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The macrophage-mediated inflammatory response is a key

etiologic component of obesity-related tissue inflammation

and insulin resistance. The transcriptional factor FoxO1 is

a key regulator of cell metabolism, cell cycle and cell

death. Its activity is tightly regulated by the phosphoinosi-

tide-3-kinase-AKT (PI3K-Akt) pathway, which leads to

phosphorylation, cytoplasmic retention and inactivation

of FoxO1. Here, we show that FoxO1 promotes inflamma-

tion by enhancing Tlr4-mediated signalling in mature

macrophages. By means of chromatin immunoprecipita-

tion (ChIP) combined with massively parallel sequencing

(ChIP-Seq), we show that FoxO1 binds to multiple enhan-

cer-like elements within the Tlr4 gene itself, as well

as to sites in a number of Tlr4 signalling pathway genes.

While FoxO1 potentiates Tlr4 signalling, activation of the

latter induces AKT and subsequently inactivates FoxO1,

establishing a self-limiting mechanism of inflammation.

Given the central role of macrophage Tlr4 in transducing

extrinsic proinflammatory signals, the novel functions for

FoxO1 in macrophages as a transcriptional regulator of the

Tlr4 gene and its inflammatory pathway, highlights

FoxO1 as a key molecular adaptor integrating inflamma-

tory responses in the context of obesity and insulin

resistance.
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Introduction

It is well established that chronic activation of proinflamma-

tory pathways within insulin target cells can lead to insulin

resistance. Recent studies, including those from our group,

have further suggested that macrophages are the most pro-

minent immune cells underlying the proinflammatory tissue

response associated with obesity and type 2 diabetes mellitus

(Patsouris et al, 2008; Schenk et al, 2008). In both humans

and rodents, adipose tissue macrophages (ATMs) accumulate

in adipose tissue (AT) with increasing body weight, and

ATMs are a significant contributor to inflammation and

insulin resistance in obesity (Kanda et al, 2006; Weisberg

et al, 2006; Nomiyama et al, 2007; de Luca and Olefsky,

2008).

The search for proinflammatory signalling cascades

activated in obesity and insulin resistance has recently

focused on the Toll-like receptors (TLRs), a group of pattern

recognition receptors that activate host defenses in response

to microbial-derived ligands. These receptors are exemplified

by Tlr4, which is activated by Gram-negative bacteria lipo-

polysaccharide (LPS) (Chow et al, 1999). Tlr4 may also

function as a sensor for saturated fatty acids (SFAs), which

are increased in obesity (Lee et al, 2001, 2003; Fessler et al,

2009). After binding ligands, TLRs use a downstream cascade

of signalling molecules, including adaptor proteins, such as

myeloid differentiation factor 88 (MyD88), and Toll/IL-1

receptor domain-containing adaptor inducing IFN-b (TRIF),

that ultimately regulate the activities of signal-dependent

transcription factors, such as NFkB and interferon regulatory

factor 3 (IRF3). These in turn induce the transcription of

genes that encode cytokines, chemokines, and other effectors

of the innate immune response. Dietary SFAs have been

implicated in promoting the metabolic syndrome and athero-

sclerosis. While still under debate (Erridge and Samani,

2009), several independent laboratories have demonstrated

that SFAs can activate Tlr4 (Fessler et al, 2009). SFAs-

mediated activation of inflammation is prevented in macro-

phages and adipocytes that are deficient in Tlr2, Tlr4 or

Tlr2/Tlr4 (Shi et al, 2006; Kim et al, 2007; Nguyen et al,

2007). Our recent study further indicated that Tlr4 signalling

in haematopoietic-derived cells is essential for the develop-

ment of hepatic and AT insulin resistance in obese mice

(Saberi et al, 2009).

FoxO1, also known as FKHR, together with two other

mammalian isoforms (FoxO3 and FoxO4), constitute the

FoxO subfamily of the forkhead transcription factor family,

a large array of transcription factors characterized by the

presence of a conserved 110-amino acid winged helix

DNA-binding domain (DBD) (Kops and Burgering, 1999).

FoxO subfamily members have important functions in a

wide range of cellular processes, such as DNA repair, cell

cycle control, stress resistance, apoptosis and metabolism

(Nakae et al, 2000; Barthel et al, 2005; Furukawa-Hibi et al,

2005). Phosphatidylinositol-3-kinase (PI3K)/Akt signalling,

which is activated by insulin and certain cytokines and

growth factors, phosphorylates each of the FoxO proteins

at three different Ser/Thr residues (Nakae et al, 2000).

The phosphorylated FoxO proteins are exported from the

nucleus, and become sequestered in the cytoplasm, where
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they interact with 14-3-3 protein. FoxO1 is the most abundant

FoxO isoform in insulin-responsive tissues including liver,

fat and pancreas, and is negatively regulated by the insulin-

induced PI3K-Akt signalling cascade. Impaired insulin signal-

ling to FoxO1 is one mechanism for the metabolic abnorm-

alities of type 2 diabetes.

FoxO1 has been shown to suppress adipogenesis at an

early phase of the adipocyte differentiation program (Nakae

et al, 2003). In addition, we and others have demonstrated

that FoxO1 has important functions in mature adipose cells/

tissue as well (Dowell et al, 2003; Fan et al, 2009; Kim et al,

2009). FoxO1 haploinsufficient mice are partially protected

from high fat diet-induced insulin resistance and diabetes

(Nakae et al, 2003; Kim et al, 2009). Moreover, we have

proposed a potential mechanism to explain this effect by

showing FoxO1-mediated transrepression of adipocyte PPARg
via direct protein–protein interactions (Fan et al, 2009; Kim

et al, 2009).

Several recent studies have proposed a role for FoxO1 in

hematopoietic and immune cells (Fabre et al, 2005; Arden,

2007; Tothova et al, 2007). For example, FoxO1 has been

reported to stimulate expression of the proinflammatory

cytokine IL-1b in macrophages (Su et al, 2009). FoxO1

has also been shown to regulate apoptosis in dendritic cells

(Riol-Blanco et al, 2009).

In the present study, we applied the technique of chroma-

tin immunoprecipitation (ChIP) combined with massively

parallel sequencing (ChIP-Seq), and show that FoxO1 regu-

lates the inflammatory response of mature macrophages

by directly transactivating Tlr4 gene expression. While

FoxO1 potentiates Tlr4 signalling, activation of the latter

induces AKT phosphorylation and subsequently inactivates

FoxO1, establishing a self-limiting mechanism of inflamma-

tion. These findings, coupled with our previous discovery of

FoxO1 as an insulin-regulatable PPARg transrepressor in

mature adipocytes (Fan et al, 2009), suggest cell type specific

functions of FoxO1 in macrophages and adipocytes that

integrate the physiological effects of insulin and inflamma-

tory signalling pathways within AT.

Results

FoxO1 enhances Tlr4 signalling in macrophages

Chronic inflammation, characterized by increased macro-

phage infiltration and activation in AT, is an important

mechanism underlying insulin resistance associated with

obesity and diabetes (Schenk et al, 2008; de Luca and

Olefsky, 2008; Olefsky and Glass, 2010). The monocyte/

macrophage RAW264.7 cell line provides a convenient

model to study macrophage function. We found that ectopic

expression of constitutively active (CA) FoxO1 in RAW264.7

cells potentiates the effect of the Tlr4-specific ligand LPS to

induce phosphorylation of NFkB (p65) and JNK1/2

(Figure 1A, quantitated in Figure 1B). This phenomenon

was confirmed in elicited mouse peritoneal macrophages

(Supplementary Figure S1A). We then introduced luciferase

reporters, driven by either an NFkB response element (NFkB-

Luc) or the native iNOS promoter (iNOS-luc) into RAW264.7

cells. Our results show that LPS-induced activation of

these promoters was potentiated by wild-type (WT) FoxO1

and even more so by CA FoxO1, but not by the transactiva-

tionally incompetent DBD FoxO1 mutant (Figure 1C and D),

demonstrating that the transactivational activity of FoxO1 is

required for the proinflammatory effect of FoxO1. FFAs can

also signal through Tlr4, and Figure 2G shows that FoxO1

potentiates FFA-induced iNOS promoter activity in RAW264.7

macrophages. Next, we depleted FoxO1 by transducing

RAW264.7 cells with a lentivirus encoding shRNA against

FoxO1 gene. This led to an B90% knockdown of endogenous

FoxO1m (Supplementary Figure S2), and attenuated LPS-

stimulated NFkB and JNK1/2 activation (Figure 1E), as well

as iNOS expression (Figure 1F).

The LPS-induced increase in endogenous mRNA expres-

sion of inflammatory genes, such as iNOS, was also enhanced

by WT and CA FoxO1 in RAW264.7 cells, and Figure 2A–D

show the dynamic changes in several of these mRNAs in the

presence or absence of CA-FoxO1 expression. Of note,

expression of CA-FoxO1 exerted gene-specific effects on Tlr4

target genes, in some cases primarily affecting the magnitude

of response (e.g. iNOS, Cxcl10), and in other cases affecting

both the magnitude and duration of response (e.g. IL-1b and

IL-6). FoxO1 therefore differentially modulates Tlr4 signal-

ling. The FoxO1 enhancement of LPS-induced expression of

various inflammatory genes in RAW 264.7 cells was also

quantitated by ArrayPlate mRNA Assay (Supplementary

Figure S1B). Figure 2E (iNOS) and F (TNFa) show that

CA-FoxO1 produced comparable effects in elicited primary

peritoneal macrophages.

LPS-induced inflammatory responses and glucose

tolerance are reduced in FoxO1 haploinsufficient mice

As an initial step to determine how our in vitro findings in

Figures 1 and 2 translate to the in vivo setting, we studied

primary bone marrow-derived macrophages (BMDMs) before

and after stimulation with the Tlr4 ligand, LPS. As homo-

zygous FoxO1 deletion is lethal, we prepared BMDMs from

WT and FoxO1 haploinsufficient mice. As shown in Figure

3A–C, LPS-induced mRNA expression of TNFa (Figure 3A),

IL-6 (Figure 3B) and IL-1b (Figure 3C) were all attenuated in

primary macrophages from FoxO1þ /� mice. LPS-induced

phosphorylation of JNK and p65 were also decreased in the

FoxO1þ /� cells (Supplementary Figure S3).

To further examine the role of FoxO1 in Tlr4-mediated

inflammatory responses and insulin resistance in vivo,

we administered a non-lethal dose of LPS (1 mg/kg, i.p.) to

stimulate inflammatory pathways in FoxO1þ /� and WT

mice. Three hours after LPS injection, we measured circulat-

ing TNFa and IL-6 (Figure 3D and E), and both were lower in

FoxO1þ /� mice compared with WT mice. As LPS-induced

acute inflammation leads to glucose intolerance (Arkan et al,

2005), we also performed glucose tolerance tests (GTTs),

starting 1 h post-LPS injection. As shown in Figure 3F, LPS

administration led to augmented hyperglycemia in WT mice,

as indicated by a significantly elevated blood glucose level at

150. In contrast, this LPS effect was not observed in FoxO1þ /�
mice, demonstrating a blunted response to the LPS challenge.

Taken together, these data indicate that endogenous FoxO1 is

required for full LPS-mediated Tlr4 proinflammatory signal-

ling in vivo. As induction of inflammatory cytokines from

myeloid cells is the mechanism for acute LPS-induced glucose

intolerance (Arkan et al, 2005), and expression of cytokines

such as TNFa, as well as the LPS receptor Tlr4, is mostly from

macrophages in both AT (Weisberg et al, 2003; Oh et al, 2010)

and liver (Supplementary Figure S4), we infer that protection
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from the LPS-induced glucose intolerance in FoxO1þ /�
mice is macrophage related.

FoxO1 and PPARc transrepression

Recent evidence indicates that the anti-inflammatory effects

of TZDs contribute to the insulin-sensitizing properties of this

class of drugs (Ghisletti et al, 2007; Hevener et al, 2007).

Ligand stimulation of the PPARg nuclear receptor attenuates

macrophage Tlr4 signalling by a transrepressional mechan-

ism in which Tlr4-induced NFkB activity is blocked

by PPARg-mediated stabilization of NcoR on promoters of

inflammatory pathway genes (Pascual et al, 2005; Ghisletti

et al, 2007). Given that FoxO1 interferes with the transactiva-

tional function of PPARg in adipocytes (Fan et al, 2009),

it was important to determine whether the transrepressive

properties of PPARg are also inhibited by FoxO1, as this could

be an alternative mechanism by which FoxO1 enhances

macrophage Tlr4 signalling. In RAW264.7 cells co-transfected

with an iNOS-Luc reporter and pcDNA-PPARg, Rosiglitazone

pretreatment inhibited LPS-induced promoter activity by

27% (Supplementary Figure S5A). As expected, LPS-induced

iNOS promoter activity was enhanced by WT FoxO1, and

repressed by Rosiglitazone. Importantly, FoxO1 did not in-

hibit the ability of Rosiglitazone to repress the iNOS promoter

(Supplementary Figure S5A). Additionally, the FoxO1-DBD

mutant (Supplementary Figure S5B), which is trans-

activationally inactive, but competent at binding to and

transrepressing PPARg (Fan et al, 2009), did not affect
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Figure 1 FoxO1 enhances Tlr4 signalling in macrophages. (A) RAW264.7 cells were infected with either Ad-GFP or Ad-FoxO1-CA at 100 MOI.
After 48 h, cells were exposed to 100 ng/ml LPS for 30 min and then lysed for immunoblotting with the indicated antibodies. (B) Relative
amount of phosphorylated versus total protein levels for P65 and JNK were quantitated by NIH-Image J; and the results are shown as
average±s.d. (C, D) RAW264.7 cells were co-transfected with FoxO1-WT, FoxO1-CA or DBD mutant FoxO1 plasmid vectors together with
NFkB-Luc (C) or iNOS-Luc (D), and then exposed to 100 ng/ml LPS or PBS control for 6 h before luciferase assay. (E) RAW264.7 cells were
stably transduced with lentivirus encoding shRNA against luciferase (control) or FoxO1, then exposed to 100 ng/ml LPS for 15 and 30 min, and
subsequently lysed for immunoblotting assays with indicated antibodies. (F) RAW264.7 cells were stably transduced with lentivirus encoding
shRNA against luciferase or FoxO1 and then exposed to 100 ng/ml LPS for 6 h. iNOS mRNA expressions levels were assayed by real-time PCR.
Data are presented as the average±s.d. Letters above the bars show statistical groups (ANOVA, Po0.05).
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Rosiglitazone-induced suppression of the iNOS promoter.

These data indicate that antagonism of PPARg transrepres-

sion does not account for proinflammatory effect of FoxO1 in

macrophages.

Mechanism of FoxO1-mediated inflammation: global

assessment of FoxO1 DNA-binding sites

To investigate the mechanisms of FoxO1 potentiation of Tlr4

signalling, we implemented and validated a biotin-tagging

approach that enabled ChIP coupled to massively parallel

sequencing (ChIP-Seq) (Supplementary Figures S6–S9).

To provide sufficient enrichment required for ChIP-Seq,

FoxO1 was fused at the N-terminus to the biotin ligase

recognition peptide (BLRP) to facilitate biotinylation by the

Escherichia coli biotin ligase BirA (Supplementary Figures S6

and S8). Tagging with BLRP did not alter FoxO1 transactiva-

tion or transrepression function (Supplementary Figure S7).

RAW264.7 cell lines that expressed both BLRP-FoxO1 and

BirA (‘double stable’ clones) were established, and stable

clones that expressed BLRP-FoxO1 at equivalent levels to the

endogenous protein were selected (Supplementary Figure

S9A). Cells were first subjected to overnight serum starvation

and then to formaldehyde crosslinking. Chromatin was then

fragmented and subjected to high affinity purification on

Streptavidin magnetic beads. The bead complex was then

subjected to TEV proteolysis to release the tagged FoxO1

protein and DNA adducts from the matrix, leaving behind

any other biotinylated or non-specific proteins that were still

tethered to the beads (Supplementary Figure S9B). Q–PCR

was applied to confirm a high enrichment of known FoxO1

target gene sequences (p27 gene) over background

(Supplementary Figure S9C). The DNA was then amplified

and utilized to generate libraries for sequencing. Parallel

sequencing was performed using the Illumina Genome

Analyzer, and short reads (24 bp) were mapped to the

mouse reference genome. Identical reads were combined,

and peaks were defined using standard software packages

robust statistical cutoffs (Valouev et al, 2008). Secondary
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Figure 2 FoxO1 enhances Tlr4 target genes expression in macrophages. (A–D) RAW264.7 cells were infected with Ad-GFP or Ad-FoxO1-CA at
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analysis included computational motif discovery to identify

enriched sequence elements in genomic-binding sites (Ogawa

et al, 2005).

Figure 4A shows browser tracks from BirA cells (blank

control) and BirA–BLRP-FoxO1 ChIP-Seq peaks on chromo-

some 4, illustrating high signal-to-noise ratios. FoxO1-binding

location analysis revealed a large number of interaction sites.

A total of 14 255 putative-binding sites (peaks) were identi-

fied, including 44.81% in intronic regions, 47.60% in inter-

genic regions, 5.23% in promoter regions and 2.24% in exon

regions (Figure 4B). Figure 4C depicts the results of enriched

motif analysis of the FoxO1 sites using TRANSFAC and

JASPAR position weight matrices. The calculated DNA-bind-

ing motif (GTAAACAT/A) is very similar to published FoxO1

DNA-binding sequences ((A/C)(C/A)AAA(T/C)A).

Figure 4D shows a measure of evolutionary conservation

of global FoxO1-binding sequences in 17 vertebrates, includ-

ing mammalian, amphibian, bird and fish species, based on a

phylogenetic hidden Markov model, phastCons (Siepel et al,

2005). Conservation scores rise sharply when they approach

the centres of FoxO1-binding sites such that sequences in the

centres of FoxO1-binding sites are ultraconserved among

different vertebrate species.

Role of FoxO1 in Tlr4 signalling

The functional significance of DNA binding by FoxO1 was

then assessed by examining the genes located near FoxO1-

binding regions (peaks). For each FoxO1-binding peak, the

nearest gene was determined, as well as the distance from the

transcription start site (TSS) to the centre of the peak. Gene

Ontology analysis (using Kyoto Encyclopedia of Genes and

Genomes pathways (KEGG)) of the closest genes identified by

this approach revealed a total of 31 significantly enriched

pathways (Table I). Among these, TLR signalling was one

of the most-highly enriched pathways (P¼ 2.62E�08;

Bonferroni cut point: 8.47E�04, Table I). Figure 4E depicts

the occupancy of FoxO1 on genes in the KEGG TLR signalling

pathway. Genes have been coloured according to the

intensity (height) of the dominant FoxO1 peak on each

corresponding gene. Clearly, a number of genes in this path-

way are coordinately targeted by FoxO1.
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Figure 3 Effect of FoxO1 on Tlr4 signalling in vivo. (A–C) BMDMs derived from FoxO1þ /� or WT mice were overnight starved in 0.1%
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Tlr4 showed the most abundant FoxO1 signature and

as Tlr4 is obviously the most proximal component of this

signalling pathway, we focused our experiments on this gene.

Four FoxO1 peaks were identified either within or close to the

Tlr4 gene (Figure 5A). One was located in the promoter

region, another within the first intron, and two in the

Toll-like receptor signalling pathway 

TLR7/8 

TLR9 

TLR3 

Endosome

TLR1 

TLR2 

TLR6 

TLR2 

CD14 

TLR4 
MD2 

TLR5 

Peptidoglycan (G+)
Lipoprotein
Lipoarabinomannan
(mycobacteria)
Zymosan (yeast)   

LPS (G-)

Flagellin

ssRNA

CpG DNA

dsDNA

LBP 

Rac1 

Tollip

MyD88 

Tirap

TRAM 

MyD88 

Tirap

MyD88 

PI3K 

FADD 

TRIF 

IRAK4 

IRAK

MyD88 

AKT 

CASP8 

TRAF6 

TRAF3 

Apoptosis 

TAK1 

TAB1 

TRAF6 

Tpl2 

p105 

IRAK1 

MKK3/6 

NF�B

p38 

ERK 

JNK 

AP-1 

TNF�

IL-6 

IL-8 

CD80 

RANTES 

CD40 

IFN-�

TAB2 

RIP1 

IRAK4 

IKK�

TBK1 

IKK�

IKK�

IKK�

MKK4/7 

TRAF6 

OPN
IKK�

IRF3 

I�B�

IRF5 

IRF7 

IL-1�

IL-2 

CD86 

IFN-a 

MEK1/2 

DNA 

MIP-1�

MIP-1�

Inflammatory cytokines 

>80 40–79 20–39 5–19 <5 or no hit 

Percentage distribution of the total 14 255 peaks

Exon0.13

44.81 47.60

5.23 2.24

10000000chr4:

T
ag

s/
30

0
bp

50

50

4

7

20000000 30000000 40000000 50000000 60000000

Occupancy of FoxO1 on Chromosome 4

BirA-input

BLRP-FoxO1

70000000 80000000 90000000 100000000 110000000 120000000 130000000 140000000 150000000

Intergenic

Intronic

NA

Promoter

–4
00

0

A
ve

ra
ge

 p
ha

st
C

on
s

co
ns

er
va

tio
n 

sc
or

e 

0.06
0.08

0.1
0.12
0.14
0.16
0.18

–3
00

0

–2
00

0

–1
00

0 0
10

00
20

00
30

00
40

00

Distance from FoxO1 peak center (bp)

Calculated binding motif: 
B

D

A

E

C
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intergenic region distal to the 30 UTR. To validate these ChIP-

Seq peaks, FoxO1 enrichment was assayed by ChIP-qPCR

(quantitative PCR), and all four peaks were shown to be

positive (data not shown). As additional validation, ChIP-

qPCR was performed to quantify copy number of each peak

relative to input genomic DNA. As shown in Figure 5B,

DNA fragment abundance of the four binding sites was well

correlated with the height of each peak as revealed by ChIP-

Seq, whereas the control fragment (a non-related DNA

region) showed no enrichment.

We demonstrated further that the occupancy of FoxO1

on the Tlr4 gene is functional by showing that Tlr4

mRNA expression was upregulated by ectopic expression

of CA-FoxO1 in RAW264.7 cells (Figure 5C). Likewise,

siRNA-mediated knockdown of FoxO1 led to decreased

Tlr4 expression, indicating that endogenous levels of FoxO1

are necessary to maintain normal Tlr4 levels (Figure 5D).

To further determine the functional relevance of each of the

four individual FoxO1-binding sites, DNA fragments (around

500 bp) encompassing the centre of each FoxO1 peak were

generated by PCR amplification of genomic DNA, and were

cloned into pGL4-TATA (pGL4.10 containing a minimal

TATA box in the 50 region of the luciferase gene). Based on

their location in the Tlr4 gene, peak 1 was placed in the

50 promoter region of the TATA-luciferase cassette, and the

other three in the 30 region distal to the 30 UTR of the

luciferase gene (Figure 5E). The resultant four constructs,

along with an empty pGL4-TATA vector were transiently

transfected into RAW264.7 cells, and the effects of CA-

FoxO1 were then examined. The ability of CA-FoxO1 to

enhance luciferase expression for each construct is shown

in Figure 5E. As seen, binding sites 2 and 4 confer transcrip-

tional responsiveness to the TATA promoters, suggestive of

functional relevance. The results were replicated when the

DNA fragments for peak 2 and 4 were placed in the reverse

orientation (data not shown). In addition, the two binding

site constructs did not have response to transactivationally

incompetent DBD FoxO1 (data not shown). These results

suggest that these two sites are functional intronic/intergenic

transcriptional enhancers of FoxO1 gene.

We then determined whether upregulation of Tlr4 gene

expression accounts for the FoxO1 enhancement of LPS-

induced inflammatory signalling. To do this, we took advan-

tage of the fact that HEK293 cells do not express endogenous

Tlr4 and generated an artificial Tlr4 signalling cascade in

these cells by transfecting them with cDNAs for Tlr4 and two

co-factors, CD14 and MD2. The resulting HEK293TCM cells

demonstrated robust responses to LPS with a significant

induction of inflammatory gene expression, whereas

HEK293 cells were non-responsive to LPS (Supplementary

Table I The functional significance of DNA binding by FoxO1 was assessed by examining the genes located near FoxO1-binding regions
(peaks)

No. of
pathway

GO Term P-value Bonferroni
cut

point

No. of
genes

in term

No. of
target genes

in term

No. of
target
genes

No. of
total
genes

1 mmu:04010 MAPK signalling pathway 2.29E�14 3.55E�04 258 141 1634 5061
2 mmu:05220 Chronic myeloid leukaemia 1.87E�10 9.80E�04 75 51 1634 5061
3 mmu:04620 Toll-like receptor signalling pathway 2.62E�08 8.47E�04 100 59 1634 5061
4 mmu:05214 Glioma 8.03E�08 1.22E�03 63 41 1634 5061
5 mmu:04510 Focal adhesion 1.34E�07 5.26E�04 189 95 1634 5061
6 mmu:04210 Apoptosis 2.09E�07 1.00E�03 84 50 1634 5061
7 mmu:04662 B-cell receptor signalling pathway 5.77E�07 1.25E�03 64 40 1634 5061
8 mmu:05211 Renal cell carcinoma 4.66E�06 1.22E�03 70 41 1634 5061
9 mmu:04660 T-cell receptor signalling pathway 4.90E�06 9.80E�04 93 51 1634 5061

10 mmu:04370 VEGF signalling pathway 7.62E�06 1.22E�03 71 41 1634 5061
11 mmu:05222 Small cell lung cancer 8.54E�06 1.06E�03 85 47 1634 5061
12 mmu:04012 ErbB signalling pathway 8.54E�06 1.06E�03 85 47 1634 5061
13 mmu:05212 Pancreatic cancer 1.22E�05 1.22E�03 72 41 1634 5061
14 mmu:04670 Leukocyte transendothelial migration 1.41E�05 8.77E�04 110 57 1634 5061
15 mmu:04060 Cytokine–cytokine receptor interaction 1.99E�05 4.55E�04 246 110 1634 5061
16 mmu:05210 Colorectal cancer 2.26E�05 1.09E�03 85 46 1634 5061
17 mmu:04664 Fc epsilon RI signalling pathway 2.61E�05 1.19E�03 76 42 1634 5061
18 mmu:04630 Jak-STAT signalling pathway 3.97E�05 6.85E�04 153 73 1634 5061
19 mmu:05223 Non-small cell lung cancer 7.04E�05 1.61E�03 53 31 1634 5061
20 mmu:04115 p53 signalling pathway 0.00014 1.39E�03 66 36 1634 5061
21 mmu:05215 Prostate cancer 0.000145 1.09E�03 90 46 1634 5061
22 mmu:04912 GnRH signalling pathway 0.00015 1.04E�03 95 48 1634 5061
23 mmu:05221 Acute myeloid leukaemia 0.000159 1.56E�03 57 32 1634 5061
24 mmu:04810 Regulation of actin cytoskeleton 0.000252 5.56E�04 205 90 1634 5061
25 mmu:04910 Insulin signalling pathway 0.000291 7.94E�04 135 63 1634 5061
26 mmu:05218 Melanoma 0.000388 1.35E�03 71 37 1634 5061
27 mmu:04520 Adherens junction 0.000476 1.32E�03 74 38 1634 5061
28 mmu:00530 Aminosugars metabolism 0.000817 2.63E�03 31 19 1634 5061
29 mmu:04930 Type II diabetes mellitus 0.001015 2.00E�03 45 25 1634 5061
30 mmu:00640 Propanoate metabolism 0.001589 2.78E�03 30 18 1634 5061
31 mmu:04150 mTOR signalling pathway 0.001715 1.85E�03 51 27 1634 5061

For each FoxO1-binding peak, the nearest gene was determined, as well as the distance from the transcription start site to the centre of the peak.
Gene Ontology analysis (using Kyoto Encyclopedia of Genes and Genomes pathways (KEGG)) of the closest genes revealed a total of
31 significantly enriched pathways (Bonferroni cut point less than the P-value). Shown are Gene Ontology (GO) ID, term name, P-value,
Bonferroni cut point, number of target genes in term, number of total target genes, number of genes in term and number of total genes.
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Figure S10). Importantly, Tlr4 expression in HEK293TCM

cells was not enhanced by exogenous FoxO1 expression

(Figure 5F), as the Tlr4 cDNA was driven by the CMV

promoter, which does not contain a FoxO1 response element.

Finally, in this system, LPS stimulation of the NFkB-respon-

sive promoter (NFkB-luc) was not enhanced by CA-FoxO1

(Figure 5G), showing that FoxO1 is unable to enhance the

LPS-induced NFkB response pathway when Tlr4 gene expres-

sion is no longer regulated by FoxO1. It is possible that

upregulation of Tlr4 is not the exclusive mechanism for
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Figure 5 FoxO1 regulates Tlr4 gene transcription. (A) Localization of FoxO1-binding sites on the mouse Tlr4 gene. The three exons, two
introns, 30 UTR and TSS of the mouse Tlr4 gene on chromosome 4 are shown. The four FoxO1-occupaying sites (peaks) are indicated. The
height of each peak represents the number of tags per 300 bp of genomic DNA. The blank control (BirA cells track) is also shown. (B) Relative
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by real-time PCR. (C, D) Tlr4 mRNA expression in RAW264.7 cells transduced with either Ad-FoxO1-CA (C, 100 MOI� 48 h) or Lv-shRNA (D)
against FoxO1 was assayed by real-time PCR. (E) DNA fragments of each FoxO1 peak were cloned and put into the pGL4-TATA vector at the
indicated positions. FoxO1-CA was co-transfected with each of the four resultant constructs into RAW264.7 cells to assay luciferase induction as
a measure of transcriptional responsiveness. (F, G) An artificial Tlr4 signalling cascade was set up in HEK293 cells by co-expression of cDNAs
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peritoneal macrophages were infected with either Ad-GFP or Ad-FoxO1-CA at 100 MOI. After 48 h, cells were exposed to LPS (100 ng/ml), TNFa
(20 ng/ml), TPA (100 ng/ml) or PBS for 6 h. iNOS mRNA was quantitated. Data are presented as the average±s.d. Letters above the bars show
statistical groups (C–H) and asterisk (I) indicates statistical significant difference (ANOVA, Po0.05).
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FoxO1 modulation of Tlr4 action, as the KEGG analysis

revealed that FoxO1-binding sites were located on the DNA

of 58 genes downstream of Tlr signalling. Nevertheless, our

data demonstrate that direct upregulation of the Tlr4 receptor

is at least one major mechanism for FoxO1 potentiation

of LPS-mediated inflammation in macrophages.

Selective effect of FoxO1 on Tlr4 versus TNFa signalling

We next tested whether FoxO1 can potentiate TNFa-induced

proinflammatory signalling in macrophages. In either

RAW264.7 (Figure 5H) or HEK293TCM (data not shown)

cells, TNFa stimulation of the NFkB-responsive promoter

(NFkB-luc) was not enhanced by FoxO1. It should be clarified

that the use of NFkB-luc only assesses the impact of FoxO1 on

signalling, and not on the regulation of genes that may

contain FoxO1-binding sites in regulatory elements.

CA-FoxO1 also substantially enhanced LPS-induced

expression of iNOS (Figure 5I), IL-6 (Supplementary Figure

S11A) and MCP1 (Supplementary Figure S11C) in WT pri-

mary peritoneal macrophages, but CA-FoxO1 was without

effect on TNFa- or TPA-induced inflammatory gene expres-

sion. In contrast, in Tlr4 knockout (Tlr4�/�) peritoneal

macrophages, LPS was without effect (as expected) and

the CA-FoxO1 had no effect to enhance LPS-, TNFa- or

TPA-induced gene expressions (Figure 5J; Supplementary

Figure S11B and D).

Finally, gene ontology analysis of the ChIP-Seq data

indicated no enrichment of genes involved in TNFa signal-

ling. As Tlr4 and TNFa cascades converge and share a

significant number of common downstream effecter mole-

cules, the lack of effect of FoxO1 on TNFa stimulation

indicates that the locus of FoxO1 interaction is at an early

step in Tlr4 signalling, consistent with FoxO1 potentiation of

the Tlr4 inflammatory pathway through direct transactivation

of the Tlr4 gene.

Feedback regulation of Tlr4 signalling on FoxO1

AKT-mediated phosphorylation of FoxO1 leads to nuclear

exclusion, the key regulatory event controlling FoxO1 activ-

ity. We observed that FoxO1 was localized to the nucleus in

overnight-starved RAW264.7 cells (Figure 6A), whereas LPS

(Figure 6B) or FFA (Supplementary Figure S12A) treatment

induced nuclear export. This effect was AKT dependent,

as LPS or FFA treatments-induced AKT phosphorylation

(Figure 6E), whereas, co-treatment with a specific AKT

inhibitor (Logie et al, 2007) abolished the LPS (Figure 6C)

or FFA (Supplementary Figure S12A) effect. The actions of

LPS and FFA on AKT phosphorylation were coupled to FoxO1

phosphorylation (Figure 6E), and the effects of individual

FFAs are shown in Supplementary Figure S12B and C.

Furthermore, the AKT-resistant CA-FoxO1 remained in the

nucleus, even in the presence of LPS treatment (Figure 6D).

An identical pattern of FoxO1 subcellular localization was

observed in peritoneal macrophages (Supplementary Figure

S13). LPS-induced nuclear export of endogenous FoxO1 was

also verified by immunostaining studies in RAW264.7 cells

(Supplementary Figure S14). These results also show that

Tlr4 is essential for both LPS- and FFA-induced AKT activa-

tion in RAW264.7 cells, as siRNA knockdown of endogenous

Tlr4 largely eliminated the effects on AKT phosphorylation

(Figure 6F).

It is possible that activation of AKT leading to inactivation

of ‘proinflammatory’ FoxO1 could represent a self-limiting

feedback mechanism to prevent inappropriate long-term

overactivation of inflammatory responses. Consistent with

this idea, LPS treatment inhibited the enhancer activity

of three of the four FoxO1 elements identified in the Tlr4

gene (Figure 6G). LPS treatment also reduced Tlr4 mRNA

expression in RAW264.7 cells, and this reduction was

prevented by CA-FoxO1, which is non-phosphorylatable by

LPS stimulation of AKT (Figure 6H).

Anti-inflammatory effect of insulin

AKT1 is the exclusive isoform in macrophages (Supple-

mentary Figure S15A), as opposed to AKT2, which is the

dominant isoform in insulin target tissues, such as liver, AT

and skeletal muscle (Garofalo et al, 2003). LPS-induced AKT

phosphorylation was enhanced by CA-FoxO1 in macrophages

(Supplementary Figure S15B), consistent with the finding

that FoxO1 enhances Tlr4 signalling. As the Tlr4-AKT1-

FoxO1 cascade represents a self-limiting mechanism for

Tlr4 inflammatory signalling in macrophages, non-Tlr4-

mediated activation of AKT should also attenuate Tlr4 in-

flammatory responses. Insulin is an important AKT activator

in many tissues, and we therefore, determined whether a

functional insulin signalling system exists in macrophages.

As shown in Supplementary Figure S16A, phosphorylation of

IRS1, IR and AKT were induced by insulin in serum-starved

RAW264.7 macrophages. These insulin effects were asso-

ciated with attenuated LPS responses, as shown by blunted

LPS-induced inflammatory cytokine expression in cells

pretreated with insulin (Supplementary Figure S16B–E).

To assess whether FoxO1 is involved in the anti-inflammatory

effect of insulin, BMDMs were prepared from FoxO1þ /�
and WT mice. Supplementary Figure S17A shows that pre-

treatment of BMDMs with insulin led to decreased IKK,

and JNK activation by LPS in WT macrophages. Whereas,

this effect was blurred in FoxO1þ /� cells. These effects on

Tlr4 signalling translated to inflammatory gene expression

patterns. Thus, insulin pretreatment inhibited LPS-mediated

expression of TNFa, IL-6, MCP1 and iNOS, whereas FoxO1

haploinsufficiency attenuated the effect of insulin

(Supplementary Figure S17B–E).

We also observed that in ATMs from lean mice, endogen-

ous FoxO1 is predominantly located in nuclei, whereas in

ATMs from HFD/obese mice, endogenous FoxO1 is predomi-

nantly cytoplasmic (Supplementary Figure S18A and B).

Interestingly, we have shown in previous studies that com-

pared with lean mice, FoxO1 accumulates in nuclei of obese

adipocytes due to impaired insulin action in these cells.

Consistent with the current results showing that nuclear

FoxO1 upregulates Tlr4, we now show that Tlr4 mRNA levels

are higher in adipocytes from HFD compared with lean mice

(Supplementary Figure S18C).

Discussion

Chronic low-grade tissue inflammation is recognized as a

necessary contributor to insulin resistance associated with

obesity and diabetes. In obese states, macrophages are

recruited to AT where they secrete proinflammatory cyto-

kines, which can induce insulin resistance in neighbouring

adipocytes via paracrine effects (Schenk et al, 2008).
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Although FoxO1 proteins have been shown to have pivotal

functions in the transcriptional cascades that control meta-

bolism in liver, muscle, pancreas, brain and ATs (Nakae et al,

2002; Kamei et al, 2004; Fan et al, 2009; Kim et al, 2009),

FoxO1 has not yet been shown to regulate macrophage

function. In this paper, we demonstrate that FoxO1 promotes

inflammatory signalling in macrophages and have used ChIP-

Seq and other approaches to demonstrate that FoxO1 directly

transactivates the Tlr4 gene.

The FoxO1 forkhead transcription factor serves as a critical

negative regulator of insulin action. Insulin resistance in

insulin-responsive tissues, such as liver, adipose and muscle,

results in impaired phosphorylation and increased nuclear

accumulation of FoxO1 (Nakae et al, 2008; Fan et al, 2009).

In the present study, we used both gain- and loss-of-function

approaches in RAW264.7 macrophages, thioglycolate-elicited

peritoneal primary macrophages and BMDMs, to show that

nuclear FoxO1 promotes inflammation in these cell types.

In cultured macrophages, FoxO1 potentiates Tlr4 signalling,

with increased LPS-induced phosphorylation of the Tlr4

downstream signalling proteins (JNK and NFkB), as well as

increased gene expression of major inflammatory effector

molecules, such as iNOS and TNFa. A functional DBD of

FoxO1 is critical to this enhanced inflammatory response,

demonstrating that the transactivational activity of FoxO1 is

responsible for enhanced Tlr4 signalling. Furthermore, stu-

dies in primary macrophages from FoxO1þ /� mice, as well

as in vivo measurements of inflammation and glucose toler-

ance in these animals, indicate that the role of FoxO1

in macrophages to regulate Tlr4 signalling translates to the

in vivo situation. Our recent report that FoxO1þ /� mice are

partially protected from HFD-induced insulin resistance are

also consistent with this concept (Kim et al, 2009).

The requirement of a functional DBD indicates that

the transactivational function of FoxO1 accounts for its

Tlr4-enhancing effect. We therefore used ChIP-Seq analysis

to identify genome-wide FoxO1-binding sites in macro-

phages. Consistent with ChIP-Seq studies of other transcrip-

tional factors (Robertson et al, 2007; Visel et al, 2009), the

majority of FoxO1-binding sites are located in either intronic

or intergenic regions (44.8 and 47.60%, respectively) on the

mouse genome, in contrast to only 5.23% of peaks that are

located near promoter regions. This finding implies that

FoxO1 might have distinct roles in both transcription initia-

tion and as an enhancer.

Ontology analysis of genes closest to each of the FoxO1-

binding sites showed that FoxO1 occupancy is significantly

enriched on genomic DNA of genes involved in Tlr signalling,

which ranked third by P-value in a total of 31 KEGG pathways

that were identified as being significantly enriched. In parti-

cular, ChIP-Seq revealed four functional FoxO1-binding sites

in the Tlr4 gene region. When cloned and assayed in vitro,

DNA segments of two of the four binding sites conferred

transcriptional responsiveness to an otherwise non-respon-

sive TATA promoter to FoxO1. Subsequent functional analysis

further confirmed Tlr4 as a direct target gene that is upregu-

lated by ectopic expression of FoxO1, and downregulated

by siRNA-mediated knockdown of FoxO1. We further demon-

strated that FoxO1-induced upregulation of Tlr4 expression is

necessary for this enhanced LPS-induced NFkB-responsive

promoter activity, as this effect was absent in cells where Tlr4

expression is no longer regulated by FoxO1. Finally, FoxO1

does not augment TNFa signalling, indicating a relatively

specific effect of FoxO1 on an early event in Tlr4 signalling.

Together, these data support a novel mechanism in which the

proinflammatory effects of FoxO1 in macrophages largely

result from direct transactivation of Tlr4.

Our study shows that FoxO1 can enhance Tlr4 stimulation

by SFAs. Interestingly, Tlr4 can function as a sensor for SFAs

(Lee et al, 2001, 2003; Nguyen et al, 2007; Fessler et al, 2009),

and the recent finding that CD36 can mediates Tlr4–6 hetero-

dimerization provides an interesting new mechanism by

which FFAs can activate Tlr4 signalling (Stewart et al, 2010).

Upregulation of Tlr4 is unlikely to be the exclusive me-

chanism for FoxO1 modulation of Tlr4 signalling. In addition

to the Tlr4 gene, our ChIP-Seq results suggest other modal-

ities whereby FoxO1 can regulate inflammatory gene expres-

sion. Thus, we have identified several other FoxO1 target

genes within the Tlr4 signalling cascade, including IL-1b,

Cxcl10, MIP1a, etc. For these genes, FoxO1 not only aug-

ments their responses to LPS by enhancing Tlr4 signalling,

but can also be a direct transcriptional enhancer.

We also performed a motif analysis of the FoxO1 cistrome,

which showed that FoxO1 DNA-binding sites were enri-

ched for PPAR (P¼ 1.167E�22) and Androgen receptor

(P¼ 3.497E�31) response elements, consistent with our pre-

vious findings that FoxO1 can form protein complexes with

PPARg (Fan et al, 2009) and AR (Fan et al, 2007). We also

found that response motifs for other transcriptional factors,

such as LXR, IRF and NFkB, were significantly enriched

across the FoxO1 cistrome (see Supplementary Table I),

suggesting potential interactions between FoxO1 and these

proteins.

While this manuscript was being prepared, an involve-

ment of FoxO protein in innate immune regulation has been

reported in Drosophila, where FoxO was shown to directly

induce anti-microbial peptides (AMPs), an important class of

immune effector molecules (Becker et al, 2010). This is fully

consistent with our present finding that FoxO1 enhances

innate immunity in mammalian macrophages by regulating

Tlr4 signalling.

Several post-translational modifications have been shown

to alter FoxO1 activity (Yamagata et al, 2008). However,

AKT-mediated phosphorylation of FoxO1 with subsequent

nuclear export and degradation represents its most important

functional regulatory mechanism. In RAW 264.7 macrophage

cells, Akt is phosphorylated on serine 473 after stimulation of

Tlr4 by LPS (Ojaniemi et al, 2003; Laird et al, 2009).

Consistent with these findings, we observed that LPS-induced

Tlr4 activation led to rapid phosphorylation and nuclear

export of FoxO1 in macrophages. These effects were appar-

ently dependent on AKT induction, as they were not seen

with AKT-resistant mutant FoxO1, or in cells treated with

an AKT inhibitor. Hence, while FoxO1 upregulates Tlr4-

mediated inflammatory signalling, the Tlr4-PI3K-AKT path-

way may in turn inactivate FoxO1 transactivation and limit

the inflammatory response. Further, a negative feedback role

for the PI3K-AKT pathway on Tlr4-mediated inflammation is

strongly supported by two recent genetic studies (Luyendyk

et al, 2008; Tsukamoto et al, 2008). Tlr4-mediated AKT

activation and subsequent inactivation of FoxO1 may

ultimately serve to avoid inappropriate overactivation of the

innate immune response (action model depicted in Figure 6I).

This is consistent with the downregulation of Tlr4 by LPS and
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with the time course studies (Figure 2) in which gene induc-

tion is extinguished at later time points, as well as the finding

that this tapering effect is attenuated for selected genes

(Figure 2A and C) in the presence of non-phosphorylatable

CA FoxO1. An additional anti-inflammatory mechanism may

involve mOTR (Schmitz et al, 2008; Weichhart et al, 2008). As

mTOR is activated by a Tlr4-PI3K-AKT cascade, and activated

mTOR can attenuate LPS responsiveness. These concepts led

us to explore the potential anti-inflammatory role of insulin

signalling to FoxO1 in macrophages. Interestingly, we find

that the canonical insulin signalling pathway is readily mea-

sured in macrophages. This causes Akt activation, where-

upon FoxO1 becomes phosphorylated and excluded from the

nucleus where it is inactive. These events are coupled to

insulin-mediated anti-inflammatory effects and our findings

reveal that FoxO1 has a key mechanistic function in these

anti-inflammatory actions of insulin.

Macrophages are a key cell type mediating chronic tissue

inflammation, hepatic steatosis and insulin resistance. In this

context, Tlr4 has emerged as a key transducing molecule,

sensing extrinsic stimuli and converting them to cellular

inflammatory responses. For example, depletion of Tlr4

from macrophages by adaptive transfer of Tlr4 KO bone

marrow into WT mice, preventing obesity-induced tissue

inflammation leading to amelioration of hepatic steatosis

and insulin resistance (Saberi et al, 2009). Our current results

highlight FoxO1 as a new transcriptional regulator of Tlr4 and

its proinflammatory pathway.

Materials and methods

Materials
Mouse monocyte/macrophage RAW264.7 cells were cultured in
Dulbecco’s modified Eagle’s medium (1 g/l glucose) supplemented
with 10% low endotoxin FBS (Hyclone, Logan, UT). HEK293 cells
and Rat-1 fibroblasts overexpressing WT human insulin receptors
(HIRc-B cells) were maintained as previously reported (Fan et al,
2009). Peritoneal macrophage cells were harvested from C57Bl/6
male mice 72 h after intraperitoneal administration of 3% thiogly-
collate broth (Difco). Cells were then seeded onto tissue culture
plates. After 2 h, non-adherent cells were removed by washing with
PBS. Adherent peritoneal macrophages were then cultured in RPMI
1640 medium containing 10% low endotoxin FBS, supplemented
with 2 mM L-glutamine (Invitrogen) and antibiotics (penicillinþ
streptomycin). Cells were cultured for 4 days before exposure to any
treatment.

Rosiglitazone was provided by Pfizer, Inc. (La Jolla, CA). LPS,
AKTi and free fatty acids (a cocktail FFA mixture and individual
FFA) were obtained from Sigma-Aldrich. The following items were
obtained commercially: insulin (Sigma-Aldrich); anti-FKHR (H128)
antibody (Santa Cruz Biotechnology, Santa Cruz, CA); anti-AKT
(sc-1618, gives two bands, Santa Cruz Biotechnology), anti-Tlr4
(sc-10741, Santa Cruz Biotechnology); anti-FoxO1 (C29H4) rabbit
mAb (Cell Signaling Technology); HA probe (153) (Santa Cruz
Biotechnology) monoclonal; anti-NFkB p65 and anti-phospho-
NFkB p65 (Ser536) antibodies, anti-SAPK/JNK and anti-phospho-
SAPK/JNK (Thr183/Tyr185) antibodies, anti-AKT (cat. No. 9272,
gives one band), anti-phospho-AMP kinase (Thr172) (cat. no.
2531), anti-AMP kinase (AMPK) (cat. no. 2532) antibodies, anti-
AKT1, anti-AKT2, anti-phospho-AKT (Ser473) antibodies and anti-
cleaved PARP antibody were from Cell Signaling Technology.

The firefly luciferase reporters, iNOS promoter reporter (iNOS-
Luc), NFkB response element reporter (NFkB-Luc), as well as
expression vectors for PPARg and expression vectors for FLAG-
FoxO1-WT, FLAG-FoxO1-CA (T24A, S253A and S316A) and FoxO1-
DBD-mutant, were described previously (Fan et al, 2005, 2007,
2009). Adenoviruses encoding WT or CA mutant were donated
by Dr Domenico Accili. Viral transductions were performed by

incubation of target cells (RAW264.7 and peritoneal macrophages)
at a multiplicity of infection (MOI) of 100 PFU/cell for 16 h.

Animals, GTT and primary macrophages
FoxO1 haploinsufficient mice on a C57BL/6J background, Tlr4KO
and WT C57BL/6J mice were maintained under specific pathogen-
free conditions. All animal experiments were performed humanely
under protocols approved by the University of California, San Diego
Animal Subjects Committee. A GTT was performed on mice that
were fasted for 7 h. At 6 h of fasting, the mice were injected
intraperitoneally with 1 mg/kg body weight of LPS. One hour later,
the GTT was initiated with i.p. injection of 1 g/kg body weight of
glucose. BMDMs were generated from FoxO1þ /� and WT mice
following established protocols (Nguyen et al, 2007).

Relative luciferase reporter assays and transfection
Relative luciferase reporter assays were performed as previously
described (Fan et al, 2007). Transfections were carried out using
either Lipofectamine 2000 (for HEK293 cells) or Lipofectamine LTX
(for RAW264.7 cells) (Invitrogen). Each transfection experiment
was independently repeated at least three times.

ChIP-sequencing assays
ChIP-Seq uses ChIP and massively parallel sequencing to identify
genome-wide protein–DNA associations. However, the availability
of adequate antibodies is a major limitation for providing the
enrichment required for identification of genomic-binding sites
using ChIP-Seq. We introduced a biotin-tagging system for rapid,
high affinity purification of FoxO1 in the ChIP-Seq assay. This
methodology (de Boer et al, 2003) is based on the ability of the E.
coli biotin ligase BirA to efficiently biotinylate a short 23 amino acid
BLRP fused to a protein of interest in eukaryotic cells. BLRP is a
highly effective substrate for BirA and is not represented in the
mouse genome. An expression vector was designed to place the
BLRP peptide at the amino terminus of FoxO1 and to include a
polyglycine spacer and TEV cleavage site (Supplementary Figure
S6). We confirmed that placing the BLRP tag at the N-terminus of
FoxO1 did not affect transcriptional function (both transactivation
and transrepression), as assayed by transient reporter gene
assays (Supplementary Figure S7A–C). We also confirmed that the
BLRP-FoxO1 fusion protein was sufficiently biotinylated upon
co-expression of BirA, and that biotinylation was not affected by
intracellular AKT activity (Supplementary Figure S8). The efficient
biotinylation enabled subsequent purification with streptavidin
matrices. The BLRP-FoxO1 vector was made puromycin resistant,
and then expressed in a RAW264.7 macrophage cell line that stably
expressed BirA (neomycin resistant). Stable cell lines expressing
both BirA and BLRP-tagged FoxO1 were selected in the presence of
puromycin and neomycin, and clones that expressed the tagged
protein at equivalent levels to the endogenous protein were selected
(Supplementary Figure S9A).

Cells grown under the described experimental conditions were
subjected to formaldehyde crosslinking. Chromatin was prepared,
fragmented into 200–300 bp fragments by sonication, and subjected
to high affinity purification on a streptavidin affinity matrix
(NanoLink Streptavidin Magnetic Beads, Solulink, San Diego,
CA). The matrix was subjected to TEV (AcTEV Protease, Invitrogen,
San Diego, CA) proteolysis to release the tagged protein and DNA
adducts, leaving any other biotinylated or non-specific proteins
bound to the matrix (Supplementary Figure S9B). Protein–DNA
crosslinks were reversed by heating, and the resulting DNA was
purified. Q-PCR was applied to confirm high enrichment of a known
FoxO1 target gene sequence (p27 gene) over background (an 11-fold
increase, Supplementary Figure S9C). The DNA was then amplified
to generate libraries for sequencing. Parallel sequencing was
performed using the Illumina Genome Analyzer and short reads
(24 bp) were mapped to the mouse reference genome. Identical
reads were subsequently combined, and peaks were defined using
standard software packages with robust statistical cutoffs (Valouev
et al, 2008). Secondary analyses included computational motif
discovery to identify enriched sequence elements in genomic-
binding sites (Ogawa et al, 2005).

RNA interference
The siRNA target sequence against mouse FoxO1 is indicated in
Supplementary Figure S2. An absence of homology to any other
gene was confirmed by a BLAST search (National Center for
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Biotechnology Information, National Institutes of Health). The
following siRNA sequence was used for against mouse Tlr4:
rUrUrGrGrArCrCrUrGrArGrGrArGrArArCrArArArATT. The siRNA
duplexes and a negative control (siRNA against luciferase gene)
were purchased from Dharmacon Research Inc. (Lafayette, CO).
RAW264.7 cells were electroporated with siRNA using the Gene
Pulser XCell (Bio-Rad Laboratories, Hercules, CA). Electroporated
cells were incubated for 48 h at 371C before assays.

Real-time PCR
Total RNA was isolated and purified from cells using RNeasy
columns and RNase-free DNase according to the manufacturer’s
instructions (Qiagen, Valencia, CA). First-strand cDNA was synthe-
sized using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA). The samples were run
in 20 ml reactions using an, MJ Research PTC-200 96-well thermo-
cycler coupled with the Chromo 4 Four-Color Real-Time System
(GMI, Inc., Ramsey, MN). Gene expression levels were calculated
after normalization to the standard housekeeping gene RPS3 using
the DDCT method as described previously (Fan et al, 2009), and
expressed as relative mRNA compared with control. Primer
information is available upon request.

Immunofluorescence
RAW264.7 or elicited peritoneal macrophage cells were cultured on
13 mm diameter glass coverslips and treated with PBS, LPS or
LPSþAKTi. Cells were then fixed in 4% paraformaldehyde,
permeabilized with 0.5% Triton-X100, and stained with HA-probe
antibodies against FoxO1. Secondary antibodies consisted of anti-
mouse AlexaFluor 594, anti-rabbit AlexaFluor 594 and anti-rabbit
AlexaFluor 488 (Invitrogen). Nuclei were visualized using DAPI
staining (Invitrogen). Images were captured using a microscope
(Nikon ECLIPSE TE2000-U, Nikon Microscope, San Diego, CA)

running RS Image Version 1.9.1. software. Image processing
was performed with Adobe Photoshop CS (Adobe Systems, San
Jose, CA).

Statistical analysis
Data were expressed as means±s.d. and evaluated by Student’s
two-tailed t-test or ANOVA, followed by post hoc comparisons with
Fisher’s protected least significant difference test. A P-value of 0.05
was used to determine significance.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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