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Abnormalities of lipid/lipoprotein and glucose metabolism are
hallmarks of hepatic insulin resistance in type 2 diabetes. The for-
mer antedate the latter, but the latter become progressively
refractory to treatment and contribute to therapeutic failures. It's
unclear whether the two processes share a common pathogenesis
and what underlies their progressive nature. In this study, we
investigated the hypothesis that genes in the lipid/lipoprotein
pathway and those in the glucose metabolic pathway are gov-
erned by different transcriptional regulatory logics that affect
their response to physiologic (fasting/refeeding) as well as patho-
physiologic cues (insulin resistance and hyperglycemia). To this
end, we obtained genomic and transcriptomic maps of the key
insulin-regulated transcription factor, FoxO1, and integrated them
with those of CREB, PPAR-a, and glucocorticoid receptor. We
found that glucose metabolic genes are primarily regulated by
promoter and intergenic enhancers in a fasting-dependent man-
ner, while lipid genes are regulated through fasting-dependent
intron enhancers and fasting-independent enhancerless introns.
Glucose genes also showed a remarkable transcriptional resiliency
(i.e., the ability to compensate following constitutive FoxO1 abla-
tion through an enrichment of active marks at shared PPAR-a/
FoxO1 regulatory elements). Unexpectedly, insulin resistance and
hyperglycemia were associated with a “spreading” of FoxO1 bind-
ing to enhancers and the emergence of unique target sites. We
surmise that this unusual pattern correlates with the progressively
intractable nature of hepatic insulin resistance. This transcriptional
logic provides an integrated model to interpret the combined lipid
and glucose abnormalities of type 2 diabetes.

diabetes | insulin sensitizers | drug failures | chromatin structure | animal
models of human disease

An impairment of the physiologic response to insulin, or
insulin resistance, remains the central cause of type 2 dia-
betes and, together with declining insulin secretory capacity, its
principal unmet treatment need (1). The pleiotropic nature of
insulin resistance poses a therapeutic challenge by having dif-
ferent effects on different organs and different biological conse-
quences within the same cell type, not to mention evidence of
genetic heterogeneity (2, 3). Nowhere is this challenge more
apparent than in the liver, a central organ in the pathogenesis
of two key abnormalities in diabetes: increased production of
atherogenic lipoproteins that increase the diabetic’s susceptibil-
ity to heart disease (1) and increased glucose production pre-
disposing to microvascular complications (4). In addition, the
progressive nature of the latter defect (5), together with declin-
ing B-cell function (6), likely underlies the therapeutic failure of
antidiabetic drugs (7). Among drugs directly targeting hepatic
glucose production, the diabetic pharmacopeia remains woe-
fully limited to metformin (8).

Understanding whether the two central defects of hepatic
insulin resistance harken back to a shared mechanism or arise
independently has obvious implications for the discovery of new
treatments (9). A useful conceptualization that has gained some
consensus separates insulin signaling into FoxO1-dependent and
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Srebplc-dependent branches. The former emanates from activa-
tion of Akt and allied kinases to regulate glucose metabolism,
and the latter is relayed through mTOR to supervise lipid syn-
thetic and turnover pathways (2). However, while the case for
FoxO1 regulation of specific genes is strong, its genome-wide
regulatory function in the broader context of the nutrient
response has only been marginally addressed (10, 11). There-
fore, the extent to which the lipid and glucose metabolic
branches of insulin signaling share a common regulatory net-
work remains unknown. Moreover, transcriptional networks are
integrated, redundant units with overlapping functions. During
fasting, as glucagon, catecholamine, and free fatty acids (FFA)
levels rise, a host of factors are activated to modulate glucose
and lipid mobilization. Besides FoxO, they include CREB,
PPARs, CEBPs, and nuclear receptors (12). To address these
questions, we undertook to generate a liver FoxO1 cistrome in
different physiologic and pathophysiologic states and compare it
with the CREB, PPAR-a, and glucocorticoid receptor cistromes.
By leveraging a new mouse model developed for genome-wide
interrogation of FoxO1 function (13), we discovered a FoxO1
transcriptional logic that provides insight into hepatic insulin
action and resistance.

Results

In Vivo Features of Hepatic Fox01 Translocation. There is a dearth
of primary data on the kinetics of hepatic FoxO1 localization in
response to hormones and nutrients in the living organism. To
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optimize conditions for genome-wide chromatin immunopre-
cipitation sequencing (ChIP-seq), we performed immunohisto-
chemistry in wild-type (WT) mice to determine the time and
dose dependence of FoxO1 nucleocytoplasmic translocation in
response to insulin. Insulin injection into the inferior vena cava
(IVC) triggered rapid FoxO1 translocation that reached a pla-
teau by 15 min (SI Appendix, Fig. S14), with a median effective
dose (EDsg) of 0.02 U/kg (plasma level 0.4 ng/mL) (SI
Appendix, Fig. S1B). In contrast, HNF4A remained nuclear
throughout (SI Appendix, Fig. S14). Thus, FoxO1 translocation
is rapid and sensitive to physiological levels of insulin.

Next, we investigated translocation in response to fasting and
refeeding. Following a physiologic 4-h fast, 1-h refeeding
induced FoxO1 translocation (Fig. 14). In contrast, a prolonged,
16-h fast resulted in decreased overall FoxO1 immunoreactivity.
Subsequent refeeding for up to 4 h failed to translocate residual
FoxO1 to the cytoplasm, while FoxO1l immunoreactivity
increased and HNF4A immunoreactivity decreased after 2-hr
refeeding (SI Appendix, Fig. S1C). The reduced protein levels
and delayed translocation are likely secondary to FoxOl
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deacetylation (14-16). FoxO1 localization correlated with plasma
glucose and insulin levels as well as liver Akt phosphorylation.
Thus, rapid nuclear exclusion in the 4-h-fast/1-h-refeed design
was associated with a modest rise of glucose and insulin levels
(81 Appendix, Fig. S1D) and increased Akt phosphorylation (S
Appendix, Fig. S1E), whereas persistent nuclear localization in
the 16-h fast/4-h refeed design was associated with hyperglyce-
mia, hyperinsulinemia (SI Appendix, Fig. S1D), and reduced Akt
phosphorylation (SI Appendix, Fig. S1E). Based on these find-
ings, we selected the 4-h fast and 1-h refeed time points to assess
the hepatic FoxO1 regulome.

Fox01 Regulome during Fasting and Refeeding. To study the
genome-wide regulation of FoxO1 with fasting and refeeding,
we interrogated genome occupancy by FoxO1l using an anti-
GFP antibody in FoxO1-Venus knockin mice (13) for ChIP to
overcome the limitations of anti-FoxO1 antibodies. As reported
(13), anti-FoxO1 antibodies detected the FoxO1-Venus fusion
protein encoded by the modified Foxol locus (SI Appendix, Fig.
S2 A and B). Comparison between the two antibodies at known
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FoxO1 target genes (Igfbpl, G6pc, and Pckl) confirmed the
specificity and superior sensitivity of the GFP antibody (S/
Appendix, Fig. S2C) (17). We next compared ChIP-qPCR and
ChIP-seq using GFP antibody in FoxO1-Venus mice in the
same conditions (SI Appendix, Fig. S2 D-H). Both approaches
demonstrated similar regulation of FoxO1 binding to Igfbpl,
Gopc, and Pckl but not to the unrelated Fkbp5. As the results
were internally consistent, we performed further analysis with
GFP antibody.

Genome-wide FoxO1 ChIP peak calling detected ~1.5 x 10*
peaks; ~8 x 10° peaks unique to fasting, ~10° to refeeding, and
5 x 10° found in both conditions but to different extents
(Fig. 1B). Greater than 30% of FoxOl sites localized to
promoters/transcription start sites (TSS) (Fig. 1C). Signal
intensity plots demonstrated that refeeding cleared FoxOl
binding to autosomes (Fig. 1D and SI Appendix, Fig. S3A4)
regardless of the distance from TSS (SI Appendix, Fig. S3B).
Known (SI Appendix, Fig. S3C) and de novo motif analyses
(Fig. 1E and SI Appendix, Fig. S4) retrieved the FoxO1 motif
TGTTTAC (13). This motif was found in 17 and 29.3% of
FoxOL1 sites in fasted and refed conditions, respectively. The
same motif was found in fasted and refed conditions (SI
Appendix, Fig. S3D) and was evenly distributed between 1 and
-5 Kb from TSS (SI Appendix, Fig. S3E) (18).

Next, we integrated ChIP-seq and RNA-sequencing (RNA-
seq) data into a hepatic FoxO1 regulome. To identify FoxO1-
regulated messenger RNAs (mRNAs), we induced somatic
ablation of FoxOl in liver by injecting Foxol” mice with
adeno-associated viruses (AAV)-Cre (A-FLKO) and docu-
mented its completeness and specificity by mRNA measure-
ments and Western blotting of different tissues (SI Appendix,
Fig. S3 F and G). After 3 wk, A-FLKO mice showed higher
insulin sensitivity of the fast-refeed response compared to con-
trols (S Appendix, Fig S5 A and B). When subjected to high-fat
diet (HFD) to induce insulin resistance, A-FLKO mice showed
higher insulin sensitivity as early as day 3 after initiation of the
diet (SI Appendix, Fig. S5 C and D). After 4 wk of HFD, we
confirmed a significant improvement of glucose tolerance,
higher insulin sensitivity, and lower gluconeogenesis in
A-FLKO mice compared to controls (SI Appendix, Fig. S5
E-G). For RNA-seq analysis, we isolated livers from 4-h—fasted
A-FLKO and control (A-WT) mice 3 wk after AAV injection.
We plotted the log, difference in DNA binding (FoxO1 ChIP-
seq peak number in fasted versus refed animals) versus the log,
difference in gene expression between A-WT and A-FLKO
mice (differentially expressed genes, DEGs). Thus, the effect of
genotype lies along the vertical axis and that of fasting along
the horizontal axis (Fig. 1F and Dataset S1).

Contingency analyses showed that genes regulated by FoxO1
in the fasted state had FoxO1 DNA binding sites at promoters/
TSS (183 of 198, or 92.4%), followed by introns (260 of 344,
75.6%) and intergenic sites (181 of 281, 64.4%), respectively
(P < 0.0001). These data provide initial, suggestive evidence of
a FoxOl1 transcriptional logic (i.e., genes regulated by FoxO1 in
a fasting-dependent manner have a greater frequency of FoxO1
sites in their promoter/TSS).

FoxO1 Regulates Metabolic Genes through Active Enhancers. In
addition to metabolism, FoxO1 regulates cellular maintenance
in a fasting-independent manner (19). We sought to understand
the transcriptional logic of these diverging functions. We
hypothesized that basic cellular functions are regulated through
core promoters (generally within 1 kb from TSS and associated
with housekeeping genes and developmental TFs) (20). Con-
versely, we surmised that metabolic genes are regulated
through tissue-specific enhancers (12, 21). To test the hypothe-
sis, we marked active enhancers by overlaying H3%*’* and
H3%4me! sjtes (22) in fasting and refeeding with FoxO1 sites (SI
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Appendix, Fig. S64). We categorized three types of sites:
“promoter enhancers” that mapped to promoter-TSS, “active
enhancers” in regions other than promoters, and
“enhancerless” regions.

Of 5,303 active enhancers colocalizing with FoxO1 sites
genome wide, 2,975 were unique to fasting, 1,022 to refeeding,
and 1,306 were found in both conditions (SI Appendix, Fig.
S6B). The majority of FoxOl1 sites mapped to active enhancers
and a minority to promoter enhancers (Fig. 24). The latter
were more responsive to fasting/refeeding, with 81.5% (564/
692) being cleared of FoxOl1 in response to refeeding, while
only ~60% of active enhancers were (59.6% in intergenic
regions, or 804/1348; and 67.9% in introns, or 1085/1597) (P <
0.0001).

Next, we interrogated differences between genes with FoxO1
sites in active enhancers versus promoter/TSS and visualized
them using directed acyclic graphs (DAG) (23). FoxOl1 sites in
active enhancers were overwhelmingly enriched in metabolic
genes, with the top three ontologies being glucose metabolism,
lipid homeostasis, and insulin response (false discovery rate
[FDR] 107 to =) (Fig. 2 B and C and SI Appendix, Fig.
S6C). These gene ontologies showed a strong correlation with
the fasting/refeeding ratio of FoxO1 DNA binding (Fig. 2 D
and E and SI Appendix, Fig. S6D) (b = 0.09, P < 0.0001). In
contrast, FoxOl1 sites in promoter/TSS included genes related
to intracellular transport, DNA repair, non-coding RNA
(ncRNA) processing, and protein degradation (Fig. 2 G and H
and SI Appendix, Fig. S6E) (FDR 1072° to ~**). These sites
showed a lesser correlation with the fasting/refeeding ratio of
FoxO1 binding (Fig. 2 I and J and SI Appendix, Fig. S6F) (b =
0.29, P < 0.0001). With regard to mRNA changes, metabolic
genes were profoundly altered following FoxO1 ablation (Fig.
2F), while genes lacking active enhancers were largely unaf-
fected by FoxOl1 ablation (Fig. 2K). As a control, the active
enhancer marker, H3%%7% was unaffected by fasting and
refeeding (b = 0.91, P < 0.0001) (SI Appendix, Fig. S6G). There
were no differences in the FoxOl motif associated with
enhancer versus enhancerless sites (SI Appendix, Fig. S7).

These results indicate that the cell maintenance and meta-
bolic functions of FoxO1 are ruled by distinct transcriptional
logics: the former are governed by core promoters indepen-
dently of fasting/refeeding, whereas the latter are governed by
active enhancers and show a strong dependence on nutritional
status (19).

Fox01 Regulates Triglyceride and Cholesterol Genes through
Introns. The second most common genomic annotation of
FoxO1 binding sites mapped to introns (Fig. 1C). The corre-
sponding genes showed changes to their mRNAs following
FoxO1 ablation, indicating that these sites are functionally rele-
vant (Fig. 1F and Dataset S1). Statistical analyses of annotation
distribution demonstrated that triglyceride metabolism genes
were significantly enriched in introns (5 to 50 kb and -50 to
-5 kb from TSS) (Fig. 34), while glucose metabolism genes
were enriched in intergenic and distal gene regions (50 to 500
kb from TSS and 5 to 50 kb regions) (Fig. 3 B and C) (P =
0.03). These differences were not the result of different length
of glucose versus triglyceride genes (SI Appendix, Fig. S8A).
Intron-enriched genes included nearly exclusively lipid, lipo-
proteins, and cholesterol genes (Fig. 3D). Nearly half of intron
sites were associated with active enhancers (Fig. 24). Next, we
analyzed the functional regulation of these sites: are they
modulated with fasting/refeeding, and do their mRNA change
following FoxO1 ablation? Linear regression analyses demon-
strated that FoxO1l binding to introns marked by active
enhancers was more sensitive to fasting/refeeding than enhan-
cerless introns (b = 0.19 versus 0.06) (SI Appendix, Fig. S8 B
and C) and that the encoded mRNAs were more likely to be
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altered following FoxO1 ablation. For example, ScarB1 (24)
(Fig. 3E), Angptl4, and Angptl8 (25) (Dataset S2) showed
fasting-induced binding to introns with active enhancers as well
as altered mRNA levels upon FoxOl1 ablation. In contrast, the
ApoB, ApoA1/C3/A4/A5, and C2/C4/C1/E clusters (26) showed
fasting-independent FoxO1 binding to introns and preserved
mRNA expression following FoxO1 ablation (Fig. 3 F and G
and Dataset S2).

The transcriptional logic of the FoxO1 regulome emerging
from these analyses suggests that a majority of glucose metabo-
lism genes are governed through active enhancers and respond
to fasting, whereas a majority of triglyceride, lipoprotein, and
cholesterol genes are ruled by two distinct transcriptional log-
ics: fasting-dependent active enhancers in introns and fasting-
independent enhancerless introns.

We hypothesized that this differential regulation underlies
hepatic insulin resistance. We tested the hypothesis using three
models: 1) the ability of these genes to undergo compensatory
changes in response to inactivation of FoxOl function as a
surrogate measure of insulin action (SI Appendix, Fig. S1), 2)
comparative genomic analyses with other fasting-induced TFs to
identify functional partners and redundancies, and 3) genome-
wide FoxO1 ChIP-seq in insulin-resistant/hyperglycemic mice.
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changes between WT and LFKQO)

repair, and protein modification as listed in
G and H. See also SI Appendix, Fig. S6.

g, (FDR of gene expression

Transcriptional Resiliency of Glucose Metabolic Genes. First, we
sought to determine whether different modalities of FoxO1 reg-
ulation (intergenic and promoter/TSS versus intron) were asso-
ciated with differential compensation by other TFs that may
affect the pathophysiology of insulin resistance. To this end, we
compared mRNA expression differences in a constitutive ver-
sus adult-onset somatic ablation of hepatic FoxO1 (27-29) and
correlated these differences with ChIP—seq data.

We generated Alb-Cre:FoxOF"" mice to induce constitutive
hepatic FoxO1 ablation (C-FLKO) and compared gene expres-
sion differences between adult-onset (A-FLKO, described in
Fig. 1) and constitutive (C-FLKO) knockouts according to
nutritional state (fast versus refeed), genotype (WT versus
FoxO1 ablation), and timing of ablation (A-FLKO versus C-
FLKO) (SI Appendix, Fig. S9). t-distributed stochastic neighbor
embedding (t-SNE) plots showed large differences in fasted
versus refed gene expression patterns between A-FLKO and
their matched controls (A-WT). In contrast, the differences
between C-FLKO and C-WT were considerably blunted (Fig.
44). We plotted fold-change and average gene expression in
each WT/knockout pair as log-intensity ratios (M-values) versus
averages (A-values). The number of differentially regulated
genes in fasted C-FLKO mice decreased by 60% compared to
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A-FLKO (227 versus 585), whereas it was similar in refed con-
ditions (301 versus 243) (Fig. 4 B and E and Dataset S3). Thus,
a first conclusion is that chronic compensatory changes partially
mask the effect of FoxO1 ablation on the fasting response.
Next, we determined the ontologies of genes undergoing
compensatory changes as a function of nutritional status (fast
versus refeed), genotype (knockout versus WT), and timing of
ablation (A-FLKO versus C-FLKO) (Fig. 4F). We identified
four ontology groups (A through D). Immune, chemical, and
stress response genes were either induced by fasting (Group A)
or refeeding (Group C), but neither was affected by FoxOl
ablation. In contrast, lipid and fatty acid metabolism genes
(Group B) decreased with fasting following FoxO1 knockout
regardless of its timing (constitutive versus adult-onset). Inter-
estingly, metabolic pathways, retinol and PPAR signaling, and
steroid function genes (Group D) were impaired in fasted
A-FLKO mice but not in C-FLKO mice (Fig. 4G). These genes
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Apob, Apoc4-c2, Apocl, and Apoe) and
ScarB1. Signals are normalized for the
comparisons between fasted and refed con-
ditions. FoxO1 signals are aligned with
peak regions. Red arrows indicate active
enhancers as detected by H3**’ac and
H3K4me? signals. FoxO1 peaks in introns are
listed in Dataset S2. See also SI Appendix,
Fig. S8.

undergo compensation following constitutive FoxO1 ablation;
thus, we investigated them at a more granular level.

Group D included classical FoxOl1 targets regulating insulin
signaling (Irs2), gluconeogenesis (G6pc, Pckl, and Ppargcla),
glycolysis (Gck, Pfkfbl and 3, and Ldhd), ketogenesis
(Hmgcsl1), and glucose/fatty acid partitioning (Pdk4) (Dataset
S3). Other genes undergoing compensation included 17 mem-
bers of the Cyp2 family and 6 members of the Cyp4 family of
drug metabolizing enzymes and lipid metabolic and atherogenic
genes (AngptlS and Ipl), Fgf21, Gdf15, Kif15, Slc13a5 (encoding
INDY), Enho (encoding Adropin), Fmo3, and Asns.

Among genes involved in fatty acid synthesis or oxidation,
apolipoproteins, and cholesterol trafficking, only VIidlr and
Lpinl showed >50% compensation. Thus, FoxOl-regulated
glucose metabolism genes, as well as several metabolically
important genes, undergo a compensatory response following
constitutive FoxO1 ablation, whereas the majority of lipid
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metabolism genes don’t. We termed this finding transcriptional
resiliency.

A FoxO1/PPAR-a Signature of Fasting-Inducible Enhancers. Tran-
scriptional regulation of the fasting response involves several
TFs, including CREB, GR, and PPAR-a (12). To understand
the integration of these networks with FoxO1 and their poten-
tial role in the transcriptional resiliency observed after FoxO1
ablation, we compared the present dataset with published
genome-wide ChIP-seq of these three factors (30, 31). Analyses
of peak distribution demonstrated that CREB peaks are
enriched at promoters, while GR and PPAR-a are enriched in
introns and intergenic regions (Fig. 54). When overlaid with
FoxO1 sites, we found that colocalization of FoxO1/PPAR-a
(Fig. 5B) prevailed at active intergenic and intron enhancers,
in which approximately half of FoxO1 sites are shared with
PPAR-a (Fig. 5 C and E). In contrast, trinomial combinations
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Fig. 4. Resilience analysis of FoxO1-
regulated genes. (A) t-SNE plot of RNA-seq
data (n = 8). Circles indicate fasted animals
and triangles refed animals. Filled red sym-
bols: AAV-GFP-injected animals (A-WT in
the text); empty symbols with red border:
AAV-CRE-injected animals (A-FLKO in the
text); green filled symbols: Foxo1/0xp/loxp
(C-WT in the text); empty symbols with
green border: Alb-Cre/Foxo 1o (C-FLKO
in the text). (B-£) MA [log-intensity ratios
(M-values) vs. averages (A-values)] scatter-
plots of average expression levels versus
log, fold-change induced by FoxO1 abla-
tion in tag count within exons of ensemble
gene bodies in fasted (B) or refed (C) A-
FLKO and fasted (D) or refed (E) C-FLKO.
Red dots represent DEGs (FDR < 0.05). The
number of DEGs is indicated in each box.
(F) Enrichment analysis of k-Means clusters
with molecular pathways underlying each
category with top 1,000 variable genes
among all samples used in A by iDEP tools.
(G) GO analysis of DEGs in fasted condi-
tions, shown in B and D, by Shiny GO tools.
Red heatmap shows FDR of genes in A-
FLKO or C-FLKO. Violin plots show log,
fold-change of gene expression between
control and A-FLKO (red) or C-FLKO (green)
for DEGs. Number of DEGs is indicated at
the top. Purple heatmap shows FDR of
each ontology described next to it. Red-
colored ontologies indicate the top
enriched term in each category. The num-
ber of genes in each ontology is shown in
parenthesis in F and G. DEGs are listed in
Dataset S3. See also SI Appendix, Fig. S9.

FoxO1/CREB/PPAR-a prevailed at enhancerless promoters
(Fig. 5 D and E). At active enhancer sites, 11.2% of unique
FoxOl1 sites were associated with changes in gene expression
following FoxO1 ablation, whereas only 5.4% of shared sites
(FoxO1 and CREB or PPAR-a) were (P < 0.0001, SI Appendix,
Table S1). This difference was not seen in enhancerless sites (6.
09 versus 5.93%, respectively) (P = not significant [NS], S/
Appendix, Table S1). Gene ontology analyses (GO) (Fig. 5F)
showed that abnormal gluconeogenesis is the most significant
annotation of FoxO1/PPAR-« shared intergenic peaks (FDR =
2.22 x 10~"), while lipid homeostasis is the most significant in
introns (FDR = 2.01 x 10~ 2").

Next, we asked whether coregulation by FoxO1 and PPAR-a
can explain the resiliency of gene expression. We plotted each
FoxO1/PPAR-a shared peak with active enhancer marks versus
changes to mRNA encoded by the respective genes in A-FLKO
and C-FLKO (Fig. 5 G and H). In both intergenic (Fig. 5G)
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and intron (Fig. 5H) sites, >80% of FoxO1/PPAR-a coregulated
genes showed a compensatory response to constitutive FoxO1
ablation (75 of 92 and 68 of 76, respectively). In intergenic sites,
we found notable resilient glucose metabolism genes, such as
Pckl, Gopc, Irs2, Ppargcla and b, Ppplr3g, Cryl, Gdfl5 (32),
and KIf15 (33) (Fig. 5G). In introns, we found lipid genes, such
as Gdfl5 and Lipc (Fig. 5SH and Dataset S4). Thus, shared
FoxO1/PPAR-a enhancers are more likely to undergo compen-
sation when FoxOl1 is inactive.

Enhancer Spreading of FoxO1 Binding in Insulin Resistance/
Hyperglycemia. To evaluate the effects of insulin resistance
and hyperglycemia on the FoxOl regulome, we subjected
FoxO1-Venus mice to HFD or treatment with the insulin
receptor antagonist S961 (34). Both interventions impaired
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AFKO or CFKO mice) are marked by red
dots, FDR > 0.05 in both mice by white
dots. DEGs are listed in Dataset S4.

refeeding-induced FoxO1 translocation (Fig. 64) and reduced
refeeding-induced Akt phosphorylation, although with different
time courses: 4 wk for HFD feeding and 1 d for S961 treatment
(SI Appendix, Fig. S104). In addition, phosphorylation of Akt
after refeeding was blunted on day 7 after initiation of S961
treatment (SI Appendix, Fig. S10B). Plasma cholesterol levels
were increased by HFD feeding but not by S961 treatment.
Plasma triglycerides (TG) and non-esterified fatty acids levels
were unaffected (SI Appendix, Fig. S10 C-E). Surgical implan-
tation of osmotic pumps did not affect weight or food intake
(SI Appendix, Fig. 10 F and G). S961 treatment induced marked
hyperglycemia 1 d after initiation of treatment, peaked at day 3,
and decreased slightly thereafter (SI Appendix, Fig. 10H).
Plasma insulin levels peaked at day 1, followed by a decrease
(SI Appendix, Fig.10I). These data indicate a rapid onset of
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insulin resistance within 24 h of initiation of treatment. To mini-
mize the confounding effects of chronic S961 treatment, we
selected day 1 for further analysis, when the effects on
refeeding-induced glucose (SI Appendix, Fig. 10J) and insulin
levels were already evident (S Appendix, Fig. S10K).

We performed genome-wide ChIP-seq in livers of 4-h—fasted/
1-h-refed mice treated with S961 versus vehicle for 1 d. Analy-
sis of FoxO1 binding showed reduced clearance of sites in
S961-treated mice than in vehicle controls after refeeding (b =
0.28 versus 0.62, Fig. 6B), consistent with impaired transloca-
tion (Fig. 64). Importantly, we found new FoxO1 binding sites
at active enhancers associated with glucose (intergenic/
promoter/TSS) versus lipid genes (intron) (SI Appendix, Fig.
S11A4). Ontology analysis demonstrated significant enrichment
in metabolic genes as well as PPAR-a signaling pathways (S
Appendix, Fig. S11B). We examined FoxO1 binding to represen-
tative genes of these two main transcription logics. Examples
included intergenic/promoter enhancers of glucogenic (G6pc,
Pckl, and KIfl5) (Fig. 6 C and D and SI Appendix, Fig.
S124) and glucose-lipid metabolic partitioning genes (Pdk4)
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(Fig. 6E), as well as intron enhancers of lipid/cholesterol genes
(ApoA1/C3/A4 and Scarbl) (Fig. 6F and SI Appendix, Fig. S12
B and C). These novel FoxO1 peaks were unaffected by fasting/
refeeding and included sites with and without FoxO1 binding
motifs. In contrast, novel FoxO1 peaks at enhancerless sites
occurred less frequently. We confirmed these findings by tar-
geted ChIP-gPCR in the less extreme model of HFD-fed mice
(SI Appendix, Fig. S13). Thus, insulin resistance and hypergly-
cemia bring about an ectopic, dysregulated binding of FoxO1 at
enhancer sites, which we term enhancer spreading.

Discussion

The present study provides insight into the differential regula-
tion of glucose and lipid metabolism in response to nutrient
changes and in insulin resistance, using a transcriptional logic
model. There are obvious nontranscriptional components to
these pathophysiologic states that are partly cell-nonautonomous
(35), but the present study was designed to integrate the regu-
lome of multiple TFs, including FoxO1, with the salient
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pathophysiologic features of hepatic insulin action and resis-
tance. The main conclusions are the following: 1) The tran-
scriptional logic of FoxOl recasts the bifurcating model of
insulin signaling to lipid versus glucose metabolism (36) by
showing that glucose metabolic genes are governed by inter-
genic and promoter/TSS enhancers and lipid genes by a bipar-
tite intron logic that includes fasting-dependent intron
enhancers and fasting-independent enhancerless introns; 2)
active enhancers of glucose metabolic genes show transcrip-
tional resiliency, likely through shared PPAR-o/FoxO1 regula-
tory elements; and 3) insulin resistance and hyperglycemia
result in the spreading of FoxO1 binding to enhancers, result-
ing in quantitative and qualitative abnormalities of FoxOl
marks (13). Based on these findings, we propose this model
(Fig. 7): in the physiologic fasting/refeeding transition, FoxO1
is cleared more efficiently from enhancer-containing sites than
from enhancerless sites. As the former are more tightly associ-
ated with glucose genes and the latter with lipid/lipoprotein
genes, in the initial stages of insulin resistance, glucose genes
can still be regulated, while regulation of lipid genes is
impaired. This differential sensitivity can explain why lipid/
lipoprotein abnormalities chronologically precede hyperglyce-
mia in the progression of diabetes (37). As insulin resistance
progresses, the gradual compensation of glucose versus lipid
genes in response to chronic versus adult-onset FoxO1 ablation
(transcriptional resiliency) can be interpreted to suggest that
glucose genes can gradually become FoxOl-independent,
allowing other transcription factors (likely PPAR-a) to induce
their expression and hence glucose production to increase. In
the clinically overt stage of the disease, as insulin resistance
increases, FoxO1 binding to ectopic (or low-affinity) enhancers
worsens fasting hyperglycemia and may possibly underlie
therapeutic failures. The proposed model integrates in vivo
pathophysiological and cell biological data with genome-wide
assessments to explain a clinical conundrum that has important
practical implications for treatment and drug development (1).
This model also addresses two criticisms leveled at the FoxO-
centric view of insulin action: 1) that FoxOl sensitivity to
insulin makes it an unlikely candidate as a mediator of insulin
resistance (38) and 2) that transcription of candidate gluco-
genic genes alone does not fully explain increased hepatic
glucose production (39). Indeed, the gamut of FoxOl1 targets
includes most genes involved in insulin action, and the failure
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Lipid genes
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Fig. 7. Model of FoxO1 transcriptional
logic in the pathogenesis of insulin resis-
tance. In normal conditions, FoxO1 is cleared
upon refeeding from resilient enhancers,
enriched in glucose metabolism genes, but
not in introns, and enriched in lipid metabo-
lism genes. With the onset of insulin resis-
tance, compensatory hyperinsulinemia can
still clear FoxO1 from resilient enhancers,
but not from introns, increasing serum lipo-
protein and triglyceride levels. As insulin
resistance progresses, compensation by
PPAR-a and spreading of FoxO1 binding to
additional sites increases expression of glu-
cose metabolic genes, leading to fasting
hyperglycemia with dyslipidemia.

ttt

to detect abnormalities in their expression following constitu-
tive somatic ablation of FoxO1l can be explained by their
resiliency.

To demonstrate a distinctive FoxO1 transcriptional logic, we
decisively leveraged the ability to examine FoxOl1 targets by
genome-wide ChIP-seq (13). Previous studies have been limited
by the sensitivity of available FoxO1 antibodies and have there-
fore detected fewer FoxO1 binding sites (10, 11, 40). There is a
partial dissociation between the ChIP results, indicating that
FoxO1 is still bound at several sites after refeeding, and the
immunofluorescence that shows FoxO1 nuclear exclusion.
However, ChIP is more sensitive than immunohistochemistry,
being based on PCR amplification, and can detect lower levels
of FoxO1 protein. The formation of different molecular com-
plexes likely underlies the different modes of FoxO1 action. In
this regard, we have previously shown that SIN3a is the FoxOl1
corepressor at glucokinase, providing a mechanistic precedent
for gene-specific targeting (9). The preferential regulation of
FoxO1 by fasting/refeeding at active enhancers likely results
from intrinsic and extrinsic factors such as higher DNA accessi-
bility at active enhancers (41) and active enhancer-promoter inter-
actions (42) that affect assembly of preinitiation complexes, ini-
tiation of transcription by RNA polymerase II, or transcription
bursting (20).

Following FoxO1 ablation, expression of its targets can be
compensated for by transcription factors acting synergistically,
through its paralogue FoxO3, or reorganization of chromatin
accessibility at sites where FoxO1 acts as a pioneer transcription
factor (43), as shown with other FoxO isoforms (28). Interest-
ingly, genes associated with glucose metabolism (G6pc, Pckl,
Ppargcla, Pdk4, and KIf15), but not those regulating general cel-
lular responses, are selectively compensated for following FoxO1
ablation. FoxO1 peaks in these genes are cleared by refeeding
but not in insulin-resistant conditions. These genes have been
shown to play a role in diabetes in studies with insulin-resistant
mice (27, 44-46). Among the genes involved in atherogenesis,
Lpl and Angptl8 (47, 48) were affected only in A-FLKO mice.
The distinct compensatory response between glucose and lipid
genes can partly explain lipid abnormalities observed with
changes in hepatic FoxO1 function, such as FoxO1 knockout or
expression of constitutively active FoxO1 (29, 49).

There are parallels between our findings and recent evidence
that immunocyte differentiation is controlled by an enhancer-
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or core promoter—driven logic (50). The former activity is cued
by the overall activity of distal enhancers, while the latter is
aligned with promoters. Although it remains unclear whether
core promoters and enhancers represent different entities or
synergistically regulate transcriptional bursting, enhancers are
thought to be tissue-specific, consistent with our conclusion
that they confer specificity on the metabolic functions of FoxO1
(21). Further work will be required to understand mechanisti-
cally the distinct binding affinities of FoxO1 to enhancer
versus enhancerless regions in physiologic or insulin-resistant
conditions. As there are no significant differences in the con-
sensus FoxO1 binding motif of either region (SI Appendix, Fig.
S7), we suggest that posttranscriptional modifications of the
various components of the transcriptional complex or chroma-
tin accessibility play a role in this process. With regard to the
failure of Akt to induce FoxO1 translocation in insulin-resistant
conditions (Fig. 64 and SI Appendix, Fig. S104), this is consis-
tent with prior studies of a FoxO1l/Akt homeostatic loop,
possibly mediated by Sestrins (51, 52). It is likely that phos-
phorylation by JNK and MST1 (53) and/or acetylation (15, 49)
can account for the failure to exclude FoxO1 from the nucleus,
as well as for the differential binding to enhancer versus enhan-
cerless sites.

Our comparative analysis provides evidence of cooperative
and noncooperative interactions with GR, CREB, and PPAR-a,
the latter involving up to half of the FoxOl sites in active
enhancers. The extensive sharing of intergenic active enhancers
of glucose genes by FoxO1 and PPAR-a dovetails with the differ-
ent physiologic cues regulating these two TFs. During fasting, gly-
cogenolysis precedes gluconeogenesis and the generation of FFA
substrates that activate PPAR-o (54). Thus, we envision that
FoxO1 and PPAR-« act in a physiologic relay to ensure continuity
between the early and late fast. The significant overlap between
FoxO1 and PPAR-a may also provide an explanation for the rela-
tively mild phenotypes of liver-specific inactivation of FoxO1 (27)
and PPAR-a (55). The interplay of FoxO1 and PPAR-a can also
provide a mechanism to integrate direct effects of insulin on glu-
cose production (mediated through FoxO1 nuclear exclusion)
with indirect effect mediated by adipose-derived FFA that modu-
late PPAR-a. TK. and D.A. have generated double liver-specific
knockout mice to validate this hypothesis. Functional elucidation
of their interactions, including validation of active enhancers for
selected genes, will be important to determine key targets in glu-
cose metabolism and their role in diabetes pathogenesis.

Experimental Model and Subject Details

Animals. Mice were housed in a climate-controlled room on
a 12-h light/dark cycle with lights on at 7:00 AM and off at
7:00 PM and were fed standard chow (PicoLab rodent diet 20,
5053; Purina Mills). Male mice of C57BL/6J background aged
8 to 12 wk were used. FoxO1-Venus mice have been described
(13, 56). Briefly, to express GFP (Venus), we obtained the
pCAG:myr-Venus plasmid. A 15-amino-acid linker sequence
was placed between the carboxyl terminus of FoxOl and N
terminus of Venus to alleviate steric hindrance. We used bacte-
rial artificial chromosome recombineering to generate FoxO1-
Venus embryonic stem (ES) cells. To generate constitutive
liver-specific FoxO1 knockouts, we crossed FoxO1'¥'* and
Albumin-cre (57) transgenic mice. Adult-onset liver-specific
FoxO1 knockout mice were generated by injection of 1 x 10"
purified viral particles (AAV8.TBG.eGFP or AAVS8. TBG.Cre,
Penn Vector Core) per mouse via tail vein. We performed met-
abolic analysis or killed animals on day 21 postinjection. To
assess FoxOl1 localization and other liver parameters, we took
organs from 4-h—fasted (10:00 AM to 2:00 PM) or 4-h—fasted/
1-h-refed mice. For prolonged fasting experiments, we removed
food overnight (6:00 PM to 10:00 AM). Mice were killed 0, 1, 2,
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or 4 h after refeeding. For insulin treatment, we anesthetized
16-h—fasted mice with ketamine (100 mg/kg) and xylazine
(10 mg/kg) intraperitoneal (i.p.), followed by injection of 1 U/kg
insulin (NovoLog, Novo Nordisk) in the IVC. We collected blood
and took the liver before and after insulin injection. Blood glu-
cose was measured using CONTOUR NEXT ONE, Ascensia,
and insulin with a mouse-specific enzyme-linked immunosorbent
assay kit (Mercodia). All animal experiments were in accordance
with NIH guidelines, approved and overseen by the Columbia
University Institutional Animal Care and Use Committee.

In Vivo Metabolic Studies. We used male mice aged 8 to 12 wk.
We performed insulin, glucose, and pyruvate tolerance tests
after a 4-h (10:00 AM to 2:00 PM) or 16-h (6:00 PM to 10:00
AM) fast using intraperitoneal injection of 7.5 U/kg insulin
(Humalog, Lilly), 2 g/kg glucose, or pyruvate. Blood glucose
measurements were made from tail vein blood.

Primary Hepatocyte Isolation. Primary hepatocyte isolation was
performed as described (58). We anesthetized male mice with
ketamine (100 mg/kg) and xylazine (10 mg/kg) i.p., cannulated the
IVC with a 24-gauge catheter (Exel International), and infused 50
cc EGTA-based perfusion solution followed by 100 cc type I colla-
genase solution (Worthington Biochemicals). Following cell disso-
ciation, we filtered cells with 100-mm mesh cell strainers and
gradient centrifugation steps to purify cell suspension. Then, we
suspended hepatocytes at 5 x 10° cellsymL in Medium 199
(Sigma), 10% fetal bovine serum (Life Technologies), and antibi-
otics (plating medium). After plating for 2 h on collagen-coated
plates, we exchanged plating medium for 4 h.

Method Details

Chemicals and Antibodies. Ketamine was from KetaSet and xyla-
zine from AnaSed; medium 199, Hank’s balanced salt solution,
EGTA, Hepes, PenStrep, and Gentamycin from Life Technolo-
gies; collagen type 4 from Worthington; insulin (NovoLog) and
S961 from Novo Nordisk A/S; sodium orthovanadate from New
England Biolabs; and bovine serum albumin from Fisher Scien-
tific. The 16% paraformaldehyde (PFA) was from Electron
Microscopy Sciences and was diluted in sterile phosphate
buffer solution to 4% final concentration. Anti-FoxO1 (for
Western blot and immunohistochemistry, C29H4), anti-panAkt
(for Western blot, 40D4) and phosphor-Akt (Ser473) (for West-
ern blot, D9E), and normal Rabbit immunoglobulin G (IgG)
(for ChIP, 2729) were from Cell Signaling. HNF4A (for immu-
nohistochemistry, ab41898), and GFP (for ChIP, ab 290) and
FoxO1 (for ChIP, ab39670) were from Abcam. H3K27ac (for
ChIP, 39133) was from Active motif. Anti-GFP (immunohisto-
chemistry, A-6455) was from Invitrogen.

Protein Analysis. Livers were lysed in sonication buffer containing
20 mM Hepes pH 7.5, 150 mM NaCl, 25 mM ethylenediamine
tetraacetic acid, 1% Nonidet P-40, 10% glycerol, 1 mM Na vana-
date, 1 mM phenylmethylsulphonyl fluoride, and protease and
phosphatase inhibitor mixture (Cell Signaling). We sonicated
lysates for 100 s (5%, output 70%, 20 s/20 s) and centrifuged
them for 15 min at 14,000 rpm. A total of 30 pg protein (Pierce
BCA, Thermo Fisher Scientific) was subjected to sodium
dodecyl sulphate—polyacrylamide gel electrophoresis. We used
the following antibodies: Akt (1:2,000), phosphor-Akt (Ser473)
(1:2,000), p-actin (1:1,000), FoxO1 (1:1,000) (all from Cell Signal-
ing), and GFP (1:1,000) (Abcam, ab290). Densitometric analysis
was performed using ImageJ software (NIH).

Immunohistochemistry. We anesthetized 8- to 12-wk-old mice
fasted or refed for various lengths of time and perfused them
with 4% PFA through the IVC. Livers were collected, fixed in
4% PFA for 2-h, dehydrated in 30% sucrose overnight at 4 °C,
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embedded in optimal cutting temperature compound (Sakura),
frozen to —80 °C, and cut into 7-pm sections. We used primary
antibodies to FoxO1 (1:100; Cell Signaling Technology) and
HNF4A (1:100; Abcam) and secondary anti-IgG antibodies
conjugated with Alexa Fluor 488 and 555 for each of the spe-
cies (1:1,000; Life Technologies). Immunofluorescence was visu-
alized by the tyramide signal amplification fluorescence system
(PerkinElmer).

RT-qPCR. We lysed livers in 1 mL TRIzol, purified RNA using
RNeasy Mini Kit (Qiagen), reverse-transcribed it with qScript
cDNA Synthesis Kit (QuantaBio), and performed PCR with
GoTaq qPCR Master Mix (Promega). qPCR primers used are
listed. 78S forward: AAACGGCTACCACATCCAAG and
reverse:  AAACGGCTACCACATCCAAG. FoxOI forward:
TCCAGTTCCTTCATTCTGCACT and reverse: GCGTGCCC
TACTTCAAGGATAA. FoxO3 forward: TGAACTCCTTGCG
TCAGTCACC and reverse: CGGTGCTAGCCTGAGACATC
AA. FoxO4 forward: TCAAGGACAAGGGTGACAGCAA and
reverse: AGGGTTCAGCATCCACCAAGAG. Gene expression
levels were normalized to 18S using the 2-DDCt method and are
presented as relative transcript levels.

RNA-seq Library Constructions and Data Analysis. We prepared
the samples from three mice for each group and generated the
libraries individually. Libraries for RNA-seq were prepared
using the TruSeq Stranded mRNA Sample Prep Kit (Illumina),
following the manufacturer’s protocol. Deep sequencing was
carried out on the Illumina NextSEq. 500 platform using the
NextSEq. 500/550 high-throughput kit version 2.5 (Illumina) in
75-base single-end mode according to the manufacturer’s pro-
tocol. Sequenced reads from the RNA-seq experiment were
aligned to mouse genome mml0 using HISAT2. Cufflinks was
used for transcript assembly. Gene expression levels were
expressed as fragments per kilobase of exon per million mapped
sequence reads, and Cuffdiff was used for statistical comparison.

ChIP Assays and ChIP-seq Library Construction. The ChIP-IT High
Sensitivity kit (Active Motif) was used for ChIP following the
manufacturer’s protocol. We anesthetized 8- to 12-wk-old mice
after 4-h fasting followed, or not, by 1-h refeeding and perfused
them with 10 pM orthovanadate through the IVC. We har-
vested samples from the left lobe of liver tissues and pooled
100 mg samples from three individual replicates for further
experiments. We obtained sheared chromatin from 300 mg liver
extract using a S220 Focused-ultrasonicator (Covaris). Immu-
noprecipitation was performed using 4 pg anti-GFP antibody
for 10 pg sheared chromatin. The specificity of the anti-GFP
antibody was confirmed by Western blotting of liver extract.
ChIP-seq libraries were constructed using KAPA Hyper Prep
Kit (KAPA Biosystems) according to the manufacturer’s
instructions. ChIP-seq libraries were quantified by Tapestation
(Agilent) and sequenced on an Illumina NEXTseq (Illumina)
with 75-base single-end mode.

ChIP-qPCR. Real-time ChIP-qPCR was carried out with GoTaq®
gPCR Master Mix (Promega, Madison, WI). The signal of
binding events was normalized against input DNA for primer
efficiency (Active Motif). qPCR primers used are listed. G6pc
forward: GCCTCTAGCACTGTCAAGCAG and reverse:
TGTGCCTTGCCCCTGTTTTATATG:; Pckl forward: TCCAC-
CACACACCTAGTGAGG and reverse: AGGGCAGGCC-
TAGCCGAGACG; Igfop!l forward: ATCTGGCTAGCAGC
TTGCTGA and reverse: CCGTGTGCAGTGTTCAATGCT;

1. E. Ferrannini, R. A. DeFronzo, Impact of glucose-lowering drugs on cardiovascular
disease in type 2 diabetes. Eur. Heart J. 36, 2288-2296 (2015).

2. R. A. Haeusler, T. E. McGraw, D. Accili, Biochemical and cellular properties of insulin
receptor signalling. Nat. Rev. Mol. Cell Biol. 19, 31-44 (2018).
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Fkbp5 forward: TTTTGTTTTGAAGAGCACAGAA and
reverse: TGTCAGCACATCGAGTTCAT. The other primers
used for enhancer sites are followings. G6pc-Enh#1 forward:
ATATACCGAGCACATGGCAG and reverse: CTGTGGTGA
TTCTAGGACTG; Gopc-Enh#2 forward: GTATGTTGT-
TAACCTGGACG and reverse: ACTTTGACGCTGGCTAC
TTC; Pckl-Enh#1 forward: ATAACCCTGGTAGGTCAGAG
and reverse: TCTAGAAAACGTTGGGAAAA,; Pckl-Enh#?2
forward: CTGACAGTGCATTCGATTTA and reverse: CCC
GTAACTAGGCACTGTTC; Apoa4-Enh forward: TTTGATCC
TGGGTTCTGATC and reverse: CACCAACCTGAACTTTG
TCT, PDK4-Enh forward: ATAGATCCCAGGTCGCTAGG
and reverse: ATAGATCCCAGGTCGCTAGG.

ChIP-seq Data Analysis. Reads were aligned to mouse genome
mml0 using Bowtie2 software (59). The reads used in sub-
sequent analysis passed Illumina’s purity filter, aligned with no
more than two mismatches and mapped uniquely to the
genome. Duplicate reads were removed with Picard tools. The
tags were extended at their 3’-ends to 200 bp. Technical infor-
mation of sequencing depth and aligned reads is summarized in
SI Appendix, Table S2. Peak calling was performed by MACS 2.
1.0 (60) with the P value cutoff of 10”7 for narrow peaks and
with the g-value cutoff of 10~! for broad peaks against the
input DNA control sample. The TSS determined on mouse
genome mml0 was used as measurement of the distance of
each peak. HOMER software suite (61) was used to perform
motif analysis, annotate peaks, such as promoter/TSS, introns,
exons, intergenic, 5’ untranslated region (UTR), noncoding
RNA, and 3’ UTR, merge files, and quantify data to compare
peaks. For the detection of active enhancers, we used bedtools
(62) by collecting the intersection of the peaks of TF and his-
tone marks.

In Vivo Insulin-Resistance Model. For HFD-induced insulin resis-
tance, animals were fed either standard or high-fat chow
(Rodent Diet with 60 kcal% fat, D12492i; Research Diets Inc.)
beginning at 8 wk of age for 4 wk. For S961 treatment, vehicle
(normal saline) or 10 nmol S961 was loaded into Alzet osmotic
pumps 2001 and implanted subcutaneously in the back of the
mice. Mice were killed up to 7 d after implantation.

Quantification and Statistical Analyses Values are presented as
means = SEM and analyzed using Prism 8.2.1 (GraphPad Soft-
ware, Inc.). We used unpaired Student’s ¢ test for normally
distributed variables for comparisons between two groups, one-
way ANOVA followed by Bonferroni post hoc test for multiple
comparisons, and Pearson’s correlation coefficient to investi-
gate the relationship between two variables. y” tests are applied
for contingency analysis. We used a threshold of P < 0.05 to
declare statistical significance.

Data Availability. NGS data have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (GSE151546) (63). Previ-
ously published data were used for this work: GSE31039 (64), GSE35262 (31),
and GSE72084(30).
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