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lacking Foxa2 in the liver leads to activation
of mTOR and age-onset obesity"

Irina Mikhailovna Bochkis ', Soona Shin, Klaus Hermann Kaestner *

ABSTRACT

Cytokine signaling has been connected to regulation of metabolism and energy balance. Numerous cytokine gene expression changes are stimulated
by accumulation of bile acids in livers of young FoxaZ liver-conditional null mice. We hypothesized that bile acid-induced inflammation in young
Foxa2 mutants, once chronic, affects metabolic homeostasis. We found that loss of Foxa2 in the liver results in a premature aging phenotype,
including significant weight gain, reduced food intake, and decreased energy expenditure. We show that Foxa2 antagonizes the mammalian target of
rapamycin (mTOR) pathway, resulting in increased hepatic lipogenesis and adiposity. While much prior work has focused on adipose tissue in
obesity, we discovered a novel age-onset obesity phenotype in a model where gene deletion occurs only in the liver, underscoring the importance of

the role hepatic lipogenesis plays in the development of obesity.

© 2013 The Authors. Published by Elsevier GmbH. All rights reserved.
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1. INTRODUCTION

Bile acids, amphipathic derivatives of cholesterol, facilitate absorption of
dietary lipids. Bile salts also regulate glucose homeostasis [1], liver
regeneration [2], and energy balance [3]. Accumulation of hepatic bile
acids activates inflammatory signaling [4] and leads to cholestatic liver
disease. We have shown that hepatocyte-specific ablation of a liver-
enriched transcription factor Foxa2, previously known as HNF-3p,
results in decreased expression of genes encoding bile acid transpor-
ters, leading to intrahepatic cholestasis [5].

Numerous studies have connected cytokine signaling to regulation of
metabolic homeostasis and energy balance [6,7]. Obesity, caused either
by excessive food intake or genetic predisposition, is associated with
low-grade chronic inflammation characterized by secretion of pro-
inflammatory cytokines (adipokines), small immunomodulatory mole-
cules, by adipose tissue and activation of inflammatory signaling
pathways [8]. Cytokine signaling, propagated by the receptors on the
plasma membrane, converges on phosphorylation and nuclear translo-
cation of signal transducer and activator of transcription (Stat) DNA-
binding proteins and activation of their target genes. Important in this
context are defects in StatSbh regulation, which, like Foxa2, regulates
targets involved in synthesis, transport, and detoxification of bile acids
[9]. Statbb plays an anti-inflammatory role and activates expression of
hepatoprotective genes in a cholestatic setting [10]. Mutations in Stat5b,

which also mediates growth hormone-dependent sexually dimorphic
gene expression in the male liver [11], have been associated with
spontaneous age-onset obesity in males [12-14].

Activation of the inflammatory response regulated by NF-xB is involved
in accelerated aging [15]. Aging is associated with increased prevalence
of metabolic disease [16]. Inflammatory cytokines also activate
mammalian “Target of rapamycin” or mTOR, an evolutionarily conserved
serine/threonine protein kinase that integrates nutrient and growth factor
signals to regulate metabolism and cellular growth [17,18]. Reducing
mTOR pathway activity is beneficial to slow aging and the onset of age-
related diseases [19]. Several observations indicate that bile acids are
likely to be important in regulating metabolic changes during aging. In C.
elegans, bile acid-like compounds, named dafachronic acids (DA), are
endogenous ligands of DAF-12, a nuclear receptor homologous to the
farnesoid X (FXR) and liver X receptors (LXR), that mediates responses to
environmental conditions during development and aging [20]. In
addition, expression analysis in long-lived Little mice revealed upregula-
tion of bile acid-induced FXR-dependent xenobiotic detoxification targets
[21], indicating that FXR plays a protective role in increased stress
resistance, beneficial for longevity.

We hypothesized that bile acid-induced inflammation in young Foxa2
mutants, once chronic, affects global metabolic homeostasis, and found
that loss of Foxa2 in the liver of aged mice results in a premature aging
phenotype, as Foxa2®”" " Alfp.Cre mice exhibit significant weight gain,
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reduced food and drink intake, and decreased energy expenditure. We
show that ablation of Foxa2 in the liver leads to activation of the mTOR
pathway, resulting in increased hepatic lipogenesis and overall adiposity.
These findings underscore the importance of hepatic lipogenesis in the
development of obesity.

2. MATERIALS AND METHODS

2.1. Animals

The derivation of the Foxa2®”":Alfp.Cre mouse model has been
reported previously [22]. Male mice of different age groups as indicated
in the text were used for metabolic studies. Mice were genotyped by
PCR of tail DNA as described [22].

2.2. Serum chemistry

Serum acute phase proteins and adipokines were measured using
Luminex kits (Millipore). HDL cholesterol levels were determined by
AniLytics, Inc. Growth hormone levels were measured using an ELISA kit
(ALPCO Diagnostics).

2.3. Metabolic measurements

Energy expenditure, food and drink intake, oxygen consumption and
carbon dioxide production, as well as locomotor activity were assessed
with a Comprehensive Laboratory Animal Monitoring System (CLAMS;
Columbus Instruments, Columbus, OH) [23]. Body composition was
measured in conscious mice by nuclear magnetic resonance (NMR)
(Echo Medical Systems, Houston, TX).

2.4. De novo lipogenesis

Rapamycin treatment was performed as reported previously [24]. Briefly,
mice were fasted overnight (~ 16 h), re-fed with a high carbohydrate
diet, injected with either vehicle or vehicle containing rapamycin (20 mg/
kg) an hour into re-feeding, and sacrificed after 6 h of refeeding. The
mice were also injected with deuterated water at the onset of re-feeding
(20 pl/g body weight). Lipids were extracted from the liver and fatty acid
composition was analyzed using gas chromatography—mass spectro-
metry as described [25].

2.5. RNA isolation and expression analysis

Liver RNA was isolated from Foxa2®"-Alfp.Cre and control litter-
mates, and quantitative reverse transcription-PCR performed as
described [22]. Hybridization to Agilent 4 x 44 k Whole Mouse Genome
Oligo Microarray and microarray analysis were completed as reported
previously [26]. Four individual samples for each genotype were
analyzed. The microarray data from this study can be accessed at
ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) under accession nos.
E-MEXP-2106 (young Foxa2 mutants) and E-MTAB-1825 (old Foxa2
mutants).

2.6. Western blot analysis

Whole cell lysates preparation and western blot analysis was as
completed as described [27]. The primary antibodies used were against
Akt (Cell Signaling, #9272), phospho-Akt (Ser 473)(Cell Signaling,
#9272), Foxo1 (Cell Signaling, #9454), phospho- Foxo1 (Ser316) (Cell
Signaling, #2486), p70 S6-kinase (Refs. [42,28]), phospho-p70 S6
Kinase (Thr389) (Cell Signaling, #9206), 4E-BP1 (Cell Signaling, #9644),
phospho-4E-BP1 (Thr37/46) (Cell Signaling, #2855), and f-actin
(Abcam, ab8227).
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2.7. Chromatin immunoprecipitation

ChiP and the real-time PCR reactions that followed were performed as
previously described [5]. Snap-frozen mouse liver (100 mg) from wild
type mice was used to prepare chromatin. We performed immunopre-
cipitation with a rabbit antiserum specific to Foxa2 [29].

2.8. Data analysis

The DAVID 6.7 suite of software and Ingenuity Pathway Analysis (IPA,
Ingenuity Systems, http://www.ingenuity.com) were used to determine
enriched biological functional categories in the set of differentially
expressed genes as reported previously [26,30]. Ingenuity Pathways
Analysis was utilized to determine transcription factor networks enriched
in Foxa2 targets. IPA calculates a statistical overlap between the gene
set known to be regulated by each transcription factor (manually curated
by Ingenuity) and the subset of those genes found in the given list of
differentially expressed genes. The heatmap was generated using GENE-
E software (http://www.broadinstitute.org/cancer/software/GENE-E/
index.html).

2.9. Statistical analyses

We compared quantitative PCR data by unpaired Student's ttest and
metabolic measurements by Mann-Whitney U test or ANCOVA. A p-
value below 0.05 was considered significant for all analyses. All values
are represented as means + s.e.m.

3. RESULTS

3.1. Accumulation of bile acids in livers of young Foxa2-deficient mice
induces inflammatory gene expression

Deletion of the winged helix transcription factor Foxa2 in the liver leads
to mild cholestasis in young mice (Foxa2®”"*Alfp.Cre, 2-3 months of
age), without causing liver injury [5]. Similarly, treatment of isolated
hepatocytes with bile acids in vitro activates expression of numerous
inflammatory markers without causing cell toxicity [4]. Based on this
finding, we re-examined the gene expression profile of young Foxa2-
deficient mice. Functional analysis revealed that ‘Inflammatory
Response’, ‘Acute Phase Signaling’, and ‘Hepatic Stellate Cell Activation’
pathways were highly overrepresented among these targets. Hepatic
stellate cells are activated by proinflammatory cytokines during liver
inflammation [31].

We employed computational network analysis to investigate which
transcription factors mediated the gene expression changes observed in
Foxa2™""™Fpifp.Cre mice. The Ingenuity Pathway Analysis (IPA) tool
calculates a statistical overlap between the gene set known to be
regulated by each transcription factor (as curated by Ingenuity) and the
subset found in a list of differentially expressed genes. Targets
of Stat3 (p-value 4.21e-10), a transcription factor that transduces
cytokine signaling, and Irf3 (p-value 4.76e-4) and NF-xB (p-value
3.90e-4), which modulate inflammatory signaling, were activated
in Foxa2 mutants (Figure 1A). The regulatory network featuring
inflammatory signaling activated by Stat3, Irf3, and NF-«xB is comprised
of fifty-eight genes that are differentially expressed in livers of
Foxa2-deficient mice (53 upregulated in red, 5 downregulated
in green, Figure 1B, Supplementary Table 1). The transcription factors
Irf5, Egr1, and Stat3, and its targets, Stat1 and Socs3, are among genes
induced in young Foxa2 mutants. Stat3 regulates the majority of the
genes shown, including the cytokines, chemokines, and adhesion
molecules that are also induced by bile acids [4], and expression of
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Figure 1: Inflammatory signaling is induced in young Foxa2 mutants. (A) A list of transcription factors shown to be activated and responsible for gene expression changes observed in livers of
Foxa2 mutants as determined by Ingenuity Pathway Analysis. These include Stat3, which transduces cytokine signaling, and Irf3 and NF-B, which modulate inflammatory signaling. The statistical
significance of the overlap between the gene set known to be regulated by each transcription factor (curated by Ingenuity) and the subset of that set in differentially expressed genes regulated by
Foxa? is indicated as the p-value in the last column. (B) The regulatory network featuring inflammatory signaling activated by Stat3, I3, and NF-B is comprised of fifty-eight genes differentially
expressed in livers of Foxa2-deficient mice (53 upregulated in red, 5 downregulated in green). Transcription factors Irf5, Egrl, as well as Stat3, and its targets, Stat1 and Socs3, are among the
genes that are induced in young Foxa2 mutants. Stat3 regulates the majority of the genes shown, and expression of many targets is controlled by two of the transcription factors in the network.
Color intensity indicates the magnitude of change in gene expression in the absence of Foxa2. Genes in the network are listed in Supplementary Table 1. (C) Serum levels of acute phase reactants
alpha-2-Macroglobulin (A2M) and C-reactive protein (CRP) are increased in Foxa2®”“Alfo.Cre mice (p < 0.0002 for A2M, p< 0.07 for CRP, Figure 1C). High-denstty lipoprotein (HDL)
cholesterol levels, reduced during acute phase response, are significantly decreased in young Foxa2-deficient mice. (D) Circulating levels of adipokines increase in Foxa2 mutants (adiponectin,

p < 0.08, complement factor D, p< 0.15, leptin, p< 0.09, resistin, p< 0.03).

many targets is controlled by two of the transcription factors in the
network.

The acute phase response (APR) is the organism's defense reaction to
inflammation, involving synthesis and secretion of acute phase proteins
by the liver into circulation. We analyzed acute phase reactants in serum
of young Foxa2 mutants and found that levels of alpha-2-Macroglobulin
(A2M) and C-reactive protein (CRP), proteins synthesized by the liver and
induced by APR, were increased in Foxa2®”"™FAifp.Cre mice
(p<0.0002 for A2M, p<0.07 for CRP, Figure 1C). High-density
lipoprotein (HDL) cholesterol levels, reduced during APR [32], were also
significantly decreased in young Foxa2-deficient mice (Figure 1C). In
addition, mRNA levels of Apoal, a lipoprotein associated with HDL
cholesterol, were reduced in Foxa2®”"**Alfp.Cre mice. Together, these
data suggest that inflammatory gene expression activated by bile acids
leads to activation of the APR in the liver.

MOLECULAR METABOLISM 2 (2013) 447-456 © 2013 The Authors. Published by Elsevier GmbH. All rights reserved.

In order to ascertain whether hepatic inflammation and induction of the
APR affected Foxa2 mutants systemically, we also measured serum
concentration of adipokines, inflammatory mediators and hormones
secreted by the adipose tissue. Serum levels of adiponectin showed a
trend towards an increase (p < 0.08, Figure 1D). Serum adiponectin is
elevated in cholestatic patients and correlates with hepatic inflammation
[33,34]. In addition, serum levels of resistin were induced two-fold
(p < 0.03, Figure 1D) in young Foxa2-deficient mice. Resistin is a pro-
inflammatory protein whose levels have been positively correlated with
markers of liver injury [35]. Circulating levels of leptin and complement
factor D, both elevated in obese individuals, showed a trend towards an
increase (p-value < 0.09 for leptin, p-value <0.15 for factor D,
Figure 1D). Hence, changes in inflammatory gene expression in the
liver induced by bile acids lead to changes in adipokine secretion in
young Foxa2 mutants prior to onset of obesity.
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Figure 2: Growth hormone-dependent Stat5b signaling is reduced in Foxa2®®®Alf.Cre mice. (A) Heat map generated for genes that are differentially expressed in both Foxa2 (2—3 months old
males) and Statbb (8—9 week old males) liver-specific mutants (IFCl > =1.3, FDR < 10%). Out of 229 genes, 192 are changed in the same direction (128 upregulated and 64 downregulated).
Scale of the heatmap is log based. Genes and fold changes in both Foxa2 and Statbh mutants are listed in Supplementary Table 2. (B) Venn diagram showing the overlap of genome-wide location
analysis for Foxa2 (11,097 sites) and Statb (11,525 sites peaks identified in Stat high-activity livers)[38] in the adult liver (2—3 months old). The two transcription factors share 3276 sites in
common (30% of total Foxa2 sites and 28% of total Statb sites). (C) Serum growth hormone (GH) levels are significantly decreased in Foxa2-deficient mice of all ages.

3.2. Growth hormone-dependent Statbb signaling is reduced in
Foxa2®®">F pjifn. Cre mice

Similar to Foxa2, Stat5b is important in bile acid homeostasis, regulating
targets involved in synthesis, transport and detoxification of these
lipophilic compounds [9]. Stat5b plays an anti-inflammatory role and
activates expression of hepatoprotective genes, especially in the
cholestatic setting [10]. Since Stat3 signaling was upregulated in young
Foxa2 mutants and members of the Stat transcription factor family
compensate for each other [36], we next explored whether signaling by
Statsb was dysregulated in Foxa2®”'®"Alfp.Cre mice. Stat5b is a
mediator of circulating growth hormone (GH) pulses on sexually
dimorphic hepatic gene expression [37] and plays an important role in
the male liver [11]. Indeed, out of 229 transcripts differentially expressed
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in livers of young Statb knockout mice and Foxa2 mutants, 192
changed in the same direction (128 upregulated in red, 64 down-
regulated in blue, Figure 2A, Supplementary Table 2). In addition,
overlap analysis of binding sites revealed that Foxa2 and Stats [38]
share 3276 common regulatory elements in the liver (Figure 2B). Hence,
Foxa2 and Stat5b co-regulate several hundred genes in the male liver,
since deletion of either Foxa2 or StatSb has the same effect on
expression of these genes.

Next, we measured circulating growth hormone (GH) levels in young and
old Foxa2 mutants. GH pulses decline in magnitude and GH-dependent
gene expression is reduced in older males [39]. Serum growth hormone
(GH) levels were significantly decreased in young Foxa2-deficient mice
are reduced even further in older mutants (Figure 2C). Together,

www.molecularmetabolism.com
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Figure 3: Foxa2 mutants exhibit features of a premature aging phenotype. (A) Young mice deficient for Foxa2 in the liver (Foxa?”wW Alfp.Cre, 2-3 months of age, n=8 per group) have the
same weight as their control littermates, while cohorts of older mutants (8—-9 months, n=7 or 9 per group and 10—-12 months, n=4 or 6 per group) are 10% and 20% heavier than controls,
respectively (upper left panel). The middle group (8—9 months old Foxa2 mutants, intermediate phenotype) already exhibits fat depots (outined by white circles) that are much larger than those of
control mice of the same age (right panels). NMR composition analysis of 8-9 months old Foxa2 mutants animals shows that weight gain is mediated by increases in both fat and lean mass (lower

left panel). (B and C) Young Foxa2-deficient animals (2—3 months old, n=8 per group) maintain the same food and drink intake as their control littermates, while aged Foxa2 mutants (10-12
months old, n=4 or 6 per group) eat and drink less than controls. Values are represented as means plus standard error. p-Values were determined by Mann—Whitney U test. *p-value < 0.05.
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Figure 4: Respiration, energy expenditure, and physical activity in Foxa2-deficient mice. (A) While young Foxa?™" /WA/fp. Cre mice (2—3 months, n=8 per group) consume the same amount of
oxygen as controls, aged Foxa2 mutants (1012 months, n=4 or 6 per group) utiize less oxygen compared to control littermates (ANCOVA, p < 0.007). (B) Older Foxa2-deficient mice (1012
months, n=4 or 6 per group) exhale less carbon dioxide (ANCOVA, p < 0.001). (C) Heat production is similar for young Foxa2 mutants and their control littermates (2—3 months, n=8 per group)

and old Foxa2-deficient animals (10-12 months, n=4 or 6 per group) (ANCOVA, p < 0.15). (D) Physical activity, measured as a sum of infrared beam breaks per day, although lower in all older
animals, did not differ significantly between mutant and control mice. Values are represented as means plus standard error. p-Values were determined by ANCOVA. *p-value < 0.05.
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changes in circulating GH levels and expression of hundreds of Stat5b
targets in Foxa2®”"*"Alfp.Cre mice suggest that gene expression in
young Foxa2 mutants exhibits features of old males.

3.3. Foxa2 mutants develop age-onset obesity

Statbb regulates body composition and is associated with maturity-onset
obesity in humans and rodents [13,14]. Therefore, we investigated how
metabolic homeostasis of Foxa2-deficient mice was affected with aging.
While young Foxa2®"®FAlfp.Cre mice (2-3 months of age) weighed
the same as their control littermates, 8-month and 11-month old
mutants were 10% and 20% heavier than controls, respectively
(Figure 3A). The 8-month old Foxa2 mutants (intermediate phenotype)
already exhibited much larger triglyceride depots than those of control
mice (Figure 3A, right panels). In addition, NMR composition analysis of
these animals revealed that weight gain was mediated by increases in
both fat and lean mass (Figure 3A, lower left panel).
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In order to ascertain why Foxa2 mutants gained more weight, we
utilized the Comprehensive Laboratory Animal Monitoring System
(CLAMS) to measure a variety of physiological and behavioral para-
meters. While young Foxa2-deficient animals maintained the same food
and drink intake as their control littermates, paradoxically, aged Foxa2
mutants ate and drank less than controls (Figure 3B and C). We utilized
ANCOVA or generalized linear modeling, the current consensus method,
to normalize the effects of body weight on the parameters of energy
expenditure, including VO, consumption, CO, production, and the
amount of heat generated [40]. Old Foxa2®®*Alfp.Cre mice con-
sumed less oxygen (Figure 4A) and exhaled less carbon dioxide during
the observation period (Figure 4B). Analysis of covariance to test the
dependence of VO, consumption and CO, production on genotype
adjusted for body weight was highly significant for reduced energy
expenditure (ANCOVA p < 0.001 for both VO, and CO,, Supplementary
Figure 1). Heat production was similar for young Foxa2 mutants and
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Figure 5: Foxa? represses the mTOR pathway. (A) Western blot analysis of protein whole cell liver extracts for expression of p70 S6 kinase and eukaryotic translation initiation factor 4E binding
protein 1, primary substrates of mTORC1, and Akt and FoxoT, substrates of mTORC2. Phosphorylation of S6 kinase, the primary substrate of mTORC1, is already upregulated in fasted Foxa2
mutants (1012 months old) compared to littermate controls, and comparable to the levels in Foxa2-deficient animals (10-12 months old) injected with insulin. Phosphorylation of 4E-BP1 is
increased in old Foxa2 mutants in both conditions. Western blot analysis for Akt and its target FoxoT shows no difference in phosphorylation of either in livers of aged Foxa2-deficient mice in both
conditions. (B) Expression of Srebp1, Fasn, and Pgc1 in liver RNA of wild-type and Foxa2®™”"** Alfo.Cre mice shows a significant increase for Srebp? and Fasn, and a significant decrease for Pgc1
in old (1012 months old) Foxa? mutants as compared to controls. Values are represented as means plus standard error. p-Values were determined by Student's #test. *p-value < 0.05. (C) The
hepatic de novo lipogenesis rate was measured in vivo by tracing newly synthesized palmitate from deuterated water, in presence and absence of the mTOR inhibitor rapamycin. While rapamycin
freatment decreased the rate in old wild type mice (12 months old), no significant changes were observed in Foxa2 mutants (n=4 per group). Values are represented as means plus standard error.
p-Values were determined by Mann-Whitney U test. “p-value < 0.05. (D) Quantitative RT-PCR analysis for mRNA of Ddit4, Sesn3, Trib3, and Tsc1, repressors of mTOR. mRNA levels of these genes,
while not changed in young Foxa2 mutants (2-3 months old, n=4 per group), are significantly decreased in older Foxa2-deficient mice (10-12 months old, n=4 or 6 per group) compared to
controls. Values are represented as means plus standard error. p-Values were determined by Student's test. *p-value < 0.05. (E) ChiP-Seq analysis of promoter occupancy of Ddit4 and Trib3 in liver
chromatin from wild-type or Foxa2®""*Alfp.Cre mice. Upstream Foxa2 binding sites are indicated by the orange bars. Enrichment of promoter amplicons is confirmed by gPCR (n=4).
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their control littermates as well as older Foxa2-deficient mice (ANCOVA
p < 0.15, Figure 4C). Physical activity, measured as a sum of infrared
beam breaks per day, although lower in all older animals, also did not
differ significantly between mutant and control mice (Figure 4C). A
recent report demonstrated that deletion of a cytokine (cardiotrophin-1,
a member of the gp130 family) also results in mature-onset obesity
despite reduced food intake [7]. However, while we see multiple
changes in circulating cytokine levels in young Foxa2 mutants, leptin
levels rise only with the onset of the obesity phenotype in cardiotrophin-
1-deficient animals.

In summary, aged Foxa2®”"™FAifp.Cre mice display significant
weight gain, reduced food and drink intake, and decreased
energy expenditure. Fat accumulation, anorexia, and reduced energy
expenditure are associated with aging [41,42], and by these parameters
Foxa2 mutants exhibit a premature aging phenotype. Changes in
cytokine signaling modulated by Stat3, NF-xB, Irf3, and Stat5b,
and in circulating levels of cytokines preceded the manifestation
of the metabolic phenotype. While defects in Statbb signaling
have been associated with spontaneous age-onset obesity, no clear
mechanism to the cause of the phenotype has been elucidated
previously.
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3.4. Foxa2 represses the mTOR pathway

Inflammatory cytokines have been shown to activate mTOR [17,18]. In
addition, a collection of targets regulated by mTOR signaling was
upregulated in livers of aged Foxa2? mutant mice (Supplementary
Table 3). Therefore, we hypothesized that mTOR signaling might be
dysregulated in the Foxa2 mutants. mTOR forms two structurally and
functionally distinct complexes, mTORC1 and mTORC2 [43]. We analyzed
expression of multiple pathway components in liver extracts of old
Foxa2®”"™FAlfn.Cre mice and their control littermates in both basal
fasted condition and following intraperitoneal (IP) injection of insulin [44].
Phosphorylation of S6 kinase (S6K), the primary substrate of mTORCH,
was upregulated in fasted Foxa2 mutants compared to littermate controls
and comparable to the levels in Foxa2 deficient animals injected with
insulin (Figure 5A). Phosphorylation of eukaryotic translation initiation
factor 4E binding protein 1 (4E-BP1), another substrate of mTORC1, was
also elevated in aged Foxa2®™FAlfp.Cre mice (Figure 5A). Next, we
performed western blot analysis for Akt and its target Foxo1, regulated by
the mTORC2 complex, and saw no differences in phosphorylation of either
protein in livers of Foxa2-deficient mice in both control and insulin-
injected conditions (Figure 5A). Thus, mTORC1, but not mTORC2, is
activated in the liver in the absence of Foxa2.

‘ Xenobiotic Detoxification

Lipid Metabolism Bile Acid Metabolism
B Bile acid accumulation Activation of Nf-kb
inflammatory gene
expression
:> Reduced GH pulse & e}((pgrensgsirg:traer:egn?{;l:s Premature
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@b signaling that of oldermales 9ing
% Reduced expression of ﬁ
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Figure 6: A model of Foxa2 deletion leading to premature aging and age-onset obesity. (A) Cis-regulatory modules regulated by Foxa2. Once Statbb is activated, phosphorylated (P), and
franslocates to the nucleus, together with Foxa2 the factor turns on genes important in synthesis, fransport, and detoxification of bile acids (left panel). A bile acid (BA) ligand bind to FXR, activating
the nuclear receptor, and FXR in synergy with Foxa2 induces targets essential for xenobiotic detoxification (right panel). (B) Deletion of Foxa2 leads to a premature aging phenotype. Accumulation of
bile acids in Foxa2? mutants leads to activation of inflammatory gene expression modulated by Nf-b, which is hyperactivated in mouse models of premature aging. Hepatic gene expression in young
Foxa2-deficient mice resembles that of older males due to reduced growth hormone levels and Statbb signaling. Decreased expression of FXR-dependent detoxification genes leads to reduced
stress resistance in a long-lived mouse model. These features of Foxa2 mutants lead to premature aging. (C) Deletion of Foxa2 in the liver leads to age-onset obesity. Young Foxa2 mutants
accumulate bile acids that induce cytokine signaling and low-grade inflammation mediated by activated I3, Stat3, and NF-B. In addition, Foxa2 co-regulates many genes with Statdh, a
hepatoprotective and anti-inflammatory factor. Together, activation of Stat3 and reduced Stat5b signaling lead to low-grade hepatic inflammation in young Foxa2 mutants. Foxa2 and its targets, two
of which are direct, normally antagonize the mammalian target of rapamycin (mTOR) pathway. Reduced expression of repressors of mTOR and presence of inflammatory cytokines contribute to
activation of mTOR in livers of older Foxa2-deficient mice. Increased mTOR activity and reduced Statbb signaling lead to induction of Srebp1-c and de novo lipogenesis in the liver, resulting in age-

onset obesity.
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Considering that aged Foxa2-deficient animals accumulate fat, we
hypothesized that de novo lipogenesis was also increased in the livers of
Foxa2-deficient mice. Hwahng and colleagues showed that S6K
activates LXRa-dependent gene transcription [45], inducing insulin-
dependent transcription of Srebp1-c, a transcription factor mediating
fatty acid synthesis in the liver [46,47], and suppressing expression of
Pgcla, a co-activator important for gluconeogenesis [48]. While
expression of these genes was not changed in the livers of 3-month
old Foxa?™"""Ajfn.Cre mice compared to controls, MRNA levels of
Srebp1-c and its target Fasn were significantly increased, and expression
of Pgc1a was significantly decreased in the livers of aged Foxa2 mutant
mice, confirming the results of the gene expression profile (Figure 5B,
Supplementary Table 4). A recent study by Mueller and colleagues
reported that Stat5 regulates de novo lipogenesis in the liver, as deficiency
of Statb results in upregulation of Srebp1-c and its transcriptional targets
[49]. Hence, reduced Stat5b signaling could also contribute to changes in
lipid metabolism observed in Foxa2-deficient mice.

Although mTORC1 and mTORC2 are functionally distinct, both com-
plexes can regulate de novo lipogenesis [43]. In order to ascertain
whether activation of mTORC1 signaling was responsible for changes
observed in Foxa2-deficient animals, we measured the hepatic de novo
lipogenesis rate in vivo, by tracing newly synthesized palmitate from
deuterated water, in the presence or absence of the mTOR inhibitor
rapamycin. While a recent study has reported that chronic rapamycin
treatment can disrupt mTORC2 in addition to mTORC1 signaling [50], we
administered only one acute rapamycin injection (details in Materials
and Methods), which suppresses only the activity of mTORC1. In this
experiment, we employed physiological conditions to maximally stimu-
late lipogenesis by analyzing mice first fasted and then re-fed a
carbohydrate-rich diet. The de novo lipogenesis rate of wild type mice
decreased as expected when treated with rapamycin, but not in Foxa2
mutants (Figure 5C), confirming that the mTORC1 pathway is constitu-
tively active in aged Foxa2®""*"Alfp.Cre mice.

Next, we pursued the connection between loss of Foxa2 and increased
mTORC1 signaling. Since Foxa2 is a transcriptional activator [51], we
hypothesized that a repressor of mTOR is regulated by Foxa2. While
expression of four such repressors, Ddit4, Sesn3, Trib3, and Tsc1 [52-55],
did not differ between young Foxa2-deficient animals and their control
littermates, mRNA levels of these genes were significantly reduced in livers
of older Foxa2 mutants (Figure 5D). We identified Foxa2 binding sites
upstream of the transcription start sites of Ddit4 and Trib3 by ChIP-Seq [56]
and confirmed that Foxa2 indeed occupies these cis-regulatory regions by
quantitative PCR, indicating that at least two of these mTOR repressors are
direct Foxa2 targets (Figure 5E).

In summary, aged Foxa2 mutant mice exhibit a premature aging
phenotype, with reduced feeding behavior, decreased energy expendi-
ture, and increased triglyceride accumulation. Other features of the
phenotype include: (1) inflammatory gene expression modulated by NF-
«B, which is hyperactivated in mouse models of premature aging [57],
(2) hepatic gene expression in young Foxa2-deficient mice resembling
that of older males due to reduced growth hormone levels and Stat5b
signaling, and (3) decreased expression of FXR-dependent detoxification
genes [26] that leads to reduced stress resistance in long-lived mice
[21] (Figure 6A and B). The metabolic changes are preceded by
improper regulation of cytokine signaling in young Foxa2®”*Alfp.Cre
mice. Foxa2 and its targets antagonize the mammalian target of
rapamycin (mTOR) pathway, and absence of this inhibition, in addition
to reduced Stat5b signaling in liver-specific Foxa2 mutants, contributes
to induction of Srebpi-c, increased hepatic lipogenesis, and overall
adiposity in aged mice (Figure 6C).
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4. DISCUSSION

Although bile acids have been linked to energy homeostasis, bile-acid
induced changes in Foxa2 mutants and their contribution to premature
aging are unique to our model. Bile acids are known to reduce triglyceride
levels via repression of Srebp-1c¢ [58] and increase energy expenditure by
activating thyroid hormone in brown adipose tissue [3]. However, young
Foxa2-deficient mice with mild cholestasis do not exhibit changes in
expression of Srebp1-c. We also observed no changes in energy
expenditure in young Foxa2®”*Alfp.Cre mice, as their circulating bile
acid levels do not differ from those in control littermates and increase only
when the mice are fed a cholic acid-enriched diet [5]. However, bile-acid
induced inflammatory signaling leads to activation of NF-«B that is involved
in accelerated aging [15], and induction of mTOR, resulting in metabolic
changes in older animals. In C. elegans, bile acid-like compounds, named
dafachronic acids (DA), are endogenous ligands of DAF-12, a nuclear
receptor homologous to farnesoid X (FXR) and liver X receptor (LXR), that
mediates responses to environmental conditions during development and
aging [20]. It is likely that bile acids are also important in regulating
metabolic changes during mammalian aging, as suggested by our model. In
addition, microarray expression analysis in long-lived Little mice revealed
upregulation of bile acid-induced FXR-dependent xenobiotic detoxification
targets [21], indicating that FXR plays a protective role in increased stress
resistance. We have shown previously that activation of FXR by bile acids is
Foxa2-dependent [26], suggesting that Foxa2 is also important in
modulating adaptive changes in these mice.

While obesity-induced inflammation leads to insulin resistance, hepatic
inflammatory signaling in our mice leads to changes downstream of the
insulin receptor at the level of mTORC1, and connects Foxa2 to mTOR
signaling. Similarly, in C. elegans, pha-4, a forkhead box transcription
factor orthologous to the vertebrate Foxa transcription factor family, and
TOR antagonize each other [59]. We have observed that expression of
FOXA2 is severely downregulated in patients with cholestatic liver
disease [5], a set of conditions associated with inflammation and injury,
while lipopolysaccharide administration greatly reduces Foxa2 protein
levels in the mouse liver [60]. These observations suggest that Foxa2 is
repressed by cytokine signaling and could be downregulated in
inflammatory conditions in order to induce the mTOR pathway. In fact,
Tnfa signaling has recently been shown to suppress Foxa2 [61], akin to
repressing Tsc1, to activate the mTOR pathway [17].

We have also demonstrated that Foxa2 co-regulates expression of
numerous genes with Stat5b in the liver of male mice. Statbb regulates
a number of targets involved in synthesis, transport and detoxification
bile acids [9]. A recent study reported that Stat5 regulates de novo
lipogenesis in the liver, as deficiency of Stat5 resulted in upregulation of
Srebp1-c and its transcriptional targets. Stat5™®'°: Alfp.Cre mutants
also exhibit elevated circulating resistin levels [49]. Hence, Foxa2 and
Statbb play overlapping roles in hepatic gene regulation as similar
changes are observed in Foxa2 and Stat5b liver-specific mutants. While
defects in Stat5b signaling have been associated with spontaneous age-
onset obesity in males, no clear mechanism to the cause of the
phenotype had been elucidated thus far. We propose that Foxa2 is the
essential link between coordinating proper gene expression with Statsh
in the male liver by repressing the mTOR pathway in inflammatory
conditions, preventing lipogenesis and increased adiposity. While most
investigators have focused on the role of adipose tissue in obesity [62—
64], we describe a novel age-onset obesity phenotype in a mouse model
where gene deletion occurs only in the liver, underscoring the
importance of the role hepatic lipogenesis plays in the development of
obesity. Novel approaches to target lipogenesis in the liver through
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activation of Foxa2 or by other means might benefit in combating
obesity and the metabolic syndrome.
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