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Abstract
Aims/hypothesis Insulin resistance, a major contributor to the
pathogenesis of type 2 diabetes, leads to increased hepatic
glucose production (HGP) owing to an impaired ability of
insulin to suppress hepatic gluconeogenesis. Nuclear receptor
oestrogen-related receptor γ (ERRγ) is a major transcriptional
regulator of hepatic gluconeogenesis. In this study, we inves-
tigated insulin-dependent post-translational modifications
(PTMs) altering the transcriptional activity of ERRγ for the
regulation of hepatic gluconeogenesis.
Methods We examined insulin-dependent phosphorylation
and subcellular localisation of ERRγ in cultured cells and in

the liver of C57/BL6, leptin receptor-deficient (db/db), liver-
specific insulin receptor knockout (LIRKO) and protein kinase
B (PKB) β-deficient (Pkbβ−/−) mice. To demonstrate the role
of ERRγ in the inhibitory action of insulin on hepatic
gluconeogenesis, we carried out an insulin tolerance test
in C57/BL6 mice expressing wild-type or phosphorylation-
deficient mutant ERRγ.
Results We demonstrated that insulin suppressed the tran-
scriptional activity of ERRγ by promoting PKB/Akt-
mediated phosphorylation of ERRγ at S179 and by eliciting
translocation of ERRγ from the nucleus to the cytoplasm
through interaction with 14-3-3, impairing its ability to
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promote hepatic gluconeogenesis. In addition, db/db, LIRKO
and Pkbβ−/− mice displayed enhanced ERRγ transcriptional
activity due to a block in PKBβ-mediated ERRγ phosphory-
lation during refeeding. Finally, the phosphorylation-deficient
mutant ERRγ S179Awas resistant to the inhibitory action of
insulin on HGP.
Conclusions/interpretation These results suggest that ERRγ
is a major contributor to insulin action in maintaining hepatic
glucose homeostasis.

Keywords Akt/PKB . Hepatic gluconeogenesis . Insulin
receptor signalling . Nuclear hormone receptor .
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Abbreviations
Ad Adenovirus
cAMP Cyclic AMP
ChIP Chromatin immunoprecipitation
DBD DNA-binding domain
dsDNA Double-stranded DNA
ERR Oestrogen-related receptor
ERRγ wt Wild-type ERRγ
ERRE ERR response element
FOXO1 Forkhead box O1
GST Glutathione S-transferase
HGP Hepatic glucose production
ICC Immunocytochemistry
IHC Immunohistochemistry
IRβ Insulin receptor β
LIRKO Liver-specific insulin receptor knockout
PGC-1α Peroxisome proliferator-activated

receptor γ coactivator 1-α
PI3 Phosphatidylinositol 3
PTM Post-translational modification
PKB Protein kinase B
PKB ca Constitutively active PKB
SHP Small heterodimer partner
WT Wild-type

Introduction

Hepatic glucose metabolism is controlled primarily by the
actions of counter-regulatory hormones: glucagon, acting
through cyclic AMP (cAMP)-dependent pathways, and insu-
lin, acting through the phosphatidylinositol 3 (PI3)-kinase
pathway [1]. During fasting, glucagon contributes to the
maintenance of constant levels of plasma glucose through
breakdown of glycogen stored in liver via glycogenolysis
and through de novo synthesis (gluconeogenesis) of addition-
al glucose from lactate, pyruvate, glycerol and amino acids
[2]. Regulation of hepatic gluconeogenesis is associated with

a number of transcription factors that contribute to the tran-
scriptional regulation of rate-limiting key gluconeogenic en-
zyme genes such as phosphoenolpyruvate carboxykinase
(Pck1) and glucose-6-phosphatase (G6pc) [3]. During feed-
ing, insulin mainly inhibits hepatic glucose production (HGP)
through inactivation of the transcription factor, forkhead box
O1 (FOXO1), by protein kinase B (PKB)-mediated phosphor-
ylation. However, additional transcriptional regulators, in-
cluding cAMP response element-binding protein (CREB)-
regulated transcription coactivator 2, peroxisome
proliferator-activated receptor γ coactivator 1-α (PGC-1α)
and FOXO6, have also been reported to mediate insulin inhi-
bition of gluconeogenesis in liver; and abnormal regulation of
these factors is associated with hepatic insulin resistance [4–6].

The oestrogen-related receptor (ERR) subfamily of nuclear
receptors consists of three members, ERRα, ERRβ and ERRγ
(NR3B1-3), which bind to classic oestrogen response elements
as dimers, or to extended half-site core sequences asmonomers
[7]. The amino acid sequences of the three ERR isoforms are
highly similar in theDNA-binding domain (DBD). In addition,
the transcriptional activity of ERRs that are constitutively
active in the absence of endogenous ligand depends mainly
on interaction with coactivator or corepressor proteins. It is
reported that the transcriptional activity of ERRγ plays an
important role in the regulation of glucose, lipid, alcohol and
iron metabolism in mouse liver [8, 9]. Furthermore, hepatic
ERRγ expression is induced in fasting or diabetic conditions,
and the increased transcriptional activity of ERRγ causes
insulin resistance and glucose intolerance through induction
of hepatic gluconeogenesis [10, 11]. In addition, induction of
ERRγ in liver leads to impaired insulin signalling through
diacylglycerol-mediated protein kinase ε activation [12], sug-
gesting that ERRγ transcriptional activity could be involved in
insulin action to maintain glucose homeostasis. In the current
study, we investigated insulin-dependent post-translational
modification (PTM) altering the transcriptional activity of
ERRγ in the regulation of hepatic gluconeogenesis.

Methods

Animal experiments Animal experiments were performed
using 8-week-old male C57BL/6J, db/db, liver-specific insu-
lin receptor knockout (LIRKO) and Pkbβ−/−(also known as
Akt2−/−) mice. C57BL/6J and db/db mice were obtained from
Jackson Laboratories (Bar Harbor, ME, USA) and liver and
serum of LIRKO and Pkbβ−/−mice were provided by
Dr. S. B. Biddinger (Harvard Medical School, Boston, MA,
USA) and Dr. B. A. Hemmings (Friedrich Miescher Institute
for Biomedical Research, Basel, Switzerland) as described
previously [13, 14]. All mice were acclimatised to a 12-h
light/dark cycle at 22±2°C for 2 weeks with free access to
food and water in a specific pathogen-free facility. To identify
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the effect of insulin on ERRγ-mediated induction of hepatic
gluconeogenesis in vivo, recombinant adenoviruses (Ad-GFP,
Ad-Flag-ERRγ and Ad-Flag-S179A; 1×109 plaque-forming
units) were delivered by tail-vein injection into 8-week-old
male C57BL/6J mice. Plasma glucose levels were determined
with an automated blood chemistry analyser (Hitachi 7150;
Tokyo, Japan) and plasma insulin concentrations were mea-
sured using a mouse insulin ELISA kit (ALPCO Diagnostics,
Salem, NH, USA). All animal experiments were approved and
performed by the Institutional Animal Use and Care Commit-
tee of the Chonnam National University.

Analytical methods Chemicals and DNA constructions are
described in the electronic supplementary material (ESM)
Methods. Rabbit anti-phospho-ERRγ was generated as de-
scribed previously [15]. See ESMMethods for further details.

The in vitro kinase assay was performed as described previ-
ously [16]. See ESM Methods for further details. For western
blot analysis, whole-cell extracts were prepared using
radioimmunoprecipitation assay (RIPA) buffer (Elpis-
Biotech, Daejeon, Korea) with protease inhibitor cocktail set
III (Calbiochem, San Diego, CA, USA) and phosphatase
inhibitor cocktail set III (Calbiochem). See ESM Methods
for further details. The glucose output assay was performed
as described previously [10]. The chromatin immunoprecipi-
tation (ChIP) assay was performed according to the manufac-
turer’s protocol (Millipore, Billerica, MA, USA). See ESM
Methods for further details. Primary hepatocytes were isolated
from Sprague-Dawley rats (male, 180–300 g, Samtako
BioKorea, Seoul, Korea) by collagenase perfusion, as de-
scribed previously [10]. For transient transfection assays,
HepG2 (human hepatoblastoma-derived cells), AML12
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Fig. 1 Insulin inhibits ERRγ activity through PKB-mediated phosphor-
ylation at S179. (a) PKB effect on ERRγ transactivity in 293T cells
(shown as luciferase activity, sft4-luc) (+, 200 ng); *p<0.05 vs ERRγ.
(b) Effect of insulin on ERRγ transactivity in 293T cells (+, 100 ng)
exposed to wortmannin (100 nmol/l) or PD98059 (10 μmol/l) for 24 h
prior to 18 h treatment with insulin (100 nmol/l); *p<0.05 and **p<0.01
as shown. (c) Alignment of amino acid residues flanking a putative
phosphorylation site of ERRα and ERRγ. The asterisk shows a substi-
tution. (d) PKB effect on ERRγ S179A transactivity in 293T cells (+,

300 ng); *p<0.05 vs ERRγ. (e) Domain mapping of ERRγ interacting
with PKB in 293T cells. The cell lysates were immunoprecipitated with
anti-FLAG. (f) In vitro PKB kinase assay. (g) Transient transfection assay
showing insulin-mediated ERRγ phosphorylation in 293T cells. Insulin
(100 nmol/l) was added for 18 h. (h) Effect of PKBβ knockdown on
ERRγ phosphorylation in AML12 cells treated with insulin (100 nmol/l)
for 18 h. Data are presented as means ± SEM. The experiment was
repeated on a minimum of three separate occasions
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(alpha mouse liver 12, a non-transformed mouse liver cell
line) and 293T cells were maintained as described previously
[10]. See ESM Methods for further details. Immunofluores-
cence staining was performed according to the manufacturer’s
protocol for Alexa Fluor SFX kits (Molecular Probes,
Invitrogen, Carlsbad, CA USA). See ESM Methods for fur-
ther details. Quantitative PCR was performed as described
previously [10]. See ESM Methods for further details.

Statistical analyses All values are expressed as means ±
SEM. The significance between mean values was evaluated
by two-tailed unpaired Student’s t test.

Results

Insulin inhibits ERRγ transcriptional activity via
PKB-mediated phosphorylation at S179 Since ERRα
and ERRγ are associated with hepatic glucose metabolism,
we first tested if insulin affects the transcriptional activity of
ERRα and ERRγ on reporter construct sft4-luc containing
three copies of ERR-binding sites (TCAAGGTTG). This
reporter is driven by the promoter of the gene encoding orphan
nuclear receptor small heterodimer partner (SHP), which is a
known target of both ERRα and ERRγ [17]. Interestingly,
transcriptional activity of ERRγ, but not of ERRα, on sft4-luc
was significantly decreased by cotransfection of constitutively

active PKB (PKB ca) into 293T cells (Fig. 1a). In addition,
treatment with wortmannin, a PI3-kinase inhibitor, signifi-
cantly restored the insulin-mediated inhibition of ERRγ tran-
scriptional activity, whereas treatment with PD98059, a
mitogen-activated protein kinase inhibitor, did not significant-
ly change the inhibitory effect of insulin on ERRγ (Fig. 1b).
These results raised the possibility that PKB could modulate
the transcriptional activity of ERRγ in response to insulin.
Consistent with this idea, the primary structure of ERRγ
revealed the presence of a potential PKB phosphorylation site
in a DBD domain of ERRγ (Fig. 1c), which was highly
conserved among species from fish to mammals (ESM
Fig. 1a). However, no PKB phosphorylation site was found
in ERRα (Fig. 1c). Next, to test if the site is involved in
PKB-mediated phosphorylation, we generated ERRγ S179A
(a Ser-to-Ala substitution), a phosphorylation-deficient mu-
tant, and ERRγ S179D (a Ser-to-Asp substitution), a
phospho-mimic mutant, and found that their levels were com-
parable with that of wild-type (WT) ERRγ (ERRγ wt), as
judged by western blot analysis (ESM Fig. 1b). As expected,
basal transcriptional activity of ERRγ S179D was markedly
decreased compared with that of ERRγ wt, whereas basal
ERRγ S179A activity was considerably higher than that of
ERRγ wt and was unaffected by PKB ca (Fig. 1d and ESM
Fig. 1c). These results suggest that S179 of ERRγ plays an
important role in the insulin-mediated regulation of ERRγ
transcriptional activity.
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Diabetologia (2014) 57:2576–2585 2579



Next, we examined the interaction between ERRγ and
PKB in 293T cells, and found that ERRγ, but not ERRα,
strongly interacted with PKB through the DBD domain con-
taining the putative phosphorylation site (Fig. 1e and ESM
Fig. 1d). Moreover, an in vitro kinase assay with γ-[32P]
showed that active PKB directly phosphorylated ERRγ wt,
but not ERRγ S179A and ERRα (Fig. 1f), indicating that
ERRγ is a direct substrate of PKB. To further demonstrate
PKB-mediated phosphorylation of ERRγ, we generated a
phospho-specific antibody that can detect the phosphorylated
form at ERRγ S179, and examined insulin-mediated phos-
phorylation of ERRγ in 293T cells. As expected, insulin
increased ERRγ phosphorylation, but not ERRγ S179A
(Fig. 1g). In addition, the ERRγ phosphorylation by insulin
was induced in a time-dependent manner (ESM Fig. 1e). We
also examined the effect of an ERRγ-specific inverse agonist,
GSK5182, on insulin-dependent phosphorylation of ERRγ in
293T cells, and found that GSK5182 did not significantly
affect the ERRγ phosphorylation levels upon insulin treatment
(ESM Fig . 1 f ) . F ina l ly, knockdown of PKBβ
expression, a major PKB isoform in liver, almost completely
abolished the insulin-mediated ERRγ phosphorylation (Fig. 1h).

We conclude that ERRγ transcriptional activity is inhibited by
PKB phosphorylation at S179 in response to insulin.

ERRγ phosphorylation is involved in insulin receptor
signalling during refeeding To examine the effect of insulin
on ERRγ phosphorylation in vivo, we performed intraperito-
neal injections of insulin into C57/BL6 mice fasted for 6 h.
Hepatic ERRγ phosphorylation after the insulin injection was
gradually increased until 2 h, which was consistent with the
activation of insulin receptor β (IRβ) and PKB, downstream
effectors of insulin (Fig. 2a), while blood glucose levels were
gradually reduced after the insulin injection (ESM Fig. 2a).
Since insulin is a major pancreatic hormone regulating hepatic
glucose metabolism during the fed state, we next investigated
whether hepatic ERRγ phosphorylation is induced by
refeeding. Indeed, refeeding after 6 h of fasting led to marked
induction of ERRγ phosphorylation and activation of IRβ,
IRS-1 and PKB inhibiting hepatic gluconeogenesis in mice
(Fig. 2b). On the other hand, db/db mice, an insulin-resistant
diabetic model, did not display elevated phosphorylation of
ERRγ and activation of insulin receptor signalling in liver
during refeeding (Fig. 2c), resulting in increased blood
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glucose levels and hepatic gluconeogenic gene expression
(ESM Fig. 2b, c). To further demonstrate insulin-mediated
ERRγ phosphorylation in vivo, we employed LIRKO and
Pkbβ−/−mice. Consistent with the results from db/db mice, en-
hanced ERRγ phosphorylation shown during refeeding in WT
mice was abolished in both LIRKO and Pkbβ−/− mice
(Fig. 2d, e). LIRKO and Pkbβ− /− mice exhibited
hyperinsulinaemia, hyperglycaemia and elevated hepatic
gluconeogenic gene expression during refeeding compared with
WT mice (ESM Fig. 3). These results suggest that insulin-
mediated ERRγ phosphorylation is operative in vivo.

Insulin-mediated ERRγ phosphorylation leads to its nuclear
export To explore the mechanisms underlying the inhibitory
effect of insulin on the transcriptional activity of ERRγ, we
examined whether insulin-mediated ERRγ phosphorylation
leads to a change in subcellular localisation. Surprisingly,
ERRγ wt, which was mainly localised to the nucleus without
insulin stimulation, was rapidly translocated to the cytoplasm
of 293T cells upon insulin treatment (Fig. 3a). However, this
translocation was not observed for ERRγ S179A. To verify
the cell fractionation findings, we conducted immunocyto-
chemistry (ICC) in HepG2 cells transfected with ERRγ wt,
ERRγ S179A and ERRα, and found that all of them were

exclusively localised in the nucleus before insulin stimulation
(Fig. 3b). However, only ERRγ wt was translocated to the
cytoplasm after exposure to insulin, recapitulating the cell
fractionation findings. To investigate the mechanism regard-
ing the insulin-dependent subcellular redistribution of ERRγ,
we examined the association of ERRγ with 14-3-3, a
phosphorylation-dependent scaffold protein involved in sub-
cellular redistribution [18]. A co-immunoprecipitation study
performed in 293T cells indicated that 14-3-3 strongly
interacted with glutathione S-transferase (GST)-conjugated
ERRγ wt in the presence of insulin, but not with GST itself
or ERRγ S179A (Fig. 3c). Consistent with these results, an
ICC study performed in HepG2 cells demonstrated that ERRγ
wt was co-localised with 14-3-3 in the cytoplasm after insulin
stimulation, which was not observed for ERRγ S179A
(Fig. 3d). In addition, a molecular docking model of
ERRγ-DBD to double-stranded DNA (dsDNA) showed that
S179 of ERRγ was located near the phosphate moieties of the
bound dsDNA, causing a charge repulsion between the
phospho-ERRγ S179 and the phosphate moieties of dsDNA,
thereby dissociating ERRγ from dsDNA (ESM Fig. 4). Fur-
thermore, a monomeric ERRγ-ligand binding domain can be
located within the dimeric 14-3-3 cleft while maintaining
similar interactions between the phospho-ERRγ S179 and
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bovine 14-3-3 (ESM Fig. 4). These results suggest that
insulin-mediated ERRγ phosphorylation elicits its cytoplas-
mic translocation through interaction with 14-3-3.

Consistent with the results in the cultured cell line, in vivo
subcellular localisation analysis using immunohistochemistry
(IHC) in the liver of WT mice demonstrated that ERRγ,
which was exclusively localised in the nucleus during fasting,
was translocated to the cytoplasm by refeeding and insulin
injection (Fig. 4a, b). On the other hand, in db/dbmice, it was
mainly distributed in the nucleus during both fasting and
refeeding. In addition, the nuclear export of ERRγ by insulin
stimulation was exclusively detected in the liver of Ad-ERRγ
wt mice, whereas insulin did not affect the nuclear localisation
of ERRγ S179A (Fig. 4c, d). The phospho-mimic mutant
ERRγ S179D showed cytoplasmic localisation. These results
indicate that insulin-mediated ERRγ phosphorylation leads to
its nuclear export.

Insulin inhibits hepatic gluconeogenesis through inactivation
of ERRγ On the basis of the reports that ERRγ is a transcrip-
tional regulator of hepatic gluconeogenesis [10, 11], we
examined the effect of insulin on ERRγ-mediated induction
of hepatic gluconeogenic gene expression. ERRγ-induced
Pck1 promoter activity was significantly inhibited by
co-transfection with PKB ca into 293T cells, while the
phosphorylation-deficient mutant ERRγ S179Awas resistant
to PKB-mediated inhibition of Pck1 promoter activity
(Fig. 5a). Consistent with the results in cultured cells, the
infection of rat primary hepatocytes with Ad-ERRγ wt led
to drastic induction of Pck1, G6pc and pyruvate dehydroge-
nase kinase, isoenzyme 4 (Pdk4) gene expressions compared
with infection with Ad-GFP, which was significantly reduced
by insulin treatment (Fig. 5b). However, insulin failed to
inhibit those gene expressions induced by mutant Ad-ERRγ
S179A. Interestingly, GSK5182 significantly inhibited both
ERRγwt and ERRγ S179A-induced Pck1 gene expression in
AML12 cells (ESM Fig. 5). This suggests that the ERRγ
inverse agonist could provide an approach to suppress the
transcriptional activity of ERRγ S179A resistant to the inhib-
itory effect of insulin on hepatic gluconeogenesis. In addition,
ChIP assays performed in rat primary hepatocytes showed that
insulin disrupted the association of ERRγ wt, but not of
ERRγ S179A with ERR response element (ERRE)1 and -2
of the Pck1 promoter (Fig. 5c). Furthermore, glucose output
assays carried out in rat primary hepatocytes showed that
insulin treatment significantly attenuated glucose output in-
duced by forskolin or Ad-ERRγ wt, but not by Ad-ERRγ
S179A (Fig. 5d). These results suggest that the inhibitory
effect of insulin on hepatic gluconeogenesis depends on
ERRγ inactivation through phosphorylation at S179.

On the strength of these results, we next tested whether the
mutant ERRγ S179A is resistant to the inhibitory action of
insulin on hepatic gluconeogenesis in vivo. As expected,

fasting blood glucose levels were significantly higher in
Ad-ERRγ wt or Ad-ERRγ S179A-injected mice, compared
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Fig. 5 ERRγ S179A is resistant to inhibition of hepatic gluconeogenesis
by insulin. (a) The inhibitory effect of PKB on ERRγ wt or ERRγ
S179A-mediated Pck1 promoter activity (as luciferase activity, Pck1-luc)
in 293T cells transfected with the indicated plasmids; *p<0.05 vs ERRγ.
(b) Effect of PKB on ERRγ-mediated gluconeogenic gene expression in
rat primary hepatocytes. Insulin (100 nmol/l) was added for 24 h. White
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*p<0.05, **p<0.01, ***p<0.001 vs Ad-ERRγ. (c) ChIP assay showing
occupancy of ERRγ and ERRγ S179A on Pck1 promoter. Rat primary
hepatocytes were infected with Ad-Flag-ERRγ and Ad-Flag-ERRγ
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SEM. The experiment was repeated on a minimum of three separate
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with those of control mice (ESM Fig. 6). However, during
insulin stimulation, blood glucose concentrations and hepatic
gluconeogenic gene expression remained elevated in
Ad-ERRγ S179A-injected mice relative to Ad-ERRγ
wt-injected mice (Fig. 6a, b). Moreover, the occupancy of
ERREs of Pck1 promoter by ERRγ S179A was unaffected
by insulin (Fig. 6c). In addition, the phosphorylation and
nuclear export of ERRγ by insulin stimulation was exclusively
detected in the liver of Ad-ERRγ wt mice, but not in the liver
of Ad-ERRγ S179A (Fig. 6d, e). As expected, a phospho-
mimic mutant ERRγ S179D exhibited cytoplasmic
localisation (Fig. 6d). Finally, glucose excursions during the
insulin tolerance test were higher in Ad-ERRγ S179A-injected
mice: these levels remained elevated in Ad-ERRγ S179A-
injected mice compared with Ad-ERRγ wt-injected mice for
up to 2 h (Fig. 6f). Taken together, these results suggest that the

phosphorylation of ERRγ at S179 enables insulin, at least in
part, to control glucose homeostasis in mice.

Discussion

In this study, we identified orphan nuclear receptor ERRγ as a
novel substrate for PKB phosphorylation and demonstrated
that ERRγ is a major downstream mediator of insulin action
on regulation of hepatic glucose metabolism (Fig. 6g). Inter-
estingly, we found that the PKB phosphorylation site in ERRγ
is located near the second zinc finger of the DBD and its
phosphorylation by insulin significantly decreases DNA-
binding affinity of the receptor to the promoters of target
genes. These findings are further supported by the result
showing that the phospho-mimic mutant ERRγ S179D
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S179A and ERRγ S179D in mouse liver. IHC was performed using anti-
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displayed significantly lower basal transcriptional activity
compared with ERRγwt. In the modelled ERRγ–DBD struc-
ture, S179 is located near the phosphate moieties of the bound
dsDNA. Addition of a phosphate moiety on S179 provides a
negative charge, which may detach the bound ERRγ-DBD
from its cognate dsDNA due to negative charge repulsions
present between the introduced phosphate group of negative
charge on the S179 of ERRγ-DBD and the phosphate moie-
ties of dsDNA. Similarly to these findings, it is reported that
ERRα has four acetylation sites located in the DBD, and the
acetylation changes DNA-binding and transcriptional activity
[19]. Furthermore, the phosphorylation on the DBD of orphan
nuclear receptor Nur77 also leads to a significant reduction of
DNA-binding affinity of the receptor [20], suggesting that
PTMs on DBDs of nuclear receptors could alter their tran-
scriptional activity.

It is reported that, although ERRs possess similar function-
al domains and their transcriptional activity depends on inter-
actions with similar coactivator or corepressor proteins, each
ERR isoform sometimes exhibits different transcriptional out-
puts for the same target genes. For example, both ERRα and
ERRγ can positively regulate Pdk4 expression and they have
the potential to control mitochondrial programmes implicated
in oxidative phosphorylation, while SHP and Lipin1 expres-
sion is regulated by ERRγ but not by ERRα or ERRβ [12, 17,
21, 22]. Moreover, PGC-1α-mediated induction of Pck1
expression was mediated by ERRγ, but inhibited by ERRα
[10, 23]. In addition to the complexity of their function in the
regulation of target genes, the regulation of PTMs for each
ERR is also complicated. Indeed, both ERRα and ERRγ
undergo PTMs such as sumoylation of the amino-terminal
domain and acetylation of the DBD [19, 24], whereas ERRγ,
but not ERRα, is phosphorylated by the insulin signalling
pathway in this study. These results suggest that PTM of
ERRs could be a key mechanism leading to alteration of their
transcriptional outputs. Therefore, a specific physiological cue
causing PTMs of each ERR needs to be determined.

Hormonal regulation of hepatic glucose metabolism during
fasting and feeding is important for whole-body glucose ho-
meostasis. Although the pancreatic hormone insulin is known
to inhibit HGP mainly through nuclear export of FOXO1 by
PKB-mediated phosphorylation, several pieces of evidence
indicated that loss of Foxo1 function does not completely
abolish the insulin regulation of hepatic gluconeogenesis
[25–27], suggesting that additional factors are at play. Here,
we demonstrated that insulin-dependent phosphorylation of
ERRγ, leading to its nuclear export, is a major contributor to
the inhibitory action of insulin on HGP. Moreover, a
phosphorylation-deficient mutant, ERRγ S179A, is resistant
to insulin action on hepatic gluconeogenesis. We also showed
that elevated ERRγ phosphorylation in WT mice during
feeding was not found in LIRKO or Pkbβ−/− mice, demon-
strating that ERRγ is a major transcriptional mediator for

maintaining the inhibitory action of insulin on hepatic gluco-
neogenesis. These results suggest that a defect of insulin
action on ERRγ transcriptional activity may contribute to
hepatic insulin resistance through an inability to phosphory-
late ERRγ. In addition, generation of ERRγ S179A knock-in
mice would provide further insights into the role of ERRγ in
insulin action on the hepatic gluconeogenic programme. In
conclusion, we propose that the inhibition of hepatic ERRγ
activity would suppress the additional increase of blood glu-
cose by the abnormal induction of hepatic gluconeogenesis in
type 2 diabetes.
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