1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Hepatology. Author manuscript; available in PMC 2016 November 01.

-, HHS Public Access
«

Published in final edited form as:
Hepatology. 2015 November ; 62(5): 1606-1618. doi:10.1002/hep.27907.

Phosphorylation of the Nuclear Receptor Co-repressor 1 by
Protein Kinase B (PKB/Akt) Switches its Co-repressor Targets in
the Liver

Young Suk Jo125 Dongryeol Ryul:3, Adriano Maidal6, Xu Wang?, Ronald M. Evans?3,
Kristina Schoonjans4, and Johan Auwerx®”

L aboratory of Integrative and Systems Physiology, Institute of Bioengineering, Ecole
Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland 2Division of Endocrinology,
Department of Internal Medicine, Yonsei University College of Medicine, 50 Yonsei-ro
Seodaemun-gu, Seoul, 120-752, South Korea 3Gene Expression Laboratory, Howard Hughes
Medical Institute, The Salk Institute for Biological Studies, La Jolla, CA 92037, USA “Metabolic
Signaling, Institute of Bioengineering, Ecole Polytechnique Fédérale de Lausanne, 1015
Lausanne, Switzerland

Abstract

The nuclear receptor corepressor 1 (NCoR1) is a transcriptional co-regulator that has wide-ranging
effects on gene expression patterns. In the liver, NCoR1 represses lipid synthesis in the fasting
state, whereas it inhibits the activation of PPARa upon feeding, thereby blunting ketogenesis.
Here, we show that insulin via the activation of PKB/Akt induces the phosphorylation of NCoR1
on serine 1460, which selectively favors its interaction with PPARa and ERRa over LXRa.
Phosphorylation of NCoR1 on S1460 selectively derepresses LXRa target genes, resulting in
increased lipogenesis, while at the same time it inhibits PPARa and ERRa targets, thereby
attenuating oxidative metabolism in the liver. The phosphorylation-gated differential recruitment
of NCoR1 to different nuclear receptors explains the apparent paradox that liver-specific deletion
of NCoR1 concurrently induces both lipogenesis and oxidative metabolism, due to a global
derepression of LXRa, PPARa and ERRa activity. This phosphorylation-mediated recruitment
switch of NCoR1 between nuclear receptor subsets hence provides a mechanism by which
corepressors can selectively modulate liver energy metabolism during the fasting-feeding
transition.
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INTRODUCTION

The nuclear receptor corepressor 1 (NCoR1) and the related corepressor, silencing mediator
for retinoid or thyroid-hormone receptors (SMRT, aka NCoR2), serve as scaffolds that
facilitate the interaction of several docking proteins to fine-tune transcription rates (1-3).
The interaction between NCoR1 with nuclear receptors and histone deacetylases has been
particularly well studied and shown to be vital for nuclear receptor-mediated down-
regulation of gene expression (4-8). Consistent with this paradigm, mice with impaired
HDACS3 activity, either because they lack the functional deacetylase-activating domains
(DADS) in both NCoR1 and SMRT (NS-DADmMm) or because they carry a liver-specific
mutation in HDAC3 (HDAC3"P~/~ mice), suffer from hepatic steatosis as a consequence of
the induction of lipogenic genes (9, 10). Collectively, these data suggest that HDAC3 and
NCoR1 repress the expression of lipogenic genes.

Paradoxically, NCoR1 was also reported to be critical for the inhibition of PPARa and its
downstream targets that control hepatic fatty oxidation and ketogenesis (11-13). Concordant
with this suppressive role, NCoR1 also suppresses oxidative metabolism in the muscle (14,
15). Based on these at first sight contradictory observations, we postulated that NCoR1
might be able to select its repressor targets in a context-dependent manner to orchestrate
liver energy metabolism during the feeding-fasting transition.

Insulin is a central regulator of carbohydrate and fat metabolism (16). Binding of insulin to
its receptor results in the activation of a variety of downstream signaling pathways, such as
those involving phosphoinositide 3-kinase (PI3K)/Akt and mechanistic target of rapamycin
(mTOR) signaling, which mediate its pleiotropic metabolic effects on glucose uptake,
hepatic glucose production, and hepatic lipid accumulation (16-18). Interestingly, previous
work suggested that the repressive activity of NCoR1 is enhanced by high glucose levels,
insulin and mTORCI1 activation, all signals induced by feeding, which are tightly associated
with Akt phosphorylation (13, 15). We therefore hypothesized that the insulin/Akt pathway
differentially modulates the co-repressor activity of NCoR1 at lipogenic and oxidative
phosphorylation (OxPhos)/ketogenic genes.

EXPERIMENTAL PROCEDURES

Generation of NCoR1 liver specific knockout mice

NCoR1 floxed (NCoR1-%/-2) mice were generated by a classical gene targeting strategy as
described previously (15). Briefly, offspring that transmitted the mutated allele, in which the
selection marker was excised, and that lost the Flp transgene (NCoR1-2WT mice) were
selected, mated with mouse albumin (Alb)-Cre mice (AlbcreT9/9), and then further
intercrossed to generate mutant AlbcreT¥9/NCoR1-2/L2 mice, which were termed
NCoR1"P~/= mice. Only congenic C57BL/6J NCoR1"P~/~ mice were used in experiments
(backcrossed for over 10 generations). Phenotyping experiments were performed using
validated Eumorphia / EMPReSS standard operating protocols (www.eumorphia.org) (19,
20). Animal experiments were approved by the ethics committee of the canton of Vaud,
Switzerland with the Permit ID #2474. Detailed description for animal procedures and
biochemical measurements are available in Supporting Experimental Procedures (15).
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In vitro Aktl kinase assays

To generate fusion protein harboring the 15t (1453-1466 AA) and 2" (2401-2415 AA)
peptides of NCoR1, we used the glutathione S-transferase (GST) gene fusion system
(Supporting Experimental Procedures). The kinase reaction was started by the addition 5 ng
of recombinant Akt1 (Millipore, Billerica, MA) and 5 ug each GST peptide (GST-1%t or
GST-2"9) to kinase assay buffer [25 mM Tris pH 7.5, 5 mM B-glycerophosphate, 2 mM
DTT, 0.1 mM NagVOy,, 10 mM MgCI, and a serine/threonine phosphatase inhibitor cocktail
(Calbiochem, Darmstadt, Germany)]. The reaction was incubated for 75 min at 30 °C and
terminated by the addition of the SDS sample buffer. The end products were resolved on
SDS-PAGE (12-15%) and detected by immunoblotting with phospho-(Ser/Thr) Akt
Substrate Antibody (Cell Signaling Technology, MA, #9614).

Cell Culture and Adenoviral Infection

HEK?293T, Hep G2 and NCoR1-2/L2 MEF cells were cultured under normal culture
condition with Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA,
USA). Mouse embryonic fibroblasts (MEFs) from NCoR1-2L2 floxed mice were prepared
and immortalized. Then, either LacZ or Cre recombinase-expressing adenovirus (LacZ or
Cre) were infected at a MOI = 20 to generate NCoR1*/* or /=~ MEFs, respectively. A non-
tumorigenic mouse hepatocyte cell line, i.e. alpha mouse liver 12 (AML12) was maintained
in DMEM/F-12 medium (Invitrogen) as previously described (21). The plasmids and the
method of site-directed mutagenesis are described in Supporting Experimental Procedures.

Oxygen Consumption Rate

The mitochondrial oxygen consumption rate (OCR) was measured using a Seahorse XF-96
extracellular flux analyzer as described (Seahorse Bioscience Inc., North Billerica, MA)
(22). On the day before the experiment, the sensor cartridge was placed into the calibration
buffer supplied by Seahorse Bioscience and incubated at 37°C in a non-CO2 incubator.
MEFs were cultured on Seahorse XF-24 plates at a density of 20,000 cells per well. Cells
were washed and incubated with assay medium (DMEM without bicarbonate) at 37°C in a
non-CO2 incubator for 1-hr. All media and reagents were adjusted to pH 7.4 on the day of
the assay. OCR was automatically calculated by the Seahorse XF-96 analyzer and four
baseline measurements of OCR were taken.

RNA analysis

RNA was extracted using the TRIzol® reagent (Invitrogen, Carlsbad, CA). cDNA was
synthesized from total RNA with the SuperScript First-Strand Synthesis System (Invitrogen)
and random hexamer primers. The real-time PCR measurement of individual cDNAs was
performed using SYBR green dye to measure duplex DNA formation with the LightCycler
System (Roche Diagnostics, Meylan, France) (23). Primer details are listed in Supporting
Table 1. Data analysis was performed using ABI Prism 7900HT SDS 2.0 software (Applied
Biosystem). 24Ctn = pCtGAPDH-Cttarget ca)cylation was used for relative expression value.
Affymetrix mouse 430_2 microarray analysis was performed according to the
manufacturer’s instructions (Affymetrix, Santa Clara, CA). Data were analyzed by
Affymetrix MAS 5.0 software and GSEA (http://www.broad.mit.edu/gsea) (24).
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Western Blot Analysis, Co-IP and ChIP Experiments

Western blot analysis was performed with commercially available antibodies listed in
Supporting Experimental Procedures. But, polyclonal rabbit antibody to detect NCoR1,
which is specifically phosphorylated on 1460 serine (Anti-pS1460 NCoR1 Ab) was
generated in Young In Frontier Co., Ltd (Seoul, South Korea). For Co-IP studies, HEK293T
cells were transfected with indicated plasmids. Immunoprecipitation was performed with 40
pL of anti-FLAG M2 Affinity Gel suspension (A2220, Sigma-Aldrich, St. Louis, Missouri)
and the resulting immunoprecipitates was used for Western blot analysis. To evaluate the
recruitment of NCoR1 to the LXRE, PPRE, ERRE of the mouse HA-LXRa, HA-PPARa or
HA-ERRa promoters, AML12 cells (10x106 cells) were transfected with the indicated
plasmids using lipofectamine 2000 according to the manufacturer’s protocol (Life
Technologies Corporation, Carlsbad, CA). Two days after the transfection, the cells were
used for ChlP experiments according to standardized protocols (EZ-ChIP™, Millipore). The
primer sequences used for the ChIP experiments were: Srebplc LXRE primers, 5’-AGG
CTCTTT TCG GGG ATG G-3’ and 5°- TGG GGT TAC TGG CGG TCA C-3’; Cptla
PPRE primers, 5°-CTT TCC TAC TGA GGC CCA GAT AG-3’ and 5’-TAC AGC CTA
GAA CCC TGA CTG C-3’; Sdhb ERRE primers, 5’- CTT CCT GTA CAT TGG CTC GGA
GAA ACC-3’ and 5’-CTT CAA GGA GAC CCC GAC CGT CGC CGC-3’. GW3965,
Wy14643 and LY 294002 were purchased from Sigma (Sigma-Aldrich).

Isolation of Mitochondria and Blue native-PAGE

Cells or tissues were homogenized in isolation buffer B (210 mM Mannitol, 70 mM sucrose,
1 mM EGTA, 5 mM HEPES, pH 7.2) with a Teflon-glass homogenizer. The homogenate
was then centrifuged at 600 x g for 10 min at 4°C. The resulting supernatant was re-
centrifuged at 17,000 x g for 10 min at 4°C. The mitochondrial fractions, which were
recovered in the pellet, were washed with buffer B and resuspended in the same buffer. The
mitochondria were either used immediately or stored at —80°C for later use. BN-PAGE was
performed as described previously using the NativePAGE ™ Novex® Bis-Tris Gel system
(Invitrogen) (25). To detect OXPHOS complex, the Mitoprofile Total OXPHOS Rodent WB
Antibody Cocktail (Mitosciences/Abcam) was used. After incubation in the primary
antibody dilution, the membrane was washed and detected using the WesternBreeze®
Chromogenic Western Blot Immunodetection Kit (Invitrogen).

Statistical Analyses

Statistical analysis was carried out by SPSS version 18.0 for Windows (SPSS Inc., Chicago,
IL, USA) or GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA).
Comparisons of average means were performed with Mann-Whitney U-test. Data are mean
+ SEM and P < 0.05 was considered statistically significant (" P < 0.05, ™ P < 0.01, ™ P <
0.001). All reported P-values are two sided.
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Insulin induces the phosphorylation of NCoR1 through Akt in vitro

As a first step to test our rationale, we analyzed the expression of lipogenic versus ketogenic
and OxPhos genes within the context of a normal diurnal cycle, using microarray gene
expression data and ChIP-seq analysis (26). In line with our hypothesis, RNA Polymerase |1
(Pol I1) occupancy on lipogenic, ketogenic and OxPhos genes in the liver reflected the
diurnal expression pattern of these genes (Fig. 1A). Incited by these findings, we next
investigated whether insulin could mediate this effect by triggering NCoR1 phosphorylation
(27). To test this hypothesis, we analyzed the phosphorylation status of a Flag-tagged mouse
NCoR1 construct that was transfected into HEK293T cells. Immunoprecipitation with a Flag
antibody followed by immunoblotting with a phospho-Akt substrate antibody indicated that
Flag-mNCoR1 was already phosphorylated 1 minute after insulin treatment (Fig. 1B).
Bioinformatic analysis (http://scansite.mit.edu) for putative Akt phosphorylation sites within
the mouse NCoR1 amino acid (AA) sequence identified serine 1460 as a candidate
phosphorylation site (Fig. 1C, Supporting Fig. 1). The AA sequence harboring serine 1460
in NCoR1 (defined as the 15! sequence) was robustly phosphorylated by recombinant Akt1
in vitro, whereas no phosphorylation was observed using a downstream AA sequence
harboring serine 2408 (2" sequence), another potential phosphorylation site (Fig. 1D).
Subsequent mass-spectrometry based on titanium dioxide (TiO,) phospho-peptide
enrichment confirmed neutral loss of 98 Da (H3PO4) on serine 1460 when the 15! sequence
was incubated with Akt (Fig. 1E,F). Mutation of serine 1460 to alanine (S1460A) resulted in
the disappearance of a detectable phosphorylation signal (Fig. 1G). Moreover, this Akt site
was conserved among all vertebrate NCoR1 sequences queried (Fig. 1H), further
substantiating the evidence for this residue as a bona fide Akt phosphorylation site. Taken
together, these data indicate that insulin induces the phosphorylation of serine 1460 within
NCoR1 (pS1460 NCoR1) through the activation of the Akt kinase with very fast kinetics (1
min after insulin treatment).

The phosphorylation of NCoR1 switches its recruitment to fatty acid catabolizing nuclear

receptors

NCoR1 has been reported to interact with the nuclear receptors LXRa, PPARa and ERRa
to repress the expression of genes involved in lipogenesis, ketogenesis and oxidative
metabolism, respectively (7, 15, 28, 29). To investigate whether pS1460 NCoR1 can affect
the binding with these nuclear receptors, we performed co-immunoprecipitation assays using
two mutant constructs; S1460E NCoR1, simulating a constitutively phosphorylated form,
and S1460A, a non-phosphorylatable form. Because the full-length cDNA of NCoR1
(7362bp) is too large to be incorporated into viral vectors, we used transient transfections of
pCMX vectors expressing wild-type or mutant NCoR1. In IP experiments, S1460E NCoR1
showed decreased interaction with LXRa, whereas wild-type and S1460A NCoR1 avidly
interacted with LXRa (Fig. 2A). Conversely, the phospho-mimetic S1460E NCoR1
interacted better with PPARa and ERRa, whereas S1460A was unable to interact (Fig.
2B,C). In chromatin IP (ChIP) experiments, we observed that S1460E NCoR1 resulted in
reduced NCoR1 recruitment to the LXRE within the Srebplc promoter (Fig. 2D).
Conversely, the same S1460E NCoR1 mutant was more effectively recruited to the
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respective PPRE and ERRE within the Cptl and Sdhb promoters, compared with wild-type
and S1460A NCoR1 (Fig. 2E,F). Consistent with co-IP and ChlIP data, transfection of mouse
AML12 (alpha mouse liver 12) cells with wild-type and S1460A NCoR1 reduced the
MRNA expression of LXRa target genes such as Srebpla, Srebplc, and Mel, whereas
S1460E NCoR1, which displayed reduced binding to LXRa, permitted LXRa target gene
expression (Fig. 2D, Supporting Fig. 2A). In contrast to the observed permissive effect of
S1460E NCoR1 on lipogenic gene expression, the phospho-mimetic mutation enhanced
NCoR1-induced repression of genes controlled by ERRa and PPARq, including Cptla,
mCad, Sdhb, Esrra and Ndufb3 (Fig. 2E,F, Supporting Fig. 2B). Furthermore, these specific
gene-selective permissive actions of the different NCoR1 mutations were also consistently
observed in the human hepatocarcinoma cell line, Hep G2 (Supporting Fig. 2C). To
investigate the effect of LXRa or PPARa ligands on the selection of NCoR1 by the nuclear
receptors, we treated AML12 cells with GW3965 (an LXRa agonist) or Wy14643 (a
PPARa agonist) after transfection with either wild-type or mutant NCoR1. Interestingly,
GW3965 promoted the dissociation of LXRa and wild-type NCoR1, whereas this LXRa
agonist did not have any effect on the interaction between S1460A NCoR1 and LXRa,
indicating that non-phosphorylatable NCoR1 can repress LXRa transactivation regardless of
the presence of an LXRa agonist (Fig. 2G). Compatible with our findings using the LXRa
agonist, the PPARa agonist Wy14643 also did not abrogate the interaction between the
phospho-mimetic (SE) NCoR1 and PPARa (Supporting Fig. 2D). Collectively, our data
support that the phosphorylation of NCoR1 at serine 1460 has a pivotal role in directing
NCoR1 to select nuclear receptor sites.

In order to determine the physiologic relevance of NCoR1 phosphorylation by Akt/PKB, we
performed ChIP experiments after insulin treatment with or without pre-treatment with the
PI3K inhibitor, LY294002. NCoR1 recruitment on the LXRE within the Srebplc promoter
was significantly reduced by insulin treatment, which could be reversed by the PI3K
inhibitor (Fig. 2H). However, the recruitment of the phospho-mimetic (SE) and non-
phosphorylatable (SA) NCoR1 were not affected by PI3K inhibitor or insulin, respectively
(Fig. 2H). In addition, gRT-PCR analysis indicated that the repressive action of NCoR1 on
Srebplc expression was removed by insulin/Akt signaling, consistent with our ChlP
experiments (Fig. 2H). To verify our observation, we deleted NCoR1 in primary hepatocytes
derived from NCoR1-2-2 mice using an Adenovirus expressing the Cre-recombinase
(Supporting Fig. 2E). Insulin treatment or NCoR1 deletion markedly increased mMRNA
expression of Srebplc and Fasn, but insulin treatment did not lead to further increases of
these LXRa target genes expression in NCoR1-deficient primary hepatocytes (Fig. 21). Tail
vein pDNA delivery into NCoR1"P~/~ mice also induced changes in mMRNA levels of Mel,
Elovl6, mCad and Ndufb5 according to the sequence composition of NCoR1
phosphorylation site (Supporting Fig. 2F) (30, 31). Taken together, these ChIP and gRT-
PCR data suggested that the NCoR1 phosphorylation by Akt/PKB may be operational in
vivo at the period of fasting to feeding transition by insulin stimulation.

NCoR1 deletion suggests a dual repressor function for NCoR1

Given that our cellular model of NCoR1 regulation may have important implications for the
role of NCoR1 in controlling hepatic lipid metabolism, we crossed mice bearing floxed
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NCoR1 alleles (NCoR1-2/-2) with transgenic mice expressing the Cre-recombinase
specifically in hepatocytes to yield NCoR1"P~/~ mice (15, 24). To determine whether an a
priori defined set of genes shows statistically significant, concordant differences between
NCoR1"P~/~ and NCoR1"eP*/* ad libitum fed mice, we performed Affymetrix Gene 1.0 ST
arrays, followed by Gene Set Enrichment Analysis (GSEA) using LXRa (Lipid
metabolism), PPARa and ERRa target gene sets (32-35). As expected from previous work
on the NS-DADm and HDAC3"eP~/~ mice, several lipogenic LXR target genes were
coordinately induced in NCoR1MeP~/~ livers (Fig. 3A) (9, 10). Furthermore, genes related to
PPARa and ERRa signaling pathways were also strongly induced by the hepatic NCoR1
deletion (Fig. 3B,C) (36, 37). Both the PPARs and ERRs play a common role in control of
mitochondrial physiology and fatty acid oxidation (37-40). GSEA using an electron
transport system (OxPhos) gene set identified a coordinated induction of genes for OxPhos
in NCoR1MP~/~ livers (Supporting Fig. 3). To validate the GSEA data, we used qRT-PCR
analysis. Transcript levels of genes involved in NADPH synthesis (Mel, Pygl, G6pdx), lipid
synthesis (Srebplc, Scdl, Elovl3, Elovl5, Elovl6, Gpam, Acss2, Acss3, Fasn) and lipid
sequestration (Plin2, Fitm1, Cidec), were all increased (Fig. 3D). Interestingly, expression of
all of these genes were also reported to be increased in livers from HDAC3M"P~/~ mice (9).
Of note, most of these induced transcripts are LXRa dependent. In addition, the mRNA
levels of OxPhos genes such as Ndufb3, Ndufb5, Sdhb, Cycs, Cox5a and Atp5al were also
coordinately increased in NCoR1"eP~/~ livers (Fig. 3E). Western blot and BN-PAGE
analysis furthermore indicated an increased abundance of OxPhos proteins and enhanced
complex formation in livers from chow fed NCoR1"P~/~ mice (Fig. 3F,G).

To investigate whether these effects of NCoR1 deletion could be induced acutely and cell-
autonomously, we compared OxPhos components at the level of complex assembly and
mRNA and subunit protein expression in NCoR1-2L2 MEFs, infected with adenoviruses
expressing either the Cre-recombinase (Ad-Cre), to delete NCoR1 gene, or LacZ (Ad-LacZ).
In agreement with data from NCoR1"eP~/~ [ivers, transcripts of the OxPhos genes, OxPhos
complexes, OxPhos supercomplexes, and individual subunit proteins were higher in
NCoR1~/~ MEFs, collectively contributing to significantly elevated oxygen consumption
(Fig. 4A-D). Moreover, acute NCoR1 deletion in primary hepatocytes from NCoR1-2/L2
mice, infected with Ad-Cre or Ad-LacZ, also resulted in higher mRNA expression of genes
involved in OxPhos (Ndufb5, Sdhb, Ugcrfsl, Cox5a, Atp5gl), NADPH synthesis (Mel,
G6pdx), lipid synthesis (Scdl, Gpam, Fasn) and lipid sequestration (Plin2) (Fig. 4E).

Given the concurrent induction of genes involved in lipogenesis and lipid oxidation upon
NCoR1 loss-of-function in both mice and cell models, we next determined its phenotypic
impact in NCoR1"eP~/~ mice. Hematoxylin and Eosin (H&E) staining indicates the
accumulation of very small lipid-like droplets within the hepatocytes of NCoR1"P~/~ mice
fasted for 4-hr (Fig. 5A). Consistent with these histological findings, triglyceride content
was two-fold elevated in livers from NCoR1"P~/~ compared to control NCoR1"eP*/* mice
(Fig. 5B). Despite the marked accumulation of triglycerides in the liver, NCoR1"P~/~ mice
displayed no differences in anthropometric and plasma biochemical parameters, fasting
blood glucose, glucose tolerance and insulin tolerance (Fig. 5C-N).
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Expression of PPARa in the liver is relatively low in the fed state (12, 13, 41). PPARa
expression is, however, induced upon fasting and then plays a critical role in the regulation
of hepatic gluconeogenesis and fatty acid oxidation (37). In addition, ERRa also takes part
in induction of OxPhos genes upon fasting (37). To support our hypothesis of autonomous
and constitutive activation of hepatic LXRa, PPARa and ERRa in livers from NCoR1MeP—/=
mice, we analyzed liver phenotypes in NCoR1"P~/~ and NCoR1MeP*/* mice after a 24-hr
fast. Consistent with our data in mice fed ad libitum, LXRa target genes, such as Mel, Fasn,
Elovl6 and Srebp1, were also abundantly expressed in NCoR1"€P~/~ livers even under
fasting condition (Fig. 6A). In addition, the mMRNA expression of fasting-induced PPARa
and ERRa target genes such as Acox1, mCAD, Cptla, Esrra, Ndufb5 and Sdhb were
markedly increased in livers from fasted NCoR1"®P~/~ mice (Fig. 6A). In accordance with
the MRNA expression of fasting-induced PPAR« target genes, BN-PAGE also showed
higher levels of OxPhos complexes in livers from NCoR1"P~/~ mice under both fasting and
fed conditions (Fig. 6B) (42). Collectively these data indicate that LXRa, PPARa and
ERRq transcriptional activity is constitutively turned on in NCoR1MP~/~ livers, which
supports the dual repressor function of NCoR1.

Insulin resistance attenuates NCoR1 phosphorylation by insulin in vivo

To directly address whether insulin induces NCoR1 phosphorylation at serine 1460 in vivo,
we generated a polyclonal rabbit antibody to detect NCoR1 that is specifically
phosphorylated on 1460 serine (Anti-pS1460 NCoR1 Ab). After initial validation with
ELISA (data not shown) and western blot analysis (Supporting Fig. 4A), we applied this
antibody to detect pS1460 NCoR1 in HEK293T cells transfected with Flag-mNCoR1 or
Flag-S1460A mNCoR1 in the absence or presence of insulin in the medium. pS1460 NCoR1
was readily detected in Flag-mNCoR1 transfected cells and the intensity of the band was
increased by insulin (Supporting Fig. 4B). However, no pS1460 NCoR1 signal was observed
in Flag-S1460A mNCoR1 transfected cells treated with or without insulin. Notably, ten
minutes after insulin injection the amount of pS1460 NCoR1 was increased in livers from
chow fed 25-wk old NCoR1MP+/+ mice, an effect that was absent in NCoR1"P~/~ [ivers
(Fig. 6C). In addition, pS1460 NCoR1 was persistently detected 30 min after insulin in
NCoR1MeP+/+ mice and the pretreatment with the PI3K inhibitor LY294002 attenuated the
phosphorylation of S1460 NCoR1 in parallel with Akt/PKB phosphorylation status (Fig.
6D). The robust NCoR1 phosphorylation by insulin incited us to analyze whether NCoR1
phosphorylation was deregulated in livers of mice with either a diet-induced (by feeding a
high fat diet) or a genetic (which carry a mutation in the Lepr gene) form of insulin
resistance (43). Consistent with the data from NCoR1¢P*/* mice liver, NCoR1 was
hyperphosphorylated by insulin in chow fed C57BL/6J mice (Fig. 6E). However, pS1460
NCoR1 was barely detectable in C57BL/6J livers from mice that were fed with high fat diet,
even though insulin still slightly increased Akt phosphorylation levels (Fig. 6E). In line with
these data obtained in mice with diet-induced insulin resistance, pS1460 NCoR1 was also
not induced by insulin in livers harvested from 12-wk old db/db mice (Fig. 6F).
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DISCUSSION

Our work identifies a novel phosphorylation-dependent switch, which enables NCoR1 to
select its repressive targets pending on the cellular energy status. The regulation of the
phosphorylation status of serine 1460 in fact confers to NCoR1 the capacity to co-repress
lipogenic nuclear receptors, such as LXRa, in its unphosphorylated state during fasting, or
to co-repress oxidative nuclear receptors, such as PPARa and ERRa, when it is
phosphorylated during feeding (Fig. 6G). Since the transcriptional activity of LXRa and
PPARa is dependent on their binding with specific ligands, such as oxysterols and fatty
acids, one may consider that the ligand-dependent dissociation of NCoR1 from LXRa in the
fed state and from liganded PPARa in the fasted state might be sufficient to select NCoR1’s
repressor targets (44, 45). The phosphorylation of NCoR1 by insulin-induced Akt/PKB
activation was, however, robustly induced with very fast kinetics (i.e. 1 min in vitro and 10
min in vivo after insulin treatment), indicating that NCoR1 phosphorylation directly alters
protein functions of NCoR1 most likely already before LXRa activation is initiated by
ligand-binding. It is in fact improbable that the levels of LXRa ligands change within a
time-frame of a few minutes. We hence postulate that NCoR1 phosphorylation by
insulin/Akt is acting independently and in parallel to the action of LXR ligands and has a
permissive role for LXRa transactivation. Supporting our hypothesis, LXRa or PPARq
agonists did not induce the dissociation of non-phosphorylatable NCoR1 or phospho-
mimetic NCoR1 from their ligand-activated nuclear receptors. In addition, livers of
NCoR1MP~/~ mice showed a supplemental increase of OxPhos in the fasting compared to
the fed state, supporting a synergistic effect of de-repression, by the deletion of NCoR1, and
PPARA/ERRa transactivation (Fig. 6B). Taken together, the phosphorylation-dependent
regulation of NCoR1 adds another layer of control on top of the ligand-dependent
interaction of NCoR1 with its client nuclear receptors. This makes NCoR1 an exquisite
energy sensor, which allows cells to adapt their energy homeostasis, via the selective fine-
tuning of appropriate gene expression programs.

Our data also explain the apparent paradox between previous reports that showed rather
incompatible activities of NCoR1 on liver metabolism (9, 12, 13, 41). PPARaq, the
transcriptional activator of ketogenesis, is repressed in livers from aged mice by hyperactive
mTOR signaling (13). Recent data have identified that S6K2 phosphorylated by mTORC1,
enhances NCoR1’s repressor activity on PPARa transactivation (12). However, these
observations of NCoR1 function seem to be in contradiction with its role established in early
neural development and in glioma cells (3, 46, 47), suggesting that NCoR1 is exported out
of nucleus by Akt phosphorylation. Thus, the fact that the transcriptional repressive activity
of NCoR1 is enhanced in nutrient affluent conditions (15), which are usually associated with
enhanced Akt/PKB phosphorylation, seems in conflict with the transcriptional de-repression
mechanism of NCoR1 induced by Akt/PKB phosphorylation (7). In our model, NCoR1 can
both decrease the expression of lipogenic genes—through LXRa repression—and the
expression of ketogenic and OxPhos genes—via PPARa and ERRa—pending on the fasting
and fed condition. As a result, phosphorylation of S1460 NCoR1 by Akt/PKB explains these
apparent contradictory effects. This regulatory switch is, however, absent in NCoR1"eP—/~
livers, resulting in the concurrent activation of fat oxidation and lipogenic pathways. A
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similar de-repression of hepatic fat oxidation and lipogenic pathway, is also observed in the
NS-DADm and HDAC3"P~/~ mice (9, 10), in whom the function of HDAC3, which is
responsible for NCoR1’s repressive activity, is impeded. Of note, like in the muscle, the
NCoR1/HDAC3 tandem also in the liver coordinates the multiple hormonal and metabolic
adaptations that govern hepatic lipid homeostasis via their wide-ranging impact on
mitochondrial function (15).

How the S1460 residue in NCoR1 affects its interaction with nuclear receptors from a
mechanistic and structural point of view is a puzzling question as the S1460 residue is
distant from the known nuclear receptor interaction motifs in NCoR1. We speculate that
NCoRL1 binds in a constitutive manner with nuclear receptors and that its phosphorylation
status does not determine whether it interacts, but only dictates its preference for certain
receptors above others (see model in Fig. 6G). This function is not incompatible with the
$1460 residue not being part of the NCoR1 receptor interaction motifs. This is, however, in
contrast with the ligand-dependent interactions between nuclear receptors and cofactors,
which are strictly governed by NCoR1’s nuclear receptor interaction domains. Future
structural studies will help to elucidate these interesting questions.

Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) are the
most common liver disease in developed countries (48). To understand the pathogenic
mechanisms of NAFLD and NASH, abnormalities in hepatocellular lipid metabolism, such
as de novo lipogenesis have been extensively investigated. However, the role of
mitochondrial oxidative metabolism governing the terminal disposal of fat via -oxidation
and ketogenesis in the pathogenesis of NAFLD and NASH has been less illuminated. In our
experiment, the livers of mice with either a diet-induced or a genetic form of insulin
resistance showed dysregulation of NCoR1 phosphorylation, implying activated hepatic
ketogenesis through the release of NCoR1 repression on ERRa/PPARa. Loss of Akt/PKB-
induced ERRa/PPARGa repression in the insulin resistant state could be a potential
compensatory mechanism to increase fat oxidation and alleviate the onset of NAFLD and
NASH. Because ketogenesis eliminates two-thirds of the lipids entering the liver, NAFLD
and NASH progression may depend on the dysregulation of this potential compensatory
mechanism, which will be a fertile subject of future studies (49, 50).

In conclusion, we show that a phosphorylation-dependent switch enables NCoR1 to select
the nuclear receptors that it targets for repression, pending on the cellular energy status.
NCoR1 hence seems to act as a hormonally regulated nuclear scaffold protein that amplifies
and controls insulin signaling, in a similar fashion as the scaffolding protein IRS does in the
cytoplasm. We hope that these studies will incite further work to explore the role of NCoR1
as a key metabolic regulator with roles in health and disease.
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Figure 1. Serine 1460 of NCoR1 can be phosphorylated by Akt
(A) Heat maps displaying expression values of each gene at the indicated Zeitgeber time and

Pol 1l-density profiles of Scdl, Cptla, and Cox7al showing diurnal expression of lipogenic,
ketogenic and OxPhos genes in liver (GSE35790). (B) NCoR1 phosphorylation by insulin
treatment in HEK293T cells. Cells were transfected with Flag-tagged mouse NCoR1 (1 pg/
well of 6-well plate). After 48 hours, cells were treated with insulin (100nM) for the
indicated times. (C) Schematic presentation of putative mouse NCoR1 phosphorylation sites
by Akt. Positions are numbered according to NCBI Reference Sequence: NP_001239242.1.
RD, repression domain; SANT, the SANT-like domains; DAD, deacetylase activation
domain; HID, histone interaction domain; RIDs, nuclear receptor interacting domains. AA
sequences indicates (Arg-Xaa-)Arg-Xaa-Xaa-Ser/Thr motifs that have been reported to be
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phosphorylated by Akt/PKB in sequence 1 and 2. (D) In vitro kinase activity of Aktl toward
two short synthetic GST-tagged peptides, each containing 1 of the 2 putative Akt
phosphorylation sites of NCoR1, was analyzed by autoradiography. (E) In vitro kinase
activity of Aktl toward a synthetic GST-tagged peptide containing 1460 serine residue of
NCoR1. Coomassie stain was performed to visualize the short synthetic peptides, which
were used for subsequent Mass spectrometry. (F) Diagrams showing the phosphorylation of
1460 serine residue of NCoR1 by LC-MS/MS. (G) In vitro kinase activity of Aktl toward
two short synthetic GST-tagged peptides, containing either the wild-type 1460 serine residue
or mutant 1460 alanine residue of NCoR1. (H) Sequence alignment of the NCoR1
phosphorylation site in various vertebrate species. All immunaoblots are representative of at
least three independent experiments.

Hepatology. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Joetal.

A eSS B Cc
Fl
MEY LY 0 e
Input Input Input
R ——— G
Flag-NCoR1 - WT - WTSE SA Flag-NCoR1 - WT - WT SE SA Flag-NCoR1 - WT - WTSE SA
HA-LXRa - =+ o+ 0+ HA-PPARa = - + + + + HA-ERRe - -+ o+ o+ o+
D Srebpic E Cptia
4 1.5- 2.07 1.5] -
=] @ = S
g 5 3 B 1] E:
s = 104 = < 1.04 e
a_f;Z' = # 101 & Ir_“ l
[ @ ) g @ 4
é N é 0.5 go.s- 2 05
& T & g &
i = 0o & ool ] ==
&L & $or NCoR1 - WT SE SA S & $F NCoRt - WT SE sA
F Sdhb G
84 _. 157
g " E p [ oo [
2 4 E
g 24 K Input -
o
) m M & °,] [————
\&"\\“‘:\ \&-)(g, \&@v - WT SE SA Flag-NCoR1 WT WT SA SA
HA-LXRex + + + +
GW3985 - + - +
H AML12 | NCoR1-212
anaw Hepatocyte
Srebpic LXRE Srebp1c Srebpic Fasn
= 3 _ 25 . @ L. .
g § 20 H P s H
S 24 = < 2- < 2
E @ 101 @ @
14 > > 1+ >4
@O @ U9 ] @
[+'3 [n o o
JHEELE . "
NCoR1 WT WT WT SE SA NCoR1 WT WT WT SE SA Insulin - + - + Insulin
Insulin - + o+ - +  Insulin - + o+ - + LacZ Cre LacZ Cre
LY294002 - - + + - LY294002 - - + + e

Figure 2. The NCoR1 phosphorylation determines nuclear receptor recruitment
(A) Co-immunoprecipitation assay using wild-type Flag-NCoR1, Flag-S1460E NCoR1

(SE), Flag-S1460A NCoR1 (SA) and HA-LXRa in HEK293T cells. Cells were transfected
with indicated plasmids (1 pg/well per 6-well plate). After 48 hours, cell lysates were
immunoprecipitated with anti-Flag antibody. (B and C) Similar co-immunoprecipitation
assays using the same NCoR1 constructs as in (A) and HA-PPARa (B) and HA-ERRa (C).
(D-F) NCoR1 recruitment to the LXRE (D), PPRE (E) and ERRE (F) sites of the mouse
Srebplc, Cptla and Sdhb promoters determined by ChIP in AML12 cells and quantitative
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RT-PCR (gRT-PCR) analysis of the mRNA levels of Srebplc (D), Cptla (E) and Sdhb (F)
according to the sequence composition of NCoR1 phosphorylation site (each group, n>5).
mMRNA levels were analyzed in AML12 cells transfected with indicated NCoR1 plasmids
(each group, n>7) (G) Co-immunoprecipitation assay using wild-type Flag-NCoR1, Flag-
S1460A NCoR1 (SA) and HA-LXRa (1 pg/well per 6-well plate) in AML12 cells with or
without GW3965 (1 pM) as indicated. (H) NCoR1 recruitment to the LXRE of the mouse
Srebplc, promoters determined by ChIP and guantitative RT-PCR (qRT-PCR) analysis of
the mMRNA levels of Srebplc in AML12 cells according to the sequence composition of the
S1460 NCoR1 phosphorylation site in the absence or presence of insulin (100 nM) for 6 h
with or without LY294002 (30 uM) given 30 min before insulin treatment (each group,
n>5). (1) gRT-PCR analysis to evaluate mRNA levels of Srebplc and Fasn in primary
hepatocytes from NCoR1L2L2 mice infected with either an Ad-LacZ or Ad-Cre adenovirus
grown in high glucose (25 mM) medium with or without insulin treatment (100nM) for 6 h.
All immunoblots are representative of at least three independent experiments. Data are mean
+ SEM, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3. Liver specific NCoR1 deletion in ad libitum fed mice and NCoR1 deletion in MEFs
results in a robust induction of lipogenic, ketogenic and OxPhos genes

(A-C) Gene Set Enrichment Analysis of gene expression profiles in livers of chow fed
NCoR1"P~/~ mice at 25 weeks of age (n=4/group). The gene set encompassing lipid
metabolism has a nominal p = 0.03 and False discovery rate (FDR) q = 0.052 (A), PPARq
has nominal p < 0.001 and FDR q = 0.024 (B), and the ERRa has nominal p = 0.028 and
FDR g =0.056 (C). (D and E) gRT-PCR analysis of mRNA expression in the livers of male
chow fed mice at 25 weeks of age. (n=7/group). mRNA expression for the indicated genes
involved in NADPH synthesis, lipid synthesis, lipid sequestration (D) and OxPhos (E). (F)
Western blot analysis showing Atp5a, Ugcrc2, Mtcol, Sdhb and Ndufb8 levels in
NCoR1MeP++ and NCoR1"P~/~ ivers of chow fed 25-wk old male NCoR1MP*/+ and
NCoR1"P~/~ mice. (G) BN-PAGE of OXPHOS complexes in mitochondria isolated from
NCoR1MeP++ and NCoR1"eP~/ [ivers.
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Figure 4.
Acute NCoR1 deletion results in induction of lipogenic and OxPhos genes. (A) gqRT-PCR

analysis to evaluate mRNA levels of Ndufb5, Sdhb, Uqcrfsl, Cox5a, Atp5g1 and Ncorl in
NCoR1L2L2 MEF cells infected with either an Ad-LacZ or Ad-Cre adenovirus grown in
high glucose (25 mM) medium. (B) Western blot analysis showing Atp5a, Uqcrc2, Mtcol,
Sdhb and Ndufb8 levels in NCoR1-2/L2 MEFs infected during 72-hr with either an Ad-LacZ
or Ad-Cre adenovirus. (C) BN-PAGE of OXPHOS complexes in mitochondria isolated
from NCoR1-2/L2 MEFs infected with either an Ad-LacZ or Ad-Cre adenovirus. (D) Oxygen
consumption rate (OCR) was measured in NCoR1-?L2 MEFs infected with either an Ad-
LacZ or Ad-Cre adenovirus grown in high glucose (25 mM) medium (n=6/group). Data are
mean + SEM, * p < 0.05, ** p < 0.01, *** p < 0.001. (E) qRT-PCR analysis to evaluate
MRNA levels of Ndufb5, Sdhb, Uqcrfsl, Cox5a, Atp5gl, Mel, G6pdx, Scdl, Gpam, Fasn,
Plin2 and Ncor1 in primary hepatocytes from NCoR1-%/L2 mice infected with either an Ad-
LacZ or Ad-Cre adenovirus grown in high glucose (25 mM) medium.
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Figure 5. NCoR1"®P~/~ mice have hepatic lipid accumulation
(A) Hematoxylin and eosin staining of liver sections from 25-wk old male chow fed

NCoR1"eP*/+ and NCoR1"eP~/~ mice that were fasted for 4-hr. (B) Hepatic triglyceride
measurements in livers from 25-wk old male chow fed NCoR1MP*/* and NCoR1"eP~/~ mice
that were fasted for 4-hr (n = 7/group). Anthropometric (C—F) and biochemical analysis (G-
K) of NCoR1"P~/~ mice compared to NCoR1"eP*/* mice. (L and M) Blood glucose and
insulin levels before and during intraperitoneal glucose tolerance test (ipGTT) in 25-wk old
chow fed male NCoR1M"P+/+ and NCoR1"P~/~ mice after a 4-hr fast (n > 7/group). (N)
Percentage of baseline glucose levels during Insulin tolerance test (ITT) in 25-wk old chow
fed male NCoR1MeP+/+ and NCoR1"®P~/~ mice after overnight fasting (n > 7/group). All data
shown as mean £ SEM, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. Metabolic impact of NCoR1 deletion on livers of fasted mice and impaired
phosphorylation of serine 1460 NCoR1 in mouse models of diabesity

(A) mRNA levels of Mel, Fasn, Elovl6, Srebpl, Srebp2, Acox1, mCad, Cptla, Esrra,
Ndufb5 and Sdhb were evaluated by gRT-PCR in livers of NCoR1"eP*/* and NCoR1heP—/~
mice fasted for 24-hr (n > 7/group). All data shown as mean + SEM, * p < 0.05, ** p < 0.01,
*** < 0.001. (B) BN-PAGE of OXPHOS complexes in mitochondria isolated from liver of
25-wk old male NCoR1"€P*/* and NCoR1MP~/~ mice either fed or fasted for 24-hr. Upper
panel is a representative result developed by chromogen-based detection technique to
visualize supercomplexes (SC), complex I, V and I11. The lower panel shows HRP-based
detection to evaluate complex Il amount. (C) Western blot analysis indicating that insulin
increases pS1460 NCoR1 in livers from 25-wk old NCoR1€P*/* and NCoR1"¢P~/~ male
chow fed mice. Animals were injected with either PBS or insulin (0.5 U/kg body weight) at
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10 min before sacrificing. (D) Western blot analysis showing that PI3K inhibition attenuates
the insulin-induced increases of pS1460 NCoR1 in livers from 25-wk old 4-hr fasted
C57BL/6J male chow fed mice. After 4 hrs of fasting, animals were injected with either PBS
or insulin (0.5 U/kg body weight) for 10 min or 30 min with or without LY294002 (40
mg/kg) which was given 60 min before sacrifice. (E) pS1460 NCoR1 levels in livers from
25-wk old C57BL/6J male mice fed with either chow or high fat diet for 12-wk. (F) pS1460
NCoR1 levels in livers from 12-wk old male db/db mice. Animals in (E) and (F) were fasted
for 4-hr. The experimental protocol is similar to that used in (C). All immunoblots are
representative of at least three independent experiments. (G) Working model, summarizing
how NCoR1 may control the fasting-feeding transitions in liver in a phosphorylation
dependent manner.
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