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Summary

Insulin resistance is a hallmark of diabetes and an unmet clinical need. Insulin inhibits hepatic 

glucose production and promotes lipogenesis by suppressing FOXO1-dependent activation of 

G6pase and inhibition of Glucokinase, respectively. The tight coupling of these events poses a dual 

conundrum: mechanistically, as the FOXO1 corepressor of Glucokinase is unknown; and 

clinically, as inhibition of glucose production is predicted to increase lipogenesis. Here we report 

that SIN3A is the insulin-sensitive FOXO1 corepressor of Glucokinase. Genetic ablation of 

SIN3A abolishes nutrient regulation of Glucokinase, without affecting other FOXO1 target genes, 

and lowers glycemia without concurrent steatosis. To extend this work, we executed a small 

molecule screen and discovered selective inhibitors of FOXO-dependent glucose production 

devoid of lipogenic activity in hepatocytes. In addition to identifying a novel mode of insulin 

action, these data raise the possibility of developing selective modulators of unliganded 

transcription factors to dial out adverse effects of insulin sensitizers.
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ETOC

The transcriptional output of FOXO1 can be selectively modulated in a way that might reduce 

adverse effects of insulin sensitizers

Introduction

Insulin resistance predisposes to diabetes and metabolic diseases. Restoring insulin 

sensitivity is an effective approach to prevent and treat diabetes (Berkowitz et al., 1996), and 

to reduce its macrovascular complications (Kernan et al., 2016). However, currently 

available insulin sensitizers have significant adverse effects, such as weight gain due to 

triglyceride accumulation, fractures (possibly related to increased bone marrow 

adipogenesis), and hemodynamic changes (Cariou et al., 2012).

These “adverse” effects are part and parcel of increased insulin sensitivity, and cannot be 

effectively separated from it. This conundrum is best illustrated by the role of insulin in the 

liver. Insulin has pleiotropic hepatic effects mediated by diverse signaling mechanisms, 

including the PI3K/AKT/FOXO pathway (Dong et al., 2008; Lu et al., 2012; Matsumoto et 

al., 2007). Others and we have shown that insulin inhibits FOXO (1, 3a, and 4), resulting in 

decreased glucose production and increased glucose utilization through glycolysis, glycogen 

synthesis, and de novo lipogenesis (Altomonte et al., 2003; Haeusler et al., 2010a, 2010b; 

Matsumoto et al., 2007; Samuel et al., 2006; Zhang et al., 2006). This is achieved through an 

elegant, if unexplained mechanism, whereby FOXO inhibit expression of the rate-limiting 

enzyme of glucose utilization, glucokinase (Gck) (Dong et al., 2008; Haeusler et al., 2014; 

Zhang et al., 2006), while stimulating the rate-limiting enzyme of glucose production, 

glucose-6-phosphatase (G6pc) (Haeusler et al., 2014; Nakae et al., 2001a). When FOXO are 

inhibited, glucose production decreases, potentially benefiting diabetes treatment, but 

hepatic lipid synthesis increases, predisposing to steatosis (Pajvani and Accili, 2015).
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While the activating functions of FOXO can be explained by binding to DNA via the 

forkhead domain (Cook et al., 2015a), the mechanism of its repressor functions in the liver is 

unknown. In this study, we sought to discover how FOXO suppress hepatic Gck, then 

leveraged this knowledge to identify selective FOXO inhibitors with the ability to inhibit 

G6pc, but bereft of Gck-stimulating activity.

Results

Insulin induction of Gck requires glucocorticoid-induced Foxo1 expression

Gck expression is induced within 1h of refeeding, suppressed after a 4h-fast (Haeusler et al., 

2014), and inversely correlated with Foxo1 expression (Figure S1A). This regulation is 

abolished in liver-specific triple FOXO (1, 3a, and 4) knockout mice (L–Foxo1,3,4) 

(Haeusler et al., 2014). To identify the corepressor(s) required for FOXO inhibition of Gck, 

we established an in vitro system that recapitulated hormonal control of Gck expression. We 

incubated primary murine hepatocytes in the presence of cAMP, dexamethasone (dex), and 

insulin in various combinations. Neither insulin nor cAMP alone affected Gck (Figure 1A–

B), but cAMP/dex (Figure 1C) or dex alone (Figure 1D) resulted in a 4-fold induction of 

Gck mRNA that was further increased by insulin. In contrast, G6pc expression was induced 

by cAMP and suppressed by insulin (Figure S1B–C). Dex had a small effect on G6pc 
expression (Figure S1D), but greatly potentiated the effect of cAMP (Figure S1E). Time 

course experiments revealed that Gck induction by cAMP/dex peaked at 2h and returned to 

basal within 12h, whereas Gck induction by insulin peaked at 4h (Figure 1E). In hepatocytes 

pre-treated with dex/cAMP, insulin began to induce Gck after 1h (Figure 1F). In primary 

hepatocytes from liver-specific FOXO1 knockout (L-Foxo1) (Matsumoto et al., 2007) or L-
Foxo1,3,4 (Haeusler et al., 2010a) mice, Gck was elevated in the presence of cAMP/dex 

compared to WT mice and insulin failed to induce it further (Figure 1G and Figure S1F, 

respectively). In contrast, cAMP/dex failed to induce G6pc (Figure S1G–H). The identical 

pattern of Gck expression in L-Foxo1 and L-Foxo1,3,4 mice suggests that FOXO1 accounts 

for the bulk of the effect on Gck expression. Time-course experiments in L-Foxo1 
hepatocytes revealed that the ability of cAMP/dex to promote Gck was preserved for up to 

12hr, and insulin had no ability to induce it further (Figure S1I). Moreover, transfection of 

WT hepatocytes with adenovirus (Figure S1J–K) encoding constitutively active ADA-

FOXO1 confirmed that FOXO1 time- and dose-dependently represses Gck expression.

As no glucocorticoid-response element is present in the hepatic Gck promoter, the 

permissive effect of dex on insulin induction of Gck (Katz et al., 1979; Spence and Pitot, 

1979) likely requires synthesis of new factors. Consistent with this hypothesis, pre-treatment 

with the protein synthesis inhibitor, cycloheximide, abolished insulin induction of Gck 
(Figure S1L). Among transcription factors known to regulate Gck (Bae et al., 2010; Massa et 

al., 2011) (Figure S2A), Foxo1, Foxo3 and Hnf4α mRNA showed a time-dependent increase 

after treatment with cAMP/dex (Figure S2B, C, and E), whereas Pparγ and Hnf6 expression 

decreased (Figure S2G and I), and Foxo4, Hif1a and Srebf1 expression did not change 

(Figure S2D, F and H). The increase in Foxo1 and Hnf4α mRNA was due to dex (Figure 

S2J–L), and was associated with increased FOXO1 protein after 4h-treatment (Figure S2M–

N). Primary hepatocytes from L-Foxo1 mice treated with cAMP/dex in the presence or 
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absence of insulin did not display changes in the expression of factors modulating Gck 
expression (Figure S3A–H), consistent with the possibility that FOXO1 induction mediates 

the permissive effect of dex in insulin-induced Gck expression in vitro. To examine this in 

more detail in vivo, we studied mice with an induced deletion of hepatic glucocorticoid 

receptors, to circumvent the developmental effects of glucocorticoid receptor deficiency 

(C.B. and L.W., manuscript in preparation). Absence of the hepatic glucocorticoid receptor 

resulted in a 4-fold decrease in Gck expression (Figure S3I) that was not reversed by 5 

weeks of corticosterone treatment (Figure S3I). Corticosterone failed to induce Gck in WT 

mice as well (Figure S3I). This treatment was associated with no changes to Hnf4α and 

Foxo1 expression (Figure S3J–K), suggesting that mechanisms other than glucocorticoid, or 

cell-autonomous factors can compensate in vivo.

Insulin induction of Gck requires FOXO1 phosphorylation or acetylation

Insulin induces Gck within 1h in vivo (Haeusler et al., 2014) or in dex/cAMP pre-treated 

hepatocytes (Figure 1F), consistent with the post-translational modification, rather than de 
novo synthesis, of an existing factor. FOXO1 is regulated by phosphorylation and 

acetylation (Frescas et al., 2005; Nakae et al., 2001a; Qiang et al., 2010). Transduction of 

primary hepatocytes from L-Foxo1 mice with adenoviruses or plasmids encoding WT and 

mutant FOXO1 showed that FOXO1 inhibited Gck and that insulin was able to override the 

suppressive effect of WT, but not of phosphorylation-defective (ADA-FOXO1) or 

acetylation-defective (KR-FOXO1) FOXO1 on Gck (Figure 2A–B), demonstrating that 

FOXO1 inhibition by phosphorylation and/or acetylation is required for insulin-induced Gck 
expression.

To identify FOXO1 phosphorylation sites required for insulin-induced Gck expression, we 

transduced L-Foxo1 primary hepatocytes with adenoviruses encoding phosphorylation-

defective FOXO1 mutants (T24A and S253A). Gck repression by these two mutants was not 

reversed by insulin, demonstrating that T24 or S253 phosphorylation are necessary for 

insulin-induced Gck expression (Figure 2B). We next examined primary hepatocytes 

isolated from mice carrying acetylation-defective Foxo1 alleles (KR/KR) (Banks et al., 

2011). These mice display a modest gain-of-function, due to reduced sensitivity of the KR 

mutant to insulin-dependent phosphorylation (Banks et al., 2011). Gck expression was 

comparable to cAMP/dex-treated WT hepatocytes, but was not further induced by insulin, 

confirming that FOXO1 acetylation is required for insulin-induced Gck expression (Figure 

2C). As a control, insulin inhibited G6pc expression induced by WT-FOXO1 (Figure S4A–

B). Interestingly, the T24A and KR/KR mutants did not affect insulin inhibition of G6pc, 

unlike Gck, while the S253A mutant did (Figure S4B–C). These data suggest that the 

repressive function of FOXO1 is regulated through a mechanism distinct from its activating 

function, and that FOXO1 deacetylation and T24 dephosphorylation are required for 

repression, but not for activation of FOXO1-mediated transcription.

FOXO1 is recruited to the hepatic glucokinase promoter

Luciferase assays in primary hepatocytes from WT mice co-transfected with FOXO1 and a 

Gck reporter showed that FOXO1 inhibits Gck promoter activity (Figure 2D). To determine 

whether FOXO1 binds the hepatic Gck promoter, we scanned the sequence from −1500 to 
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+50 by chromatin immunoprecipitation followed by qPCR (ChIP-qPCR). In cAMP/dex-

treated primary hepatocytes, we detected an enrichment of regions P5 (−1187 to −1053 from 

the transcription start site) and P22 (−93 to +52) in the FOXO1 ChIP (Figure 2E). Insulin 

inhibited FOXO1 binding to the promoter (Figure 2F). As control, we did not detect FOXO1 

in P5 and P22 in L-Foxo1 mice (data not shown).

Interestingly, neither P5 nor P22 contain a FOXO1 DNA-binding sequence (5′-TT(G/

A)TTT(T/A)(G/C)-3′), suggesting that FOXO1 does not need to bind DNA in order to 

inhibit Gck. To test this point, we transduced L-Foxo1 primary hepatocytes with adenovirus 

expressing a DNA-binding and phosphorylation-deficient mutant FOXO1 (ADA/DBD-

FOXO1). This mutant retained the ability to inhibit Gck (Figure 2G) but was unable to 

induce G6pc (Figure S4D). However, we detected DBD-FOXO1 in P5 and P22 by ChIP, 

suggesting that FOXO1 binds to these sequences indirectly (Figure S4E). Consistent with 

this notion, cAMP/dex/insulin-regulated Gck expression in primary hepatocytes from Dbd-
Foxo1 knock-in mice (Cook et al., 2015a) (DBD) was similar to WT hepatocytes (Figure 

S4F), whereas cAMP/Dex failed to induce G6pc (Figure S4G). These data suggest that DNA 

binding is required for the activating, but not for the inhibitory function of FOXO1.

To identify proteins that interact with FOXO1 and bind to the Gck promoter, we inspected 

P5 and P22 to find known consensus transcription factor binding sites using the Jaspar 

database, and identified a HNF4A binding site in P22. Interestingly, this segment is 

necessary for insulin-induced Gck expression (Roth et al., 2004), and HNF4A is known to 

interact with FOXO1 (Ganjam et al., 2009; Hirota et al., 2003, 2008) and regulate Gck 
expression (Ganjam et al., 2009; Hirota et al., 2008; Roth et al., 2004). We confirmed this 

interaction by co-immunoprecipitation (Figure S4H). Luciferase assays in primary 

hepatocytes from WT mice transfected with either FOXO1, HNF4A, or both showed that 

FOXO1 inhibited Gck promoter activity, whereas HNF4A increased it. Interestingly, 

FOXO1 inhibited HNF4A-induced Gck promoter activity (Figure S4I). However, we could 

not detect HNF4A on P5 and P22 by ChIP. Rather, HNF4A bound to P20 and P21 following 

cAMP/dex treatment, and its binding was further increased by insulin (Figure S4J). As P21 

and P22 segments overlap, these data can be construed to indicate that HNF4 is the FOXO1 

binding partner, as described previously (Ganjam et al., 2009). However, the failure of 

FOXO1 to bind to P21 indicated that there must be additional FOXO1 binding partners.

A FOXO1/SIN3A/HDAC complex represses Gck

To identify the corepressor(s) required for FOXO1 inhibition of Gck, we first used deletion 

mapping to identify a corepressor-interacting domain on FOXO1. A dominant-negative 

FOXO1 mutant lacking the transactivation domain at the C-terminus (Δ256-FOXO1) 

(Altomonte et al., 2003; Nakae et al., 2001a) was unable to induce G6pc (Figure S4K), but 

retained the ability to suppress Gck and to be inhibited by insulin (Figure 3A). These data 

are consistent with the observation that T24 and S253 phosphorylation are necessary for 

insulin-induced Gck expression, since both sites are contained within this mutant (Figure 

2B), and indicate that the alleged corepressor binds to the FOXO1 NH2-terminal half. This 

region contains three alanine-rich putative repression domains, the third of which is unique 

to FOXO1 compared to FOXO3a and 4 (Figure S4L). We hypothesized that this unique 18-
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amino acid segment (AA126-143) contained the corepressor binding site. To test the 

hypothesis, we generated a plasmid expressing a deletion mutant lacking amino acids 

126-144 (Δ19-FOXO1). When transfected in WT primary hepatocytes, this mutant induced 

G6pc and underwent normal insulin-induced phosphorylation as WT-FOXO1 did (Figure 

S4M), but failed to inhibit Gck (Figure 3B) or a Gck promoter-driven luciferase reporter 

(Figure S4N).

SIN3A and B are pleiotropic corepressors involved in neoplastic transformation (Kadamb et 

al., 2013). As the Δ19 deleted region contains one of two putative SIN3-interacting domains 

(SID1 and 2) (AAXXL) found in the FOXO1 NH2-terminal half (Pang et al., 2003), we 

sought to determine whether SIN3 is the FOXO1 corepressor of Gck. To this end, we 

generated single SID1 (SID1-FOXO1), SID2 (SID2-FOXO1) or double SID1/2 mutants 

(SID1/2-FOXO1) (Figure 3C). Mutation of SID1 had no effect on FOXO1-dependent Gck 
inhibition, whereas the SID2 and SID1/2 mutations largely prevented it (Figure 3D). 

Moreover, SID2-FOXO1 was unable to inhibit Gck promoter activity in luciferase assays 

(Figure S4N). These data are consistent with the hypothesis that SIN3A is the FOXO1 

corepressor of the Gck promoter. Interestingly, this hypothesis is also supported by the 

protein interaction predictive algorhytm, PrePPI (Zhang et al., 2012).

We asked whether FOXO1 and SIN3A interact by performing co-immunoprecipitation 

experiments. Consistent with the data above, WT, but not Δ19 or SID2-FOXO1 could be 

detected in reciprocal co-immunoprecipitations (Figure 3E). In ChIP experiments performed 

with SIN3A antibodies in primary hepatocytes treated with cAMP/dex, we detected an 

enrichment of P20, P21 and P22 (−93 to +52) that was inhibited by insulin (Figure 3F). 

These data are consistent with the hypothesis that FOXO1 recruits SIN3A, and the latter 

binds to the Gck promoter to inhibit Gck expression.

mRNA studies showed that Sin3a expression is regulated by cAMP, dex, and insulin in a 

FOXO1-independent manner. Indeed, Sin3a expression decreased in response to dex, cAMP, 

or insulin alone and combined cAMP/dex/insulin in vitro (Figure S5A–D), and upon 

refeeding in vivo (refed/fast=0.84 AU, P=0.03). The pattern of Sin3a expression in response 

to cAMP/dex with and without insulin was similar in primary hepatocytes isolated from WT, 

L-Foxo1, and KR/KR mice (Figure S5E–F), demonstrating that FOXO1 does not regulate 

Sin3a. Moreover, there were no changes of Sin3a mRNA in L-Foxo1,3,4 mice (KO/

WT=1.02 AU, P=0.75) or following FOXO1 overexpression (Figure S5G).

Next, we examined the role of SIN3A in the regulation of Gck by gain- and loss-of-function 

experiments in primary hepatocytes. SIN3A overexpression lowered Gck (Figure 4A), 

whereas Foxo1 expression was unaffected (Figure S5H). When co-transfected with FOXO1, 

SIN3A potentiated Gck inhibition by FOXO1 (Figure 4A). In the same cells, Sin3a 
knockdown with siRNA increased Gck expression (Figure 4B), leaving Foxo1 expression 

unaffected (Figure S5I). Co-transfection of Sin3a siRNA and FOXO1 showed that SIN3A 

deletion prevents FOXO1 inhibition of Gck (Figure 4B).

FOXO1 controls glucose production and triglyceride synthesis through its dual regulation of 

G6pc and Gck (Haeusler et al., 2014). Thus, the critical test of the hypothesis that SIN3A is 

Langlet et al. Page 6

Cell. Author manuscript; available in PMC 2018 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the FOXO1 corepressor was to interrogate its ability to uncouple glucose production from 

lipogenesis. To assess this point, we overexpressed SIN3A in primary hepatocytes and 

measured glucose release into the medium in response to cAMP/dex/insulin, as well as C14 

incorporation into triglycerides. We found that SIN3A had no effect on the ability of insulin 

to suppress cAMP/dex-induced glucose production (Figure 4C), but blunted the effect of 

insulin to induce lipogenesis by nearly 50% (Figure 4D). These data demonstrate a 

physiologic correlate to the FOXO1/SIN3A interaction, and provide a potential mechanism 

to uncouple the stimulatory and inhibitory effects of FOXO1 by selective inhibition of the 

SIN3A-independent functions of FOXO1.

SIN3A recruits histone deacetylases (HDAC) to inhibit gene expression (Hassig et al., 1997; 

Kadamb et al., 2013). To investigate whether HDAC are required for its FOXO1-dependent 

effect on Gck, we first examined histone acetylation at the hepatic Gck promoter by ChIP-

qPCR. Treatment with cAMP/dex/insulin increased histone3 (H3) acetylation on the Gck 
promoter, especially on P11, P15, and P18 (Figure 4E). In primary hepatocytes transduced 

with WT-FOXO1, the class I/II HDAC inhibitor, Trichostatin A (TSA), prevented FOXO1 

inhibition of Gck, suggesting that class I/II HDAC are involved in this effect (Figure 4F). 

The same effect occurred in hepatocytes transduced with KR-FOXO1 (deacetylated FOXO1 

mutant) (Figure 4F), indicating that Gck induction in the presence of TSA does not result 

from FOXO1 acetylation (Banks et al., 2011; Mihaylova et al., 2011). This effect appeared 

to be mediated by class I HDACs, as the class II-specific inhibitor (TMP 269) did not 

prevent FOXO1 inhibition of Gck, whereas two separate class I-specific inhibitors, TC-H106 

(Figure 4G) and FK228 (Figure S5J), did.

Impaired Gck regulation in Sin3a/b knockout mice

To investigate the metabolic functions of SIN3A in hepatocytes, we generated liver-specific 

single and double knockouts Sin3alox/lox:Sin3blox/lox (Dannenberg et al., 2005; David et al., 

2008) using Albumin-cre (Postic et al., 1999) transgenic mice to drive Cre recombination-

mediated deletion of the two genes. Single knockouts haploinsufficient for the other isoform, 

L-Sin3a−/−:Sin3b+/− (L-Sin3a) or L-Sin3a+/−:Sin3b−/− (L-Sin3b), as well as double 

knockouts L-Sin3a/b (L-Sin3a/b) were born at term in Mendelian ratios. At post-natal day 2 

(P2), L-Sin3a/b and L-Sin3a mutants became hypoglycemic compared to L-Sin3b, double 

heterozygotes, or WT littermates (Figure 5A), while maintaining normal weight (Figure 5B). 

Interestingly, this is the same time point at which L-Foxo1,3,4 mice develop hypoglycemia 

due to inappropriate activation of Gck (Haeusler et al., 2014). L-Sin3a/b and L-Sin3a mice 

developed jaundice at P5 and became growth-retarded starting at P15. At weaning, L-
Sin3a/b and L-Sin3a were ~50% smaller, hypoglycemic, hypoactive, and jaundiced, but all 

parameters normalized after P35 (Figure 5A–B). L-Sin3b also showed lower glycemia and 

weight compared to WT or double heterozygous littermates (Figure 5A–B).

Adult male L-Sin3a/b mice showed normal body weight, but lower fat mass and higher lean 

mass (Figure 5C–E). They showed lower ad libitum glucose levels (Figure 5F), and lower 

glucose excursions during glucose and pyruvate tolerance tests compared to WT littermate 

controls (Figure 5G–H). Ketone levels after a 12h-fast were lower, whereas cholesterol 

levels were higher compared to littermate controls. After 4h-refeeding, insulin levels were 
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higher in L-Sin3a/b mice (Table S1). L-Sin3a/b mice also showed evidence of cholestasis, 

with elevated plasma alkaline phosphatase, aspartate transaminase (AST), alanine 

transaminase (ALT), cholesterol, triglycerides, bile acids and bilirubin (Table S1). These 

findings were associated with hepatomegaly and histological abnormalities that included 

fibrosis and biliary infarcts (Figure 5I–J, Figure S5K), whereas glycogen content, as 

assessed histochemically by Periodic Acid Schiff staining, was similar to WT mice. L-
Sin3a/b mice also displayed splenomegaly and enlarged kidneys (Figure S5L–M).

Although the metabolic phenotype of L-Sin3a/b and L-Sin3a mice is consistent with altered 

regulation of Gck, their developmental and histological abnormalities confounded the 

analysis. To circumvent this problem, we deleted Sin3a and Sin3b in adult mouse liver by 

injecting AAV8-TBG-CRE in Sin3a lox/lox:Sin3blox/lox mice to achieve liver-restricted 

recombination (iL-Sin3a/b mice). AAV8-TBG-GFP injection in WT mice served as control 

(iWT mice). Two weeks after injection, there were no histological abnormalities or 

hepatomegaly in iL-Sin3a/b compared to iWT mice (Figure S6A–B). Ad libitum, fasting, 

and 30min-refeeding glucose levels were lower in iL-Sin3a/b mice compared to controls 

(Figure 6A), while insulin levels, body weight, and body composition remained normal 

(Figure S6C–F). Moreover, glucose excursions during GTT and PTT were reduced (Figure 

6B–C). Three weeks after injection, we killed mice that had been fasted for 12h followed or 

not by 4h-refeeding. Blood tests revealed that plasma cholesterol and glucose levels were 

lower, whereas AST and ALT were higher in iL-Sin3a/b mice compared to iWT mice (Table 

S2). Similarly to L-Sin3a/b KO mice, iL-Sin3a/b displayed enlarged kidneys in the fasted 

state (Figure S6G). Moreover, hepatic triglyceride and cholesterol content in the fasted state 

were lower (Figure 6D–E), while glycogen content was normal. We observed a slight 

decreased of glycogen content in the refed state compared to iWT mice (Figure 6F). As a 

critical test of our hypothesis, we measured Gck expression in the fasted and refed state. 

Fasting levels were higher, and there was a complete lack of induction by refeeding (Figure 

6G). GCK protein levels followed the same pattern of Gck mRNA expression (Figure S6H–

I). In contrast, regulation of other FOXO1 targets, such as G6pc and Pck1, was preserved 

(Figure 6H–I). To determine the functional consequences of the impaired regulation of Gck, 

we measured glycogen content, glucose production, glycolysis, and lipogenesis in primary 

hepatocytes from iL-Sin3a/b mice two weeks after induction of recombination. Confirming 

in vivo studies, we saw no changes in glycogen content (Figure S6J). Insulin inhibited 

cAMP/dex-dependent glucose production (Figure 6J), but was unable to induce lipogenesis 

(Figure 6K) and glycolysis (Figure S6K). These data indicate that Gck can no longer be 

regulated in response to the feeding cycle. Finally, chromatin immunoprecipitation revealed 

that Sin3a/b deletion did not alter FOXO1 binding to the Gck promoter (Figure S6L).

Small molecule FOXO inhibitors uncouple regulation of glucose production from 
lipogenesis

In type 2 diabetes, hepatic insulin resistance increases glucose and triglyceride production 

leading to the two main abnormalities of this disease, hyperglycemia and 

hypertriglyceridemia. A bona fide insulin sensitizer acting as a FOXO inhibitor would be 

expected to decrease glucose production by diverting carbons into increased triglyceride 

synthesis. In contrast, an ideal hepatic insulin sensitizer should reduce the excessive hepatic 
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glucose production characteristic of diabetes, without increasing hepatic lipid deposition. 

The identification of SIN3A as the FOXO1 corepressor of Gck raised the possibility that the 

two functions of FOXO1 could be independently modulated by selective FOXO inhibitors. 

We executed a high throughput screen of a small molecule library to identify FOXO 

inhibitors after establishing a FOXO1 reporter gene assay in HEK293s cells as described in 

the Methods section. The related transcription factor FOXA2, which is not inhibited by 

insulin (Haeusler et al., 2010a) but shares common regulatory elements and binds to the 

same DNA sequence as FOXO1 was used as a counterscreen. We also evaluated inhibition 

of the closely related family member FOXO3. In a 106 compound library, ~1.4% of the 

compounds showed human FOXO1 inhibitory activity. Using computational analysis for 

diversity, we pared down the number to 6,000 compounds that were tested in potency 

determinations in human FOXO1 vs. human FOXA2 reporter gene assays at concentrations 

between 50 μM and 1.6 nM. 170 hits with at least 10-fold selectivity for FOXO1 over 

FOXA2 were further characterized for cytotoxicity using an Alamar Blue Assay and for 

potency against human FOXO3 and mouse FOXO1 in reporter gene assays (Figure S7, 

Table S3). Selected compounds were then tested in primary hepatocytes for their ability to 

modulate G6pc and Gck expression. The expectation was that a pan-FOXO1 inhibitor would 

decrease the former and increase the latter. We identified three distinct classes of compounds 

(Figure 7A–D): compounds 1, 3, 4, 6, 7, 10, 11, and 12 behaved as non-specific inhibitors 

that decreased both G6pc and Gck expression, or had no discernible effects; compounds 2, 

5, and 13 behaved as pan-inhibitors, decreasing G6pc and altering basal or/and insulin-

induced regulation of Gck. Compounds 5, despite clearing the first selection, showed poor 

separation between FOXO1 and FOXA2 activity (<5-fold, Table S3), and was not further 

considered. A third group of compounds, including 8 and 9, demonstrated selective 

inhibition by decreasing G6pc without affecting Gck (Figure 7A–D, Table S4). To assess the 

functional consequences of these selective inhibitors, we tested compounds 8, 9, and 13 in 

glucose production and de novo lipogenesis assays in primary hepatocytes (Figure 7E–F). 

Compounds 8 and 13 curtailed cAMP/dex-induced glucose production, whereas 9 had no 

effect (Figure 7E). In addition, 13 increased lipogenesis, as expected of a full FOXO 

inhibitor, whereas 8 decreased it (Figure 7F). The data are consistent with selective 

regulation of FOXO-dependent gene expression by these compounds.

To establish a mechanism for the differential actions of compounds 8 and 13 on Gck vs. 
G6pc expression, we tested their effects in chromatin immunoprecipitation assays in 

cAMP/Dex hepatocytes. Compounds 8 and 13 cleared FOXO1 from G6pc promoter (Figure 

7G), explaining its inhibition. In contrast, compound 8 failed to clear FOXO1 and SIN3a 

from the Gck promoter, whereas 13 was able to induce a substantial clearance (Figure 7G–

H). These data indicate that the differential actions of these compounds are associated with 

different effects on the FOXO1 transcriptional complex.

Discussion

FOXO1 can activate and repress gene expression, but the molecular mechanism underlying 

its ability to inhibit hepatic gene transcription was unknown. The key conclusions of this 

work are that: (i) FOXO1 functions in a corepressor complex with SIN3A via a discrete 

NH2-terminal motif; (ii) SIN3A plays a heretofore overlooked role in hepatic development 
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and metabolism; and (iii) pharmacological modulation of the activator and repressor balance 

of FOXO can be achieved by small molecules that fulfill the criteria for a new class of 

insulin sensitizers.

The balance between the activating and repressive functions of FOXO1 is crucial in the liver 

since, by inducing G6pc and by inhibiting Gck, FOXO1 regulates the G6pc/Gck ratio, 

intracellular glucose-6-phosphate levels, and hepatic glucose handling (Haeusler et al., 2014; 

Pajvani and Accili, 2015). Unlike previous studies showing that insulin induction of Gck 
expression requires the recruitment of transcriptional activators on Gck promoter (Foretz et 

al., 1999; Kim et al., 2004, 2009; Roth et al., 2004), the present data show that it requires 

clearance of a FOXO1 corepressor. Interestingly, the repressive function of FOXO1 seems to 

be differentially regulated from its activating function, as clearing the Gck corepressor 

requires phosphorylation of two sites, T24 and S253, whereas inhibition G6pc requires 

phosphorylation of one site, S253. This finding is consistent with two previous observations: 

(i) T24 phosphorylation is differentially regulated by insulin and IGF1 receptors (Nakae et 

al., 2000), providing a potential explanation for the different biological actions of the two 

receptors; and (ii) T24 and S253 kinases are distinct (Jacinto et al., 2006; Nakae et al., 

2001b). We also show that DNA binding is required for the activating, but not for the 

inhibitory function of FOXO1 (Cook et al., 2015a).

The repressive and activating functions of FOXO1 are achieved through the recruitment of 

cofactors (van der Vos and Coffer, 2008). PGC-1α (Matsumoto et al., 2007; Puigserver et 

al., 2003) and PRMTs (Choi et al., 2012) are known transcriptional co-activators of FOXO1-

dependent gluconeogenesis. FCOR inhibits FOXO1 function in adipose tissue, but does not 

act by inhibiting gene transcription (Nakae et al., 2012). SIN3A was not known to be a 

FOXO1 corepressor or to regulate metabolism. Besides a carboxy-terminal acidic serine/

threonine-rich region that serves as a transactivation domain, FOXO1 also contains amino-

terminal proline- and alanine-rich domains that allow for the recruitment of the SIN3A/

HDAC I complex. This complex is found on the Gck promoter in fasting conditions, and is 

cleared by insulin. The mechanism is probably multi-faceted. First, it can result from 

FOXO1 inhibition; second, since SIN3A is phosphorylated on S431 through the PI3K/Akt 

pathway (Humphrey et al., 2013, 2015), it too can be a direct target of insulin. Deletion of 

Sin3a in the liver causes hypoglycemia, mimicking L-Foxo1 mice (Haeusler et al., 2014; 

Matsumoto et al., 2007). The hypoglycemia probably reflects the inability to fully suppress 

Gck, with increased glucose vs. lipid oxidation during fasting, and increased glucose 

clearance following a meal. However, unlike L-Foxo mice, iL-Sin3a/b mice have reduced 

hepatic triglycerides, consistent with the inability to induce Gck in response to nutrients and 

thus with an inability to prime lipogenesis. Interestingly, cholesterol content is also 

decreased in iL-Sin3a/b mice. This can reflect GCK- or/and FOXO1-independent functions 

of SIN3A in liver metabolism, for example through its role to regulate mitochondrial activity 

(Barnes et al., 2014; Pile et al., 2003), or cholesterol biosynthesis (Solaimani et al., 2013). 

There are likely to be additional functions to hepatic SIN3A, in particular in the 

development of bile ducts, that account for the abnormal liver function tests, histopathologic 

abnormalities, and splenomegaly (likely secondary to portal hypertension) seen in mice with 

constitutive liver deletion. Finally, while our results indicate that SIN3A is crucial for 

nutrient regulation of Gck, they do not exclude the presence of other components in the 
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repressor complex, such as SHP, which is known to interact with SIN3a (Farhana et al., 

2007) and to decrease Gck expression (Kim et al., 2009).

On the therapeutic side, this study demonstrates the selective pharmacological targeting of 

FOXO1. Studies have shown beneficial effects of FOXO1 inhibition on diabetic 

hyperglycemia by reducing hepatic glucose production. However, these benefits can be 

offset by an increase in hepatic fat content (Pajvani and Accili, 2015). We have discovered 

small molecules with the ability to fine-tune the FOXO1 activator/repressor balance and 

alter the ratio of G6pc to Gck. In a clinical setting, this can reduce hepatic glucose 

production without increasing triglyceride accumulation. Interestingly, compound 8 has even 

the ability to suppress lipogenesis. Unfortunately, we have not been able to test the 

compounds in vivo due to their pharmacokinetic properties. Nevertheless, through structure 

refinement it should prove possible to modify the lead compounds and achieve the necessary 

distribution and coverage to engage the target in vivo. The findings should be viewed as 

providing proof of principle that the transcriptional output of unliganded transcription 

factors can be selectively modulated for therapeutic purposes, in a way that is conducive to 

dialing out potential adverse effects of insulin sensitizers.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Domenico Accili (da230@columbia.edu).

Experimental Model and Subject Details

Animals—Mice were maintained under standard laboratory conditions with water and 

standard chow diet (PicoLab rodent diet 20, 5053; Purina Mills) freely available. Mice were 

housed on a 12 h light/12 h dark cycle with lights on at 07:00 and off at 19:00. All animal 

experiments were in accordance with NIH guidelines for Animal Care and Use, approved 

and overseen by Columbia University Institutional Animal Care and Use Committee 

(IACUC). Male mice aged 9–24 weeks were used for most of experiment. Male and female 

mice aged 2–60 days were used for developmental studies.

L-Foxo1, L-Foxo1,3,4, KR/KR and Dbd-Foxo1 knock-in mice have been previously 

described (Banks et al., 2011; Cook et al., 2015a; Haeusler et al., 2010a; Matsumoto et al., 

2007). To generate L-Sin3a/b mice, we crossed Sin3alox/lox:Sin3blox/lox (Dannenberg et al., 

2005; David et al., 2008) and Albumin-cre (Postic et al., 1999) transgenic mice. The 

genotyping primers were Sin3A-1: 5′-GTCCTCAGGGAAGACGTTGA-3′, Sin3A-4: 5′-

GCCCTGTCCTATCTTGACCA-3′, Sin3A-5: 5′-AGGACCACCAAAGTTCAGGA-3′, 

Sin3B FO-2: 5′-TACAACGGCTTCCTGGAGAT-3′, Sin3B FO-5: 5′-

ACACCCAACACTCCCTGTTC-3′, Sin3B KO-D: 5′-

CCCTCGAGGTCGACCCCGGGAAGC-3′, Sin3B KO B2: 5′-

CCCAACACTCCCTGTTCAGGCCTC-3′. Peripheral GR knockout mice were generated 

by crossing mice that were floxed for the GR allele with a tamoxifen-inducible 
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Rosa26CreERT2 line (Taconic #6466, Hudson, NY) to generate 

GRlox/lox,Rosa26CreERT2+/− (GRper KO) and GRlox/lox,Rosa26CreERT2−/− (control) mice.

For corticosterone treatment, animals were provided with corticosterone-supplemented 

water. Corticosterone (CORT; Sigma, St. Louis MO) was dissolved in 100% ethanol, at a 

concentration of 10 mg/mL. This stock solution was then diluted with regular tap water to 

obtain a final ethanol concentration of 1%, which yielded a final concentration of 100 μg/mL 

CORT. The GR gene is inactivated after daily ip injection of tamoxifen only in the periphery, 

but not the central nervous system. Deletion of GR protein in the liver was confirmed by 

Western Blot (data not shown). Livers from these mice were examined 2 weeks after the GR 

inactivation at which point animals had unaltered body composition and normal glucose 

tolerance (data not shown). For in vivo studies on Sin3alox/lox:Sin3blox/lox mice, we injected 

1×1011 purified viral particles (AAV8.TBG.eGFP or AAV8.TBG.Cre) per mice via tail vein; 

we performed metabolic analysis on day 14 and killed the animals at day 21 after injection. 

The deletion efficiency was confirmed by genotyping (data not shown).

Primary Hepatocyte Culture and transfection—Primary hepatocytes were isolated 

from male mice via collagenase perfusion, as previously described (Cook et al., 2015b). We 

anesthetized mice with ketamine and xylazine (ketamine 100 mg/kg IP, xylazine 10 mg/kg, 

i.p. injection). We clamped the supradiaphragmatic inferior vena cava (IVC), catheterized 

the inferior vena cava with a 24-gauge catheter (Exel international) and infused 50 cc 

EGTA-based perfusion solution followed by 100 cc type I collagenase solution (Worthington 

Biochemicals). Following cell dissociation, we filtered cells with 100-μm mesh cell 

strainers, and gradient centrifugation steps to purify cell suspension. Then, we suspended 

hepatocytes at 5×105 cells per ml in Medium 199 (Sigma), 10% FBS (Life Technologies), 

antibiotics (called Plating medium) and plated them on collagen-coated cultureware for 2h. 

Following attachment, cells were incubated for 4h with Plating medium. For some 

experiments, hepatocytes have been transfected during this step. Plasmids transfection 

(500ng/5×105 cells, 48h) was performed using Lipofectamine2000, Opti-MEM and serum-

free, antibiotics-free Medium 199 following manufacturer’s instructions. Adenoviruses (107 

pfu/5×105 cells, 24h) were directly added to the plating medium. For RNA interference, 

Sin3a silencing was achieved using Stealth RNAi™ siRNA (40pmol/5×105 cells, 48h) 

directed against murine Sin3a and lipofectamine2000 reagent according to the 

manufacturer’s instructions. A scrambled siRNA was used as negative control. After 4h, 

transfection medium was removed. Prior to the experimental assays described below, cells 

were washed twice with PBS and incubated overnight in Medium 199, 1% BSA [w/v], 

antibiotics (called serum-free medium). For most of experiment, cells were incubated with 

100 uM 8-CPT-cAMP, 1 uM dex, 100 nM insulin or vehicle for 7 h. For timing experiments, 

cells were incubated with the same concentration for 1h, 2h, 4h and 12h. For timing-reverse 

experiments, cells were incubated with 100 uM 8-CPT-cAMP, 1 uM dex for 6h after what 

insulin has been added for 30min, 1h and 2h.

HEK293s cell culture and generation of cells for the reporter gene assay—
HEK293s cells (female, ATCC) were maintained in DMEM (Invitrogen 41965-039) 

containing 4.5 g/l glucose supplemented with Glutamax (Invitrogen 35050-038), non-
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essential amino acids (Invitrogen 11140-035), 25 mM HEPES (Invitrogen 15630-056), and 

10% FBS (Sigma-Aldrich F2442) at 37°C and 5% CO2.

To generate transiently transfected cells for each of the four reporter gene assays and for the 

cytotoxicity assay, HEK293s cells were grown in 10-layer cell factories (Corning) and 

transiently co-transfected with 150 μg total DNA/150×106 cells, using a 1:4 ratio of the 

respective FOXO-expressing construct (human or mouse pIRESneo3-FOXO1 vector, the 

pIRESneo3-FOXA2 vector, or the pIRESneo3-FoxO3 vector respectively) to luciferase 

reporter construct. The MaxCyte® STX™ Scalable Transfection System was used to 

transfect in total 15×109 cells, which were cryopreserved following a 20 minute recovery 

and revived before running the reporter gene assays as described in the Method details 

section. The cells were confirmed by IDEXX BioResearch (Columbia, MO, USA) to be 

Mycoplasma-free and of the expected identity (based on short tandem repeat analysis of 9 

alleles).

Method Details

Chemicals and Antibodies—Ketamine is from KetaSet® and Xylazine from AnaSed®. 

Medium 199, HBSS, EGTA, HEPES, PenStrep and Gentamycin are from Life Technology. 

Collagen type 4 is pursached from Worthington. Insulin (Humulin® R U-100) was 

purchased from Eli Lilly. 8-(4-chlorophenylthio) (CPT)-cAMP, dexamethasone, 

cycloheximide, Bovine Serum Albumin (BSA), D-glucose and sodium pyruvate were from 

Sigma-Aldrich. Lipofectamine2000 and Stealth RNAi™ siRNA against Sin3a were from 

Thermo Fisher. Trichostatin A (TSA), TMP269 and FK228 were from Selleckchem. TC-H 

106 was from Cayman chemical. Insulin was diluted in sterile water. 8-(4-chlorophenylthio) 

(CPT)-cAMP, D-glucose, sodium pyruvate were dissolved in sterile water. Dexamethasone 

and cycloheximide were dissolved in ethanol (100%). TSA, TMP195, FK228, TC-H 106 

were dissolved in DMSO. Anti-FOXO1 (for Western Blot and co-immunoprecipitation, 

C29H4), anti-SIN3A (for Western Blot, D1B7), and anti-HNF4A (for Western Blot, 

C11F12) antibodies were from Cell Signaling. Anti-HNF4A ChIP Grade (ab41898), anti-

FOXO1A ChIP Grade (ab39670), anti-SIN3A ChIP Grade (ab3479), anti-H3 (ab1791), anti-

Ac H3 (ab47915), anti-actin (ab8227) and control IgG antibodies were from Abcam. GCK 

antibody was from Dr. Magnuson (Vanderbilt University School of Medicine, Nashville, 

TN).

Plasmids and Viruses—Plasmids encoding RFP (CTL plasmid) and FOXO1 have been 

described before (Frescas et al., 2005). Plasmids encoding HNF4A (#33006) and SIN3A 

(#30454) were purchased from Addgene. Δ19-FOXO1 mutant was made by introducing PstI 

restriction site in WT-FOXO1. Mutations were introduced by site-directed mutagenesis 

using the QuickChange II (Stratagene). To generate FoxO1Δ19AA mutant, FoxO1-WT was 

used as a PCR template. Two pairs of primers were designed: PstI1,5′-

CCACCGACCGGGCCGCTGCAGCAGCCCCCACCCGTGCCTC-3′ (sense) and 3′-

GAGGCACGGGTGGGGGCTGCTGCAGCGGCCCGGTCGGTGG-5′(antisense); PstI2, 

5′-CGCCGCGGGGCCACTCGCGCTGCAGCCGCGCAAGACCAGC-3′ (sense) and 3′-

GCTGGTCTTGCGCGGCTGCAGCGCGAGTGGCCCCGCGGCG-5′ (antisense). Both 

amplified final PCR fragments bear PstI restriction sites, have been then digested and ligated 
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to eliminate 19 amino acids sequence. For the Gck promoter reporter construct, we cloned 

the region lying between −1470 and +28 from rat genomic DNA into pGL3-basic vector. 

Plasmids encoding WT-FOXO1, SID1-FOXO1, SID2-FOXO1 and SID1/2-FOXO1 were 

purchased from Origene. WT-FOXO1, ADA-FOXO1 (T24A-S253D,S316A mutations), 

ADA/DBD-FOXO1 (T24A, S253D and S316A mutations (ADA) + N208A and H212R 

mutations (DBD)), KR-FOXO1 (Lys(219,242,245,259,262,271,291)Arg mutations), Δ256-

FOXO1 (AA1-256, truncated form), T24A-FOXO1 (T24A mutation) and S256A-FOXO1 

(S253D mutation) adenoviruses have been described before (Altomonte et al., 2003; Nakae 

et al., 2001a; Qiang et al., 2010). AAV8.TBG.PI.eGFP.WPRE.bGH and 

AAV8.TBG.PI.Cre.rBG were purchased from Penn Vector Core.

To prepare constructs used to generate transiently transfected cells for the HEK293s reporter 

gene assays, four copies of a 21-bp insulin-responsive element identical to that of human 

IGFBP-1 (GCAAAACAAACTTATTTTGAA) were inserted into the pGL4.26-luc2/minP/

hygro vector (Promega) containing firefly luciferase cDNA, building the luciferase reporter 

construct pGL4.26-4xIRE-luc2. In parallel, full-length cDNA of human and mouse FOXO1, 

human FOXA2 or human FOXO3 were inserted into the mammalian expression vector 

pIRESneo3 (Clontech Laboratories) to generate the human and mouse pIRESneo3-FOXO1 

vector, the pIRESneo3-FOXA2 vector, and the pIRESneo3-FoxO3 vector respectively. 

Endotoxin-free plasmid preparations were made and the sequence of all constructs 

confirmed (GeneArt).

mRNA Studies—We isolated RNA with RNeasy mini-kit (Qiagen) from frozen liver 

(~30mg) or from hepatocytes treated as above (~5×105 cells) and 1 ug of RNA was reverse-

transcribed using the GoScript reverse transcription system (Promega) following 

manufacturer’s instructions. cDNAs were diluted (1:10 for in vivo studies, 1:5 for in vitro 
studies), and qPCR was performed using GoTaq® qPCR Master Mix (Promega). Primer 

sequences are available upon request. Gene expression levels were normalized to TATA-

binding protein (TBP) using the 2−ΔΔCt method and are presented as relative transcript 

levels. For RNA profiling, adult L-Foxo1,3,4 and littermate control mice were fasted for 22 

hours and then chow for 4 hours. RNA was prepared with Trizol and RNeasy (Qiagen). 

Three samples per group were analyzed using GeneChip Mouse Exon arrays (Affymetrix) 

and Partek Genomics Suite software.

Protein analysis—For protein extraction, hepatocytes treated as above (~5×105 cells) 

were washed twice with ice-cold PBS and lysed in ice-cold lysis buffer (20 mM Tris-HCl 

(pH=7.4), 150 mM NaCl, 10% glycerol, 2% NP-40, 1 mM EDTA, 20 mM NaF, 30 mM 

Na4P2O7, 0.2% SDS, 0.5% sodium deoxycholate) supplemented with Protease/Phosphatase 

Inhibitor Cocktail (1X, Cell Signaling) and centrifugated for 30min (14,000rpm). For co-

immunoprecipitation, hepatocytes (~5×106 cells) were washed twice with ice-cold PBS and 

lysed in in light ice-cold lysis buffer (20 mM Tris–HCl (pH 7.4), 10 mM KCl, 10 mM 

MgCl2, 1 mM EDTA, 10% glycerol, 1% NP-40, 20 mM NaF) supplemented with Protease/

Phosphatase Inhibitor Cocktail (1X, Cell Signaling). Lysate was sonicated for 1min40 (5X, 

output 70%, 20sec/20sec) and NaCl has been added to a final concentration of 420mM. The 

second lysate was sonicated for 1min40 (5X, output 70%, 20sec/20sec) and centrifugated for 
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30min (14,000rpm). Protein concentration was assessed by Pierce BCA protein assay 

(Thermo scientific) and 1mg was used for IP. Primary antibody has been added to lysis 

buffer and rock overnight. Next morning, Protein A Agarose Beads (Cell Signaling, #9863) 

were used to immunoprecipitate the complexes. The Ag-Ab complex was eluted from the 

beads by heating samples in SDS-loading buffer. For Western Blotting, 15ug of proteins 

extraction or the elution obtained from IP were loaded per well. Densitometric analysis was 

performed using ImageJ software (National Institutes of Health). Co-immunoprecipitations 

were repeated at least three times.

Chromatin Immunoprecipitation Assays—We isolated intact chromatin from primary 

hepatocytes (~5×106 cells) by using ChIP-IT Express Kit (Active Motif) following the 

manufacturer’s instructions; cells were sonicated using the 550 Sonic Dismembrator (Fisher 

Scientific). Chromatin immunoprecipitation was followed by qPCR using using GoTaq® 

qPCR Master Mix (Promega). Multiple overlapping pairs of primers were designed using 

Primer3 to cover hepatic Gck promoter from −1447 to +52 from the start point. P5, P20, P21 

and P22 sequences were as follow: P5 (forward) 5′-ATCCGCTCCGTTTGTCTCT-3′ and 

(reverse) 5′-ATCTCCTGGGCAAGTCACAG-3′ (−1187 to −1040); P20 (forward) 5′-

GAAGGGGGCATGTGAGTG-3′ and (reverse) 5′-AAAGAACCACGTGGGATCAG-3′ 
(−219 to −77); P21 (forward) 5′-GTGTTCAGAGAACATGGTAGCC-3′ and (reverse) 5′-

TCTGAGAGGTGGCTCCTAAAA-3′ (−154 to −9); P22 (forward) 5′-

ATCCCACGTGGTTCTTTGTC-3′ and (reverse) 5′-ACTGTCTGGCTGAGTGTTGC-3′ 
(−93 to +52). Other primer sequences are available upon request. Fold enrichment was 

calculated by a modified ΔC(t) method and normalized to DNA immunoprecipitated with 

negative IgG control (Sigma) antibody according to the formula (Δ(C(t)IP – C(t)input)100.

Luciferase Assays in primary hepatocytes—We transfected primary hepatocytes 

with a luciferase construct containing the hepatic Gck promoter sequence (−1470 to +28) 

(1μg/5×105 cells), as well as with plasmids encoding FOXO1, Δ19-FOXO1, SID2-Foxo1, 

RFP (in variant combination, 0.5μg total/5×105 cells) and pRL vectors (3ng/5×105 cells), 

using Lipofectamine 2000 (Invitrogen) as described above. Forty hours after the transfection 

of plasmids, hepatocytes were lysed and luciferase assay was performed using the Dual 

Luciferase Reporter Assay System (Promega) following the manufacturer’s instructions and 

assayed using an Orion L Microplate Luminometer (Berthold).

In vitro metabolic assay—For glucose production assay, serum-free medium was 

replaced with glucose production medium (glucose-free and phenol red–free DMEM 

supplemented with 1% BSA, 3.3 g/L NaHCO3, 20 mmol/L calcium lactate, and 2 mmol/L 

sodium pyruvate, antobiotics). Cells were incubated with dex + 8-CPT-cAMP, dex + 8-CPT-

cAMP + insulin, or vehicle for 6 h. Glucose released into the culture medium was measured 

via peroxidase-glucose oxidase assay (Sigma) and normalized to protein content. For de 
novo lipogenesis assay, following overnight incubation in Medium 199 supplemented with 

0.25% fatty acid-free BSA (Fisher), we replaced the medium with insulin- (10 nM) or 

vehicle-containing serum-free medium. After 2 hr, cells were washed twice with PBS and 

radiolabeling was carried out in Medium 199 + 0.25% fatty acid-free BSA containing 0.6 

μCi/ml [1,2-14C]acetic acid (PerkinElmer Life Sciences) with or without insulin (10nM) 
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over 3 h. Lipids were extracted using 3:2 hexane:isopropyl alcohol, dried in scintillation 

vials under N2 gas, and resuspended in 2:1 chloroform:methanol. Radiocarbon labeling of 

resuspended lipids was determined by liquid scintillation counting (PerkinElmer) and 

normalized to total cellular protein content. For the glycolysis assay, we detected 

extracellular L-lactate using the Cayman’s Glycolysis Cell-Based Assay Kit following the 

manufacturer’s instructions. For the glycolysis assay, we used Glycogen assay kit from 

Abcam (ab65620) following the manufacturer’s instructions.

In vivo Time course—Male, 9-week old C57BL/6J mice were purchased from Jackson 

labs. Feeding was synchronized by removing food during daytime (10:00–18:00 hours) and 

then food was replaced at 18:00. Mice were euthanized at time 0 (20:00) as well as 1, 2, 4, 6, 

12, 18, and 24 hours of fasting. For refed mice, food was replaced at 18:00 and mice were 

sacrificed 15 minutes later, as well as 1, 2, 4, 6, 12, 18, and 24 hours after refeeding. 5 mice 

were analyzed per time point. Lights were off from 18:00–8:00. Liver RNA was extracted 

using Trizol, cDNA was synthesized with qScript (Quanta), and quantitative PCR was 

performed using goTaq (Promega). Primer sequences are available upon request. Gene 

expression levels were normalized to m36B4 or 18S using the 2−ΔΔCt method and are 

presented as relative transcript levels.

In vivo metabolic studies—Only male mice aged 9–15 weeks were studied, except in 

developemental studies (from 2-day-old to 40-day-old), where pups of both genders were 

used. We performed glucose and pyruvate tolerance tests after a 16-h (6 p.m. to 10 a.m.) fast 

using intraperitoneal injection of 2 g per kg body weight glucose. Blood glucose 

measurements were made from tail vein blood using OneTouch glucose monitor (One Touch 

Ultra, Bayer). Prior to sacrifice, mice were overnight fasted for 13 h, from 1900 to 0800 h. 

Mice to be refed were then given ad libitum access to chow from 0800 to 1200 h. Insulin 

levels were measured by ELISA (#10-1247-01, Mercodia); triglyceride (Infinity, #TR22421, 

ThermoFisher), total cholesterol (Cholesterol E, #439-17501, Wako Pure chemicals), ketone 

bodies (Total Ketone Bodies, #415-73301, #411-73401, Wako Pure chemicals), nonesterified 

fatty acids (HR Series NEFA-HR(2), #999-34691, #995-34791, #991-34891, #993-35191, 

Wako Pure chemicals), and total bile acid (STA-631, Cell Biolabs) by colorimetric assays. 

Blood chemistry analysis was performed by the Institute of Comparative Medicine 

(Columbia University).

Liver analyses—We used paraffin-embedded sections for Hematoxylin and eosin (H&E), 

Periodic acid–Schiff (PAS) and Trichrome staining. To measure hepatic lipid content, 

hepatic lipids were extracted from ~100 mg snap-frozen tissue samples using the method of 

Folch (Folch et al., 1957). TG and cholesterol contents were assayed colorimetrically and 

normalized to sample weight. To measure hepatic glycogen content, we homogenized frozen 

liver in 6% (vol/vol) perchloric acid, adjusted to pH 6–7 with KOH, then incubated it with 1 

mg ml−1 amyloglucosidase (Sigma) in 0.2 M acetate (pH 4.8) and quantified glucose 

released (glycogen breakdown value minus PCA value), as described (Haeusler et al., 2014).

High throughput screen using FOXO reporter gene assays—Compound plates for 

the high-throughput screen were prepared using an Echo 525 Acoustic liquid handler 
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(Labcyte) to dispense 100nl compound or DMSO from Echo-compatible 384-well source 

plates (Labcyte P5525) to luminescence-compatible 384-well plates (Greiner 481080).

To test compounds in the reporter gene assay, cryopreserved transfected cells were thawed 

and diluted in low-glucose (1 g/l) DMEM (Invitrogen 11880-028) supplemented with 

GlutaMax (Invitrogen 35050-038), non-essential amino acids (Invitrogen 11140-035), 25 

mM HEPES (Invitrogen 15630-056), 1% charcoal/dextran-treated FBS (Nordic Biolabs 

SH30068). A Multidrop Combi liquid handler (ThermoFisher Scientific) was used to 

dispense 16,000 cells transfected with hFoxo1+IRE-luc2-reporter constructs into each well 

of the compound plates. After 24 h incubation at 37°C and 5% CO2, the plates were 

transferred to room temperature for 30 min, and 10 μl Steady-Glo (Promega) was added 

using the Multidrop Combi liquid handler. Following another 30 min incubation at room 

temperature, the luminescence signal was measured using an EnVision® multilabel system 

(PerkinElmer Life Sciences) equipped with an ultra-sensitive luminescence filter.

Compound-mediated cell toxicity was determined in hFOXO1/pGL4.26-IRE_luc2-

expressing cells using Alamar Blue (Invitrogen DAL1100). Briefly, the cells were revived 

and seeded as in the reporter gene assay. After 20 hours exposure to compound, a 

background measurement was performed in an EnVision® multilabel system (PerkinElmer 

Life Sciences), followed by incubation for 4 hours with Alamar Blue prior to a 2nd 

measurement.

In the high-throughput screen, we tested 1 million compounds at 10 μM for their inhibitory 

effect on FOXO1, using a 0.5 μM solution of 3-chloro-N-ethyl-4-(5-isoquinolyloxymethyl)-

N-methyl-benzamide (AZ4337) as the control compound and the reporter gene assay 

protocol described above. Based on a robust z-score (Malo et al., 2006), cut-off of ≤3.0, 

1.4% of the compounds inhibited FOXO1-mediated reporter gene expression. After 

computational analysis for diversity, 6,000 compounds were pursued for potency 

determination in FOXO1 and FOXA2 reporter gene assays (testing 10 concentrations from 

50 μM to 1.6 nM, using the reporter gene assay protocol described above with the exception 

that 25,000 FOXA2-expressing cells were seeded per well). The170 hits with at least 10-fold 

selectivity of FOXO1 over FOXA2 and a few control compounds with lower selectivity were 

further characterized for cell toxicity in an Alamar Blue assay using a 10 μM solution of 

(Z)-4-(1-methyltetrazol-5-yl)sulfanylbut-3-en-2-one (AZ7514) as the control compound, and 

for potency against human FOXO3 and mouse FOXO1 using reporter gene assays and 0.5 

μM AZ4337 as control compound, following the reporter gene assay protocol described 

above (seeding 16,000 cells/well). For potency and cell toxicity, the percent effect was 

calculated using the GeneData Screener software as follows: 100 * [(X-DMSO)/(DMSO-

Min)], where: X is the raw signal (CPS) for the well; Min is the median raw signal (CPS) 

obtained from the inhibitor control wells (0.5 μM AZ4337 for potency, 10μM AZ7514 for 

cell toxicity) on the same plate; DMSO is the median raw signal (CPS) obtained from the 

neutral control wells (0.5% DMSO) on the same plate.

Characterization of FOXO inhibitors—All compounds were from the AstraZeneca 

compound collection. They were characterized by 1H NMR spectroscopy and high-

resolution masspectrometry of solid material from the collection inventory. 1H NMR spectra 
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were recorded at 300 or 400 MHz. Chemical shifts (ppm) were determined relative to 

internal solvent (1H, δ 2.50 ppm; DMSO-d6). Analytical HPLC/MS was conducted on a 

QTOF mass spectrometer using a UV detector monitoring either at (a) 210 nm with a BEH 

C18 column (2.1mm × 100 mm, 1.7 μm, 0.7 mL/min flow rate), using a gradient of 2% v/v 

CH3CN in H2O (ammonium carbonate buffer, pH 10) to 98% v/v CH3CN in H2O, or at (b) 

230 nm with an HSS C18 column (2.1 × 100 mm, 1.8 μm, 0.7 mL/min flow rate), using a 

gradient of 2% v/v CH3CN in H2O (ammonium formate buffer, pH 3) to 98% v/v CH3CN in 

H2O. All tested compounds were determined to be ≥95% pure using the analytical method 

(a) or (b) described above based on the peak area percentage. High-resolution mass spectra 

were carried out using high-resolution electrospray ionization mass spectrometry 

(HRESIMS) where the spectrometer was linked together with an Aquity®UPLC system. 

High resolution MS and 1H NMR data are presented below for each compound (Figure 

S7C).

Compound 1: 1H NMR (400 MHz, DMSO-d6, ppm): δ 6.78 (broad s, 2H), 3.69 (m, 4H), 

2.88 (m, 2H), 2.67 (m, 2H), 1.95 (2H, m), 1.63 (2H, m), 1.54 (4H, m). HRESIMS: calcd for 

C12H18N4[M + H]+, 219.1609; found 219.1612

Compound 2: 1H NMR (400 MHz, DMSO-d6, ppm): δ 8.86 (dd, J=1.5, J=4.4, 1H), 8.62 

(dd, J=1.5, J=8.4, 1H), 8.24 (d, J=2.5, 1H), 7.92 (d, J=2.5, 1H), 7.73 (dd, J=4.4, J=8.4, 1H), 

7.17 (s, 2H). HRESIMS: calcd for C9H7N7[M + H]+, 214.0841; found 214.0831

Compound 3: 1H NMR (400 MHz, DMSO-d6, ppm): δ 8.82 (s, 2H), 7.89 (d, J=7.8 Hz, 

2H), 7.79 (d, J=7.8 Hz, 2H), 7.48 (broad s, 1H), 3.80 (m, 4H), 3.43 (m, 4H), 2.43 (broad s, 

3H), 1.43 (s, 9H). HRESIMS: calcd for C20H27N5O4S[M + H]+, 434.1862; found 434.1866.

Compound 4: 1H NMR (400 MHz, DMSO-d6, ppm): δ 9.65 (broad s, 1H), 8.33 (s, 1H), 

8.17 (m, 2H), 7.69 (d, J=9.0 Hz, 1H), 7.53 (d, J=8.0 Hz, 2H), 7.39 (m, 1H), 7.36 (d, J=8.0 

Hz, 2H), 7.01 (broad s, 1H), 6.44 (broad s, 1H), 4.67 (broad s, 2H.). HRESIMS: calcd for 

C19H14F3N5O[M + H]+, 386.1229; found 386.1218

Compound 5: 1H NMR (400 MHz, DMSO-d6, ppm) δ 9.64 (s, 1H), 8.82 (m, 1H), 8.73 (m, 

2H), 8.41 (d, J=6.3 Hz, 1H), 8.36 (d, J=8.3 Hz, 1H), 8.26 (m, 1H), 8.08 (d, J=6.5 Hz, 1H), 

7.91 (s, 2H), 7.86 (m, 1H), 7.76 (d, J=7.9 Hz, 1H), 7.71 (m, 1H), 5.60 (s, 2H), 3.68 (m, 2H), 

3.17 (m, 2H). HRESIMS: calcd for C24H19Cl2N3O2[M+H]+, 452.0932; found 452.0943

Compound 6: 1H NMR (400 MHz, DMSO-d6, ppm): δ 8.73 (broad s, 1H), 8.60 (broad s, 

1H), 7.92 (m, 1H), 7.65 (s, 1H), 7.22 (m, 1H), 7.17 (m, 1H), 6.98 (m, 1H), 6.92 (m, 1H), 

6.34 (m, 1H), 3.39 (m, 2H), 3.29 (m, 2H). HRESIMS: calcd for C14H13ClF3N5O[M + H]+, 

360.0839; found 360.0836.

Compound 7: 1H NMR (400 MHz, DMSO-d6, ppm) δ 8.30 (s, 1H), 8.13 (d, J=8.3 Hz, 1H), 

8.03 (s, 1H), 7.66 (d, J=8.9 Hz, 1H), 7.54 (broad s, 1H), 7.39 (d, J=8.0 Hz, 1H), 7.23 (m, 

1H), 7.14 (m, 1H), 6.95 (m, 1H), 6.64 (d, J=8.9 Hz, 1H), 3.35 (m, 2H), 3.30 (m, 2H). 

HRESIMS: calcd for C15H14ClF3N4O[M + H]+, 359.0886; found 359.0889.
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Compound 8: 1H NMR (300 MHz, DMSO-d6, ppm): δ 11.69 (s, 1H), 8.16 (d, J = 5.10 Hz, 

1H), 7.06 (s, 1H), 7.04 (s, 1H), 6.87 (d, J = 5.10 Hz, 1H), 6.77 (broad s, 1H), 3.37 (m, 2H), 

3.34 (s, 3H), 2.87 (m, 2H). HRESIMS: calcd for C12H13N5O[M + H]+, 244.1198; found 

244.1190.

Compound 9: 1H NMR (400 MHz, DMSO-d6, ppm): δ 13.57 (br s, 1H), 11.15 (broad s, 

1H), 8.16 (d, J = 2.2 Hz, 1H), 8.08 (dd, J = 2.2, 8.7 Hz, 1H), 7.63 (m, 2H), 7.31 (m, 3H), 

3.96 (s, 3H). HRESIMS: calcd for C18H14ClN5O2[M + H]+, 368.0914; found 368.0912.

Compound 10: 1H NMR (400 MHz, DMSO): δ 12.94 (broad, 1H), 10.81 (broad, 1H), 

8.05-7.88 (m, 2H), 7.70-7.45 (m, 2H), 7.30-6.93 (m, 5H), 3.32 - 3.26 (m, 4H, on the slope of 

DMSO-d5), 2.90 (m, 1H), 2.47 - 2.41 (m, 4H), 2.22 (s, 3H). HRESIMS: calcd for 

C22H23N7O[M + H]+, 402.2042; found 402.2057.

Compound 11: 1H NMR (400 MHz, CDCl3): δ 8.38 (d, J=6.5 Hz, 1H), 7.86 (m, 1H), 

7.46(m, 1H), 7.39 (s, 1H), 7.23 (m, 1H), 7.19 (s, 1H), 6.98 (d, J=6.5 Hz, 1H), 5.57 (m, 1H), 

4.02-3.76 (m, 5H), 3.65-3.37 (m, 2H), 2.60 (s, 3H), 2.14 - 2.03 (m, 1H), 1.93 - 1.61 (m, 2H), 

1.55 (d, J=9.6 Hz, 6H). HRESIMS: calcd for C23H27ClN6O2[M + H]+, 455.1962; found 

455.1948.

Compound 12: 1H NMR (400 MHz, DMSO, 24°C): δ 10.04 (s, 1H), 8.50 (d, J = 5.2 Hz, 

1H), 7.97 (d, J = 9.0 Hz, 2H), 7.80 (d, J = 9.0 Hz, 2H), 7.49 (s, 1H), 7.20 (d, J = 5.2 Hz, 1H), 

5.65 - 5.72 (m, 1H), 4.51 (t, J = 5.4 Hz, 1H), 3.69 (t, J = 6.0 Hz, 2H), 3.53 (t, J = 6.0 Hz, 

2H), 3.29 - 3.37 (m, 4H), 2.55 (s, 3H), 1.50 (d, J = 6.8 Hz, 6H). HRESIMS: calcd for 

C21H27N5O4S[M + H]+, 446.1862; found 446.1849.

Compound 13: 1H NMR (400 MHz, DMSO): δ 10.51 (broad s, 1H), 8.41 (s, 1H), 8.20 (d, J 
= 4.8 Hz, 1H), 8.10 (m, 1H), 7.72 (d, J = 4.8 Hz, 1H), 7.48 (m, 1H), 7.38 (m, 1H), 6.62 (m, 

1H), 4.02 (s, 3H). HRESIMS: calcd for C13H11N3O2[M + H]+, 242.0929; found 242.0926.

Quantification and Statistical Analysis

Statistical analyses were performed by use of Prism 5.0 software (Graph Pad). We calculate 

p values for unpaired comparisons between two groups by two-tailed Student’s t-test. One-

way ANOVA followed by Tukey’s multiple comparisons test (compare all pairs of columns) 

was used for comparisons between three or more groups. Two-way ANOVA followed by 

Bonferroni post-tests was used to examine the influence of two different variables. We used 

the customary threshold of p < 0.05 to declare statistical significance. * means p<0.05, ** 

p<0.01, and *** p<0.001. All results are presented as mean ± SEM. Sample size and 

statistical details can be found in the figures and legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Discovery of SIN3a as the FOXO corepressor of hepatic glucokinase

• SIN3a regulates hepatic insulin sensitivity

• Co-repressor clearance as a novel mechanism of gene induction by insulin

• Selective targeting of the activator and repressor functions of FOXO1
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Figure 1. Insulin induction of Gck requires glucocorticoid-stimulated FOXO1 expression
A–D, Gck expression in primary hepatocytes after 7h treatment with vehicle or insulin (A, 

n=9 from 3 mice), cAMP and/or insulin (B, n=8 from 3 mice), dexamethasone (dex), cAMP 

and/or insulin (C, n=9 from 3 mice), and in dex or dex/insulin (D, n=8 from 2 mice). E–F, 
Time-course of Gck expression in primary hepatocytes treated with vehicle, cAMP/dex, or 

cAMP/dex/insulin for the indicated times (E, n=4 from 1 mouse; h=hours), and 6h 

cAMP/dex followed by insulin (F, n=6 from 2 mice, min=minutes). G. Gck expression in 

primary hepatocytes from WT (n=12 from 4 mice) vs. L-Foxo1 (n=12 from 4 mice) mice 

after 7h treatment with vehicle, cAMP/dex, or cAMP/dex/insulin. Data are means ± s.e.m. 

*P<0.05, **P<0.01, ***P<0.001 compared to control conditions. See also Figure S1, S2, S3.
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Figure 2. Insulin removes FOXO1 inhibition on Gck promoter
A–B, Gck expression in L-Foxo1 primary hepatocytes transfected with plasmids (A, n=8 

from 2 mice) or adenoviruses (B, n=4–7 from 2 mice) encoding WT and mutant FOXO1 in 

the presence or absence of insulin. ADA-FOXO1 = phosphorylation-defective FOXO1 at 

T24, S253 and S316; KR-FOXO1 = acetylation-defective FOXO1; T24A-FOXO1 = 

phosphorylation-defective FOXO1 at T24; S253A = phosphorylation-defective FOXO1 at 

S253) C, Gck expression in primary hepatocytes isolated from WT (n=7 from 2 mice) vs. 
KR/KR (n=8 from 2 mice) mice after 7h treatment with vehicle, cAMP/dex, or cAMP/dex/

insulin. D, Rat Gck promoter activity in insulin-treated primary hepatocytes transfected with 

control (CTL) and FOXO1 plasmids (n=6 from 2 mice). E–F, FOXO1 ChIP-qPCR in 

primary hepatocytes treated with cAMP/dex on Gck promoter (−1545 to +52) using 

overlapping primer sets (E, n=3), and on P5 (−1187 to −1040) and P22 (−93 to +52) 

following treatment with cAMP/dex or cAMP/dex/insulin (F, N=7 and 6, respectively). G. 
Gck expression in L-Foxo1 primary hepatocytes transfected with WT-FOXO1- and DBD-

FOXO1- (DNA binding deficient) expressing adenoviruses in the presence or absence of 
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insulin (n=4 from 1 mouse). Data are means ± s.e.m. *P<0.05, **P<0.01, ***P<0.001 

compared to control conditions (in panel B and G, * or # are used to compare, respectively, 

solid and empty bars to each other). See also Figure S4.
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Figure 3. FOXO1 interacts with SIN3A through its NH2-terminus
A, Gck expression in L-Foxo1 primary hepatocytes transfected with WT-FOXO1 and Δ256-

FOXO1 (AA1-256) adenoviruses in the presence or absence of insulin (n=4 from 1 mouse). 

B, Gck expression in WT primary hepatocytes transfected with FOXO1 and Δ19-FOXO1 

(without AA126-144) plasmids in the presence or absence of insulin (n=8 from 2 mice). C, 

Schematic representation of SIN3A interacting domain (SID) locations and mutations of the 

FOXO1 N-terminal domain. D, Gck expression in WT primary hepatocytes transfected with 

FOXO1 and SID mutant FOXO1 plasmids (n=8 from 3 mice). E, Co-immunoprecipitation 

of SIN3A and FOXO1 in primary hepatocytes. F, SIN3A ChIP-qPCR on P5 (−1187 to 

−1040), P20 (−219 to −77), P21 (−154 to −9) and P22 (−93 to +52) in primary hepatocytes 

treated with cAMP/dex or cAMP/dex/insulin (n=6). Data are means ± s.e.m. *P<0.05, 

**P<0.01, ***P<0.001 compared to control conditions. See also Figure S4.
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Figure 4. SIN3A regulates hepatic lipid and glucose metabolism
A–B, Effect of FOXO1 expression on Gck expression in WT primary hepatocytes co-

transfected with SIN3A and control (CTL) plasmids (A, n=8 from 2 mice), or Sin3a siRNA 

and control siRNA (siCTL) (B, n=8 from 2 mice). C–D, Glucose production (c, n=8 from 2 

mice) and de novo lipogenesis (D, n=9 from 3 mice) in primary hepatocytes transfected with 

SIN3A plasmid. E, Histone 3 acetylation on Gck promoter in WT primary hepatocytes 

treated with cAMP/dex or cAMP/dex/insulin (n=4). F–G, Gck expression in WT primary 

hepatocytes transduced with FOXO1 and KR-FOXO1 adenoviruses in the presence or 

absence of trichostatin A (TSA) (F, n=8 from 2 mice), or transfected with FOXO1 plasmid 

and treated with TMP269 or TC-H106 (G, n=6 from 2 mice). Data are means ± s.e.m. 

*P<0.05, **P<0.01, ***P<0.001 compared to control conditions (in panel A, B, C, D and G, 

* or # are used to compare, respectively, solid and empty bars to each other). See also Figure 

S5.
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Figure 5. Impaired hepatic development and metabolism in L-Sin3a/b−/− mice
A–B, Time course of glycemia (A) and body weight (B) in WT, heterozygous, L-Sin3a, L-
Sin3b and L-Sin3a/b mice (n=5–9). C–E, Weight (C), fat mass (D), and lean mass (E) of 

adult male WT and L-Sin3a/b mice on chow diet (n = 11/10). F, Glucose levels in ad 

libitum-fed (n=32/22), overnight-fasted (n=32/22), 30min- (n=20/11) and 4h-refed 

(n=20/11) WT and L-Sin3a/b mice. G–H, GTT (G) and PTT (H) carried out after an 

overnight fast in WT (n=7 for GTT, 8 for PTT) and L-Sin3a/b mice (n=7 for GTT, 8 for 

PTT). I, Liver weight in 12h-fasted (n=12/11) and 4h-refed (n=20/11) WT and L-Sin3a/b 
mice. J, Liver H&E trichrome and PAS staining in WT and L-Sin3a/b mice (arrowhead = 

fibrotic tissue; asterisk = necrosis). Data are means ± s.e.m. *P<0.05, **P<0.01, ***P<0.001 

compared to control conditions. Scale bar = 100 μm. See also Figure S5 and Table S1.
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Figure 6. Impaired Gck regulation in iL-Sin3a/b−/− mice
A, Glucose levels in ad libitum-fed (n=15/16 each genotype), overnight-fasted (n=15/16), or 

30min- (n=9/9) and 4h-refed (n=9/9) iWT and iL-Sin3a/b mice. B–C, Glucose (GTT) (B) 

and pyruvate tolerance tests (PTT) (C) carried out after an overnight fast in WT (before 

virus injection, n=13 for GTT, 14 for PTT), iWT (n=6 for GTT, 7 for PTT) and iL-Sin3a/b 
mice (n=7 for GTT and PTT). D–E, Hepatic triglyceride (D) and cholesterol (E) content in 

12h-fasted (n=6/7) and 4h-refed (n=9/9) iWT and iL-Sin3a/b mice. f, Hepatic glycogen 

content in 12h-fasted (n=5/5) and 4h-refed (n=5/5) iWT and iL-Sin3a/b mice. g–i, Hepatic 

Gck (G), G6pc (H) and Pck1 (I) expression in 12h-fasted (n=8/8) and 4h-refed (n=9/9) iWT 

and iL-Sin3a/b mice. J–K, Glucose production (J, n=7 from 2 mice) and de novo 
lipogenesis (K, n=5 from 2 mice) in iWT and iL-Sin3a/b primary hepatocytes. Data are 

means ± s.e.m. *P<0.05, **P<0.01, ***P<0.001 compared to control conditions (in panel H, 
I, J and K, * or # are used to compare, respectively, solid and empty bars to each other). See 

also Figure S6 and Table S2.
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Figure 7. Effect of small molecule FOXO inhibitors on G6pc and Gck expression
A–D, G6pc (A–B) and Gck (C–D) expression in primary hepatocytes treated for 7h with 

vehicle, cAMP/dex, or cAMP/dex/insulin in the presence or absence of FOXO inhibitors 

(Cpd). Cpd 1–7 were applied to a final concentration of 50μM; Cpd 8–13 at 10μM. (A,C, 

n=3 from 1 mouse; B,D, n=4 from 1 mouse). E–F, Glucose production (E, n=4 for # 8, 13, 

n=8 for DMSO and # 9, from 2 mice) and de novo lipogenesis (F, n=3 for DMSO, # 8, 13, 

n=6 for # 9, from 2 mice) in WT primary hepatocytes in the presence or absence of FOXO 

inhibitors # 8, 9 and 13. G, FOXO1 ChIP-qPCR on Gck (P22 = −93 to +52) and G6pc 
promoter (−230 to −31) in primary hepatocytes treated with cAMP/dex in the presence or 

absence of FOXO1 inhibtors (n=5). H, SIN3A ChIP-qPCR on Gck (P22 = −93 to +52) in 

primary hepatocytes treated with cAMP/dex in the presence or absence of FOXO1 inhibtors 

(n=5). Data are means ± s.e.m. In panel A–D: a = P<0.05 compared to vehicle. b = P<0.05 
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compared to cAMP/dex. c = P<0.05 compared to DMSO in cAMP/Dex condition. d = 

P<0.05 compared to DMSO in cAMP/Dex/Insulin condition. In panel F–G: *P<0.05, 

**P<0.01, ***P<0.001 compared to control conditions (in panel E–F, # is used to compare 

empty bars to each other). See also Figure S7 and Table S3–4.
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