 hour followed by addition of DNase Inactivation
Reagent (Ambion). The concentration of each sample containing DNA free RNA was
measured at a wavelength of 260 nm using UV/Vis spectrophotometer. Equal amounts of DNA-
free RNA were used for first-strand cDNA synthesis. RNA was mixed with 1 μl of 10 mM
dNTP mix and 1 μl of random hexamers (50 ng/μl). The conditions for the reverse transcription
to generate cDNA have been described previously [17]. The parameters for real time PCR were
as follows: 95 °C for 10 min, 40 cycles of 95 °C 30 s and 60 °C 1 min. A DNA dissociation
curve was executed for each sample that consisted of 100 cycles of 10 s each from 60 to 100
°C in 0.4 °C increments. The first derivative of this DNA dissociation curve was plotted to
show peaks for each target amplified. The final concentration of primers in each well in the
PCR plates was 0.1 μM. Oligonucleotide standards were synthesized and quantified by HPLC.
These standards were diluted to 10−9, 10−8, 10−7, 10−6 and 10−5 μM and used as templates for
each standard curve. A 1:50 dilution of each cDNA as template was used to measure 18S
ribosomal RNA (rRNA), and 1 μl of 1:10 or 1:20 dilution of each cDNA was used as a template
to assess target genes. The 18S rRNA was used to normalize all results. The following forward
(FP) and reverse primers (RP) were used for real time PCR to quantity mRNA abundance:
PDK4 forward primer, 5′-ggattactgaccgcctctttagtt; PDK4 reverse primer, 5′-
gcattccgtgaattgtccatc; 18S forward primer, 5′-cggctaccacatccaaggaa; 18S reverse primer, 5′-
ttttcgtcactacctccccg.

Adenoviral infection
The shRNA for rat ERRα was designed for the coding sequence gagcatcccaggcttctcc. Hairpin
siRNA template DNA oligomers were inserted into pSilencer 3.0-H1 plasmid (Ambion 7209)
driven by H1 promoter. The pSilencer H1-ERRα RNAi was inserted into promoterless
pAdTrack (ATCC cat # JHU-23) and this modified pAdTrack was called pAdTrack- H1-RNAi.
The pAdTrack-H1-RNAi was transformed into BJ5183 cells which contained the pAdEasy-1
adenovirus backbone (Stratagene). Positive clones were selected and confirmed by DNA
sequencing. The correct plasmids were amplified following transformation into DH5 cells. The
resulting adenoviral DNA Ad-H1-RNAi or Ad-H1-negative control vectors were linearized
with PacI. The linearized adenoviral DNA was used to transfect AD-293 packaging cells.
Adenovirus was amplified according to Stratagene AdEasy protocol and purified by cesium
chloride method. McA-RH7777 cells were infected with adenovirus expressing short hairpin
RNA against ERRα (Ad-shERRα). Adenovirus expressing a non-specific shRNA (Ad-NC)
was used as a control. McA cells were maintained in DMEM media in the absence of serum.
Media was changed 16 h after infection and hormones added for 24 hours. The McA cells were
harvested and RNA was isolated using RNA Stat 60 (Tel-test).

Chromatin Immunoprecipitation (ChIP) Assays
ChIP assays were conducted with slight modifications following the protocol given by the
Millipore Magna ChIP kit (17–610). Rat primary hepatocytes were maintained for 18 hours in
RPMI 1640 media containing 5% fetal bovine serum and 5% calf serum. Cells were treated
with 100nM dexamethasone or 100nM insulin for 4 hours in serum-free media. After treatment,
cross-linking was performed with 1% formaldehyde for 10 minutes at room temperature and
quenched by the addition of glycine. Cross-linked cells were harvested and placed in cell lysis
buffer for 15 minutes followed by homogenization using a Dounce homogenizer. The
homogenate was pelleted, resuspended in nuclear lysis buffer, and sonicated to 400–600bp 9
× 30 seconds in ice water. Chromatin preparations were diluted with dilution buffer and
protease inhibitor cocktail and designated as input samples (no antibody), used for
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immunoprecipitation with the desired antibody, or with the control antibody rabbit IgG (Santa
Cruz # sc-2027). Antibodies used were anti-FKHR (Santa Cruz, sc-11350), anti-GR (Santa
Cruz, sc-8992), and anti-PGC1α (Santa Cruz, sc-13067). Samples were left rotating overnight
at 4°C with the antibody and the magnetic protein A beads. The magnetic beads were pelleted
and washed with a low-salt immune complex wash buffer, high-salt immune complex wash
buffer, lithium-chloride immune complex wash buffer, and TE buffer. DNA was eluted using
the ChIP elution buffer and treated with proteinase K for 4 hours at 65°C followed by 10
minutes at 95°C. DNA was purified using the PCR purification kit (Qiagen 28104). Eluted
DNA was subjected to 35 cycles of PCR using 3–6 μL of DNA. PCR products were analyzed
on 2% Nusieve 3:1 agarose (Lonza 50090) and visualized with MultiImage Light Cabinet with
AlphaImager EP software. The following primers were used to amplify: the proximal region
(−591/−338) forward primer 5′- taaggctatttaggcagttt and reverse primer 5′-ccagacttgtccttgtttac,
the glucocorticoid response region (−6634/−6377) forward primer 5′-tatgagaagtgctgcaataa and
reverse primer 5′-atgttaccacaaaccttcat, and the region (−1535/−1228) forward primer 5′-
agtgtctccaccagattgt and reverse primer 5′-ctaagagagctaacctagt.

Results
Our initial experiments investigated whether glucocorticoids and insulin would regulate the
expression of PDK4 gene expression in McA-RH7777 rat hepatoma cells. Addition of
dexamethasone increased PDK4 mRNA abundance 13 ± 1.1 fold and this induction was
inhibited 56% by the addition of insulin (Fig. 1A). Insulin alone reduced the expression of the
PDK4 gene about 10% but this change was not statistically significant (Fig. 1A). These data
indicate that PDK4 gene expression is regulated in a physiologic manner in McA cells. Our
next experiments were designed to localize the glucocorticoid response element (GRE) in the
PDK4 gene. Previously, we had cloned the promoter of the rat PDK4 gene [17]. A PDK4-
luciferase vector (−2989/+78) containing 3000 base pairs of the promoter was transfected into
McA cells in the presence or absence of dexamethasone. However, this region of the promoter
did not respond to glucocorticoids (data not shown). We cloned an additional upstream region
of the promoter containing the promoter sequences from −7009/−2829 (−7/−2.8) and ligated
this segment of the promoter in front of the enhancer-less SV40-luciferase gene. This construct
was induced 7.8 ± 0.3 fold by dexamethasone and this stimulation was decreased 25% by
insulin (Fig. 1B). The glucocorticoid responsiveness was fully retained in the −6529/−2829
(−6.5/−2.8) SV40-luciferase vector. The expression of the −6.5/−2.8 SV40-luciferase vector
was 0.93 ± 0.2 fold relative to the control suggesting that insulin was primarily decreasing the
induction by glucocorticoids through this region (data not shown). Three potential
glucocorticoid response elements (GRE) sequences were identified in the −6529/−2829 region
of the PDK4 promoter and each was disrupted by site directed mutagenesis. Mutation of GRE
−6386 decreased the glucocorticoid induction by 50%. A double mutation of the GREs at −6460
and −6386 completely eliminated the dexamethasone responsiveness (Fig. 1B). Mutation of
the GREs at −6386 and −6010 had no additional effect over mutation of −6386 alone (Fig. 1B).
These results indicated that induction of PDK4 by glucocorticoids is mediated by two GREs
in this region of the gene and that insulin partially inhibited the dexamethasone induction
through the distal promoter.

To demonstrate that the glucocorticoid receptor (GR) was bound to this region of the promoter
in vivo, we conducted ChIP assays in primary rat hepatocytes using the antibody for the GR.
Primer sets were constructed for three regions of the gene including the region containing the
GREs (−6634/−6377), a central region of the promoter (1535/−1228) and the proximal
promoter (−591/−338) (Fig. 2A). Primary rat hepatocytes were crosslinked with 1%
formaldehyde four hours after the addition of dexamethasone or dexamethasone plus insulin.
Addition of dexamethasone increased the association of GR with the GRE region 9.1 ± 2.3
fold (Fig 2B and 2C). Interestingly, addition of insulin decreased the association of the GR
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with the upstream promoter region suggesting that insulin inhibits PDK4 gene expression in
part by decreasing association of the GR with the promoter. Unexpectedly, a weak association
of the GR with the proximal promoter was observed (Figure 2, panel B). Although the proximal
(−591/−338) PDK4 promoter does not have an identified GRE, the addition of glucocorticoids
increased the association of the GR with the proximal promoter 2.6 ± 0.6 fold (Fig 2C). One
possible explanation for this apparent weak association of the GR with the proximal PDK4
promoter is that it contacts the basal transcription machinery through DNA looping. Consistent
with this interpretation, glucocorticoids do not induce the PDK4-luciferase vectors driven by
this proximal region of the PDK4 promoter alone (data not shown). We did not observe
association of GR with the −1535/1228 region of the promoter.

Previously, we reported that PGC-1α induced the PDK4 gene through interactions with
ERRα in the proximal promoter [17]. Previous studies suggested that PGC-1α would amplify
the induction of gluconeogenic genes by dexamethasone and cAMP [32]. Therefore, we tested
whether overexpression of PGC-1α would increase the expression the −7/−2.8 SV40-luciferase
vector or increase the glucocorticoid induction. Our data indicate that PGC-1α does not enhance
the induction of PDK4 through this region of the promoter or increase the glucocorticoid
induction (Fig 3A). In addition, we tested whether PGC-1α could enhance glucocorticoid
responsiveness by co-transfecting the −6529/+78 PDK4-luciferase reporter with PGC-1α.
Basal expression of this reporter was elevated 2.1 fold by PGC-1α, but the glucocorticoid
responsiveness was not enhanced (Fig 3A). To determine if PGC-1α association with the PDK4
gene was altered by dexamethasone, we conducted ChIP assays in primary hepatocytes treated
with dexamethasone or dexamethasone plus insulin for four hours (Fig. 3B). Our data
demonstrated that PGC-1α is associated with the proximal promoter of the PDK4 gene.
However, no change in PGC-1α association with the proximal promoter was observed at 4
hours in response to either dexamethasone or insulin. In the ChIP assays, PGC-1α was found
to be associated with the GRE region of the PDK4 gene in some of the PGC-1 αpulldowns
although this association was inconsistent (data not shown). Given that PGC-1α cannot induce
through the −7009/−2829 region of the PDK4 gene, we speculate that any interactions of
PGC-1α with distal region of the PDK4 gene must reflect looping of the proximal promoter to
the distal promoter.

Our next experiments investigated the role of the ERRα sites in the proximal promoter of the
PDK4 gene in glucocorticoid and insulin responsiveness. Each ERR site was disrupted by site
directed mutagenesis. Since ERRα stimulates transcription in conjunction with the coactivator
PGC-1α, we cotransfected mammalian expression vectors for ERRα and PGC-1α with the
−1529/+78 PDK4-luciferase reporter [33,34]. ERRα and PGC-1α induced PDK4-luciferase
9.7 ± 1.2 fold and this induction was inhibited 62% by insulin (Fig. 4A). Mutation of the 5′
ERR binding site (Mut-370) decreased the ERRα and PGC-1α stimulation, but insulin still
inhibited the induction by 48%. Interestingly, mutation of the 3′ ERR site (Mut-338) decreased
the ERRα/PGC-1α induction and reduced the inhibition by insulin to 32% which is significantly
less than the insulin inhibition of the wild type vector. These data suggest that the 3′ ERRα
binding site contributes to the inhibition of PDK4 by insulin. In addition, we tested whether
insulin might act in part by disrupting the ERRα and PGC-1α interactions. Transfection of
ERRα alone induced the −1529/+78 PDK4-luc vector (8.5 fold), and this stimulation was
inhibited by insulin indicating that insulin can directly inhibit the induction by ERRα (Fig 4B).
PGC-1α also induced PDK (3-fold) and this response was also inhibited by insulin (Fig 4B).
Co-transfection of ERRα and PGC-1α resulted in a synergistic (22- fold) activation of PDK4-
luc (Fig 4B) and this effect was attenuated by insulin. ERRα recruits PGC-1α to promoters via
interactions with both the L2 and L3 motifs in PGC-1α [35]. We tested whether mutation of
the L2/L3 motifs in PGC-1α (PGC-1α L2/L3) would alter the insulin inhibition. Mutation of
these motifs decreased the induction by ERRα and PGC-1α, but the insulin inhibition was not
changed (Fig 4B). The alteration of L2 to L3 (L2/L9), which makes PGC-1α more ERRα
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selective also did not modify the insulin inhibition [35]. These data suggest that insulin does
not affect PDK4 expression by directly disrupting the interactions of ERRα and PGC-1α.

To determine if the ERRα sites participate in the glucocorticoid induction of PDK4, we
introduced these mutations into the −6529/+78 PDK4-luciferase vector (Fig 5). These plasmids
were cotransfected with the glucocorticoid receptor into McA-RH7777 cells. The full-length
vector was induced 22.7 ± 4.2 fold by dexamethasone and this induction was inhibited 70%
by insulin (Fig 5A). Mutation of the −370 ERR site or the −338 ERR site had no effect on the
glucocorticoid induction. However, disruption of the −338 ERR site reduced the insulin
inhibition from 71% to 42% and this was significantly less than the insulin inhibition of the
wild type promoter. These data indicate that the proximal ERRα site is involved in the insulin
inhibition. We also tested whether mutation of the FoxO1 site (Mut 347) would alter
glucocorticoid responsiveness. The dexamethasone induction was reduced from 22 fold to 13
fold, and the ability of insulin to inhibit the PDK4 gene was eliminated (Fig 5A). To further
examine the role of ERRα in PDK4 expression, we tested whether knocking down the ERRα
isoform would reduce the mRNA abundance of the PDK4 gene. McA-RH777 cells were
infected adenoviruses expressing a short hairpin siRNA specific for the ERRα mRNA. Basal
expression of the PDK4 gene was decreased significantly by 35% (Fig. 5B). However, the
induction of PDK4 by glucocorticoids was not altered suggesting that ERRα is not involved
in the glucocorticoid induction of PDK4. The ERRα mRNA levels were decreased 60% by the
siRNA. Our data suggest that ERRα stimulates the basal expression of PDK4 but is not involved
in the glucocorticoid induction of this gene.

Finally, FoxO1 has been identified as an important transcription factor in the insulin inhibition
of several genes [25,36]. We disrupted the FoxO1 binding site in the context of the −1529/+78
PDK4-luciferase gene. Mutation of this site decreased the induction by ERRα and PGC-1α by
50% (Fig 6A). However, the ability of insulin to decrease PDK4 gene expression was greatly
reduced indicating that FoxO1 has an important role in the insulin regulation of PDK4
expression. FoxO1 binding was also examined by ChIP analysis. Primary rat hepatocytes were
treated with glucocorticoids or glucocorticoids plus insulin for four hours and then crosslinked
with 1% formaldehyde. The association of FoxO1 was not significantly altered by
glucocorticoids but insulin decreased FoxO1 binding (Fig 6B and 6C). These data suggest that
FoxO1 is a key participant in the insulin regulation of PDK4 gene expression.

Discussion
PDK4 is a key regulator of PDC activity, pyruvate oxidation and glucose homeostasis [1,2].
The importance of PDK4 in metabolic regulation has been confirmed in PDK4 knock-out mice
which exhibit lower blood glucose levels and decreased hepatic gluconeogenesis due to
elevated glucose utilization [37]. In addition, PDC activity was increased leading to elevated
glucose oxidation to acetyl-CoA [37]. Analysis of these mice supported the previously
proposed concept that pharmacologic inhibition of PDK4 activity ameliorated hyperglycemia
[38,39]. Prior investigations demonstrated that PDK4 abundance is controlled by changes in
gene expression [5,6,8]. In these studies, we investigated the transcriptional mechanisms
underlying the regulation of the rat PDK4 gene by glucocorticoids and insulin. Our data
demonstrate that induction of PDK4 transcription by glucocorticoids is mediated via two GREs
in the PDK4 promoter that are located more than 6,000 base pairs 5′ to the start site of
transcription. Moreover FoxO1, which is bound to the proximal promoter, participates in the
glucocorticoid responsiveness of the PDK4 gene. Insulin decreases expression of the PDK4
gene through three promoter elements including the GREs, the FoxO1 site and an ERR element.
Interestingly, PGC-1α, which stimulates PDK4 gene expression, does not appear to be
necessary for the acute regulation of PDK4 by glucocorticoids or insulin.
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Glucocorticoids, which contribute to the induction of the PDK4 gene in fasting and diabetes,
act in part via GREs in the distal promoter. Recent reports have indicated that subtle changes
in the GRE profoundly alter transcriptional activation [40]. In addition, analysis of several
glucocorticoid responsive genes has suggested that the GR functions in association with other
transcription factors which constitute glucocorticoid response units (GRU) [19]. The
involvement of these accessory factors allows additional gene specific modulation of
glucocorticoid responsiveness. The PEPCK gene possesses a GRU that has been analyzed
extensively. Studies with the PEPCK gene have identified two weak GREs which cannot confer
a glucocorticoid response in isolation [41]. Four additional factors including HNF4, FoxO1,
COUP-TF and C/EBPβ are required for the full glucocorticoid induction of the PEPCK gene
[42,43]. Our studies showed that FoxO1 participated in the glucocorticoid induction of PDK4
although half of the glucocorticoid induction remained following mutation of the FoxO1 site.
We and others have previously identified FoxO1 binding sites in the PDK4 promoters of mouse,
human and rat [11,16,44]. It was reported that overexpression of a constitutively active FoxO1
strongly stimulated human PDK4 luciferase reporters and enhanced the induction by
dexamethasone [11]. In our hands, overexpression of FoxO1 did not induce the rat PDK4 gene
(data not shown). In contrast to the rat promoter with widely separated GREs and FoxO1 sites,
the human PDK4 promoter contains three FoxO1 sites that are in close proximity to the GRE
[11]. Our observation that the GR is associated with the proximal promoter of the PDK4 gene
in our ChIP assay suggests that looping from the GRE region to the proximal promoter may
occur. Overall, our data and that of others indicate that the GRU of the PDK4 gene includes at
least FoxO1 and GR. The potential role of other factors including HNF4 and C/EBPβ which
comprise the GRUs of several hepatic genes has not been examined [19].

PGC-1α stimulates the PDK4 gene in liver and skeletal muscle [17,31]. Our experiments did
not indicate that PGC-1α was necessary for the acute induction of PDK4 by dexamethasone
as overexpression of PGC-1α did not enhance the glucocorticoid induction of PDK4 in transient
transfection assays. Also in our ChIP assays, we were unable to detect an increased association
of PGC-1α with the PDK4 promoter following dexamethasone addition at the four-hour time
point. Previous studies in H4IIE cells demonstrated that PGC-1α was not required for the
glucocorticoid induction of the PEPCK gene although it was shown that PGC-1α acted as a
transcriptional amplifier [45]. Likewise in hepatocytes from PGC-1α knockout mice, PEPCK
and G6Pase were still induced by cAMP and dexamethasone [32]. We and others have found
that PGC-1α is recruited to the PDK4 promoter by ERRα [17,31]. Our promoter mutagenesis
studies suggested that ERRα was not involved in the glucocorticoid induction of PDK4, and
this result was reinforced by the knockdown of ERRα in McA cells. Although ERR is not
involved in the glucocorticoid induction, ERRα does increase basal expression of PDK4 and
recruit PGC-1α to the PDK4 gene. Previously, we reported that FoxO1 was not involved in the
recruitment of PGC-1α to the PDK4 promoter [16]. This observation was based on the mutation
of the FoxO1 site in the context of short oligomers ligated in front of SV40-luciferase. Here,
we observed that mutation of the FoxO1 site in the context of the PDK4 promoter did decrease
the induction by PGC-1α suggesting that FoxO1 does recruit PGC-1α to the promoter. In
addition, we had reported that PGC-1β does not induce PDK4 expression [46]. This observation
is consistent with the fact that PGC-1α but not PGC-1β can interact with FoxO1 and may
explain the PGC-1α selective induction of the PDK4 gene [47].

The ability of insulin to decrease PDK4 gene expression has been described in animal models
and in cell systems [4]. Elevated insulin, whether from the refeeding of fasted animals or
administration of insulin to diabetic animals, decreases PDK4 mRNA levels in heart, muscle,
kidney and liver [8,48]. In addition, liver specific knock-out of IRS-2 led to elevated PDK4
gene expression suggesting that insulin represses PDK4 [49]. Multiple mechanisms have been
described for the insulin inhibition of gene expression. First, FoxO1 stimulates genes involved
in gluconeogenesis and inhibits glycolysis [24,50,51]. Insulin via the activation of PKB
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phosphorylates FoxO1 on serines 256 and 319 and threonine 29 leading to FoxO1 dissociation
from genes such as PEPCK and G6Pase as well as the nuclear exclusion of FoxO1 [21,24,
50]. FoxO1 clearly plays a significant role in the insulin inhibition of PDK4. In addition, insulin
dissociates the GR from the distal PDK4 gene. However, the most unexpected observation was
that mutation of the 3′ ERR site reduced the ability of insulin to inhibit PDK4 transcription.
These results which were obtained in the context of the PDK4 promoter were slightly different
than our previous observations using multiple copies of isolated elements driving the SV40-
luciferase gene [16]. In that context, we did not identify a role for ERRα in the insulin regulation
of PDK4. Our results implicating FoxO1 in the insulin regulation of gene expression are
consistent with previous observations both for the human PDK4 gene and several other genes
[21,36].

One surprising result from our experiments was that PGC-1α was not involved in the short-
term regulation of PDK4 gene expression by insulin. It was reported that the association of
PGC-1α with the PEPCK promoter was decreased following insulin addition [25]. In other
studies, we observed that after 24 hours of insulin administration there was decreased
association of PGC-1α with the PDK4 promoter [16]. However, after 4 hours, PGC-1α was
still associated with the PDK4 gene even though there was a substantial decrease in the binding
of FoxO1. Recent studies have shown that PKB can phosphorylate and inhibit PGC-1α
suggesting a link of phosphorylation with insulin action [52]. Our results suggest that
PGC-1α dissociation was not involved in the acute inhibition of PDK4 expression. We also
observed by ChIP assay that insulin caused dissociation of the glucocorticoid receptor from
the PDK4 promoter. We have not found that FoxO1 can regulate through the upstream region
of the PDK4 gene suggesting that this portion of the insulin regulation is independent of FoxO1.
Factor dissociation is a model for the insulin inhibition of gene expression as insulin decreases
association of coactivators including the CREB binding protein (CBP/p300) and steroid
receptor coactivator (SRC-1) from the PEPCK and G6Pase promoters [53,54]. Our results
suggest that the GR and FoxO1 are dissociated from the PDK4 promoter by insulin. Numerous
studies indicate that insulin does not inhibit gene expression through a single promoter element
or transcription factor but rather through a combination of sites and factors. Having multiple
inhibitory mechanisms may allow insulin to block a number of stimulatory signals. Additional
factors including the sterol regulatory element binding protein (SREBP-1c), C/EBPβ and
TORC2 have been correlated with insulin inhibition of hepatic gene expression [54–56].

In this study, our data indicate that glucocorticoids and insulin regulate PDK4 gene expression
though complex hormone response units. In addition to the GR, FoxO1 participates in the
glucocorticoid induction of PDK4. Insulin acts through at least three elements and several
transcription factors to decrease the expression of the PDK4 gene. This complex regulation
likely reflects the need for a subtle modulation of PDK4 expression under a variety of
physiological conditions.
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Figure 1. Identification of glucocorticoid receptor binding sites in the PDK4 promoter
A. McA-RH7777 hepatoma cells were treated with dexamethasone (100 nM), dexamethasone
and insulin (100 nM) or insulin alone (100 nM) for 24 hours. RNA was harvested and PDK4
mRNA abundance measured by real time PCR. The data are presented as the fold induction of
PDK4 mRNA abundance. The values are the average of three repeats. B. A model of the SV40-
luciferase vectors and the site of the mutations are shown. McA-RH7777 hepatoma cells were
cotransfected with the −7009/−2829 (−7/−2.8) SV40-luciferase reporter and mammalian
expression vector for glucocorticoid receptor. Dexamethasone (100 nM) or dexamethasone
plus insulin (100 nM) were added for 24 hrs. Luciferase activity was normalized by protein
content and renilla activity. Site directed mutagenesis was used to disrupt GR binding sites at
position −6460, −6386 and −6010 in the −7/−2.8 SV40-luciferase construct. The data are
presented as the relative luciferase activity ± S.E. The induction of luciferase activity was
corrected for renilla and protein content. All transfections were done in duplicate and repeated
four times. The p< 0.01 is indicated by the * asterisk.
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Figure 2. Glucocorticoid receptor binds to the PDK4 promoter
Chromatin immunoprecipitation (ChIP) assays were conducted with the PDK4 gene and
antibodies to the glucocorticoid receptor (GR). Primary rat hepatocytes were treated with
dexamethasone (100 nM) or dexamethasone plus insulin (100 nM). After 4 hours of hormone
treatment, the cells were crosslinked with 1% formaldehyde and the ChIP assays conducted as
described in the materials and methods. A. The location of the primer sets used for PCR
amplification is indicated in the model. B. Representative PCR products are shown for each
primer set. Also shown are the PCR amplifications for input DNA and the IgG control. C. The
PCR products were quantified with Quantity One software. The changes in receptor binding
are shown. The ChIP assays were repeated four times on independent preparations of primary
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rat hepatocytes. The p< 0.01 for the insulin inhibition is indicated by the * asterisk and p< 0.05
indicated by #.
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Figure 3. PGC-1α is associated with the PDK4 promoter
A. As shown in the left panel, McA cells were transfected with −7/−2.8 SV40-luciferase, the
glucocorticoid receptor and pSV or pSV-PGC-1α exactly as described in figure 1.
Dexamethasone (100 nM) was added for 24 hrs. On the right panel, McA cells were transfected
with −6.5/+78 PDK4-luciferase. B. Chromatin immunoprecipitation (ChIP) assays were
conducted in primary rat hepatocytes using an antibody to PGC-1α. Cells were treated with
dexamethasone (100 nM) or dexamethasone plus insulin (100 nM) for 4 hours. The ChIP assays
were repeated four times on independent preparations of primary rat hepatocytes.
Representative PCR products are shown for each primer set. Also shown are the PCR
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amplifications for input DNA and the IgG control. C. The PCR products were quantified as
described in the materials and methods and the legend to figure 2.
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Figure 4. Role of ERRα in the insulin inhibition of the PDK4 gene
A. McA-RH7777 hepatoma cells were transfected with 2 μg of rat PDK4-luciferase reporter
gene −1529/+78 region or rat PDK4-luciferase reporter gene −1529/+78 with the ERR sites
mutated. A model of the mutated PDK4 promoters is shown. The expression vectors for
ERRα (250 ng) and PGC-1α (1 μg) were cotransfected and TK-Renilla (0.2 μg) was included
as a transfection control. Cells were harvested 36 h after transfection. The luciferase activity
was corrected for protein content and Renilla activity. All transfections were done in duplicate
and repeated three or four times. Insulin was used at a concentration of 100 nM and was added
for 24 h. The data are expressed as the mean of the fold induction ± S.E. in the presence or
absence of insulin. All transfections were performed in duplicate and repeated four times. The
p< 0.01 is indicated by the * asterisk. B. A model of the PGC-1α mammalian expression vectors
is shown. The −1529/+78 PDK4 luciferase reporter gene was transfected into McA-RH7777
hepatoma cells along with PGC-1α vectors where the L2 and L3 domains were altered.
Luciferase assays were carried out after 40 h and values were normalized by protein content
and Renilla activity. The luciferase activity observed following transfection with the mutant
vectors was plotted as a percentage of the wild-type PGC-1α vector. The data are presented as
the average percentage activation of luciferase ± S.E. All transfections were performed in
duplicate and repeated four times.

Connaughton et al. Page 20

Mol Cell Endocrinol. Author manuscript; available in PMC 2011 February 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. ERRα participates in regulation of PDK4 expression
A. At the top, models of the −6529/+78 PDK4-luciferase vectors are shown. McA-RH7777
cells were transfected with PDK4- luciferase vectors and 100 nM dexamethasone or 100 nM
insulin were added for 24 hours. The luciferase activity was corrected for renilla and protein
content. Transfections were repeated four to six times in duplicate. B. McA-Rh7777 cells were
infected with adenoviruses expressing shRNA for ERRα (Ad-shERRα) or the (Ad-NC). The
infection conditions are described in the Materials and Methods. RNA was isolated, and the
mRNA abundance of PDK4 and ERRα was measured by real time PCR. The data are expressed
as the mean of the -fold induction ± S.E. of mRNA abundance of the shRNA ERRα infected
cells relative to the NC-infected cells. The data represent the average of four independent
experiments.
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Figure 6. Foxo1 participates in the insulin inhibition of PDK4 gene expression
A. The FoxO1 site in the −1529/+78 site in the PDK4 promoter was disrupted by site directed
mutagenesis. The mutant vector was transfected into McA cells with ERRα and PGC-1α as
described in the legend to figure 4. Transfections were repeated four times in duplicate. B.
Primary rat hepatocytes were treated with dexamethasone or insulin for 4 hours prior to
crosslinking with 1% formaldehyde. Chromatin immunoprecipitation (ChIP) assays were
conducted with the PDK4 promoter and an antibody to FoxO1 essentially as described in the
legend to figure 2. C. The PCR products were quantified as described in the materials and
methods. The values represent the average of four independent preparations of hepatocytes.
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