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Bioenergetic cues shift FXR splicing towards
FXRo2 to modulate hepatic lipolysis and fatty
acid metabolism
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ABSTRACT

Objective: Farnesoid X receptor (FXR) plays a prominent role in hepatic lipid metabolism. The FXR gene encodes four proteins with structural
differences suggestive of discrete biological functions about which little is known.

Methods: We expressed each FXR variant in primary hepatocytes and evaluated global gene expression, lipid profile, and metabolic fluxes. Gene
delivery of FXR variants to Fxr—/~ mouse liver was performed to evaluate their role in vivo. The effects of fasting and physical exercise on hepatic
Fxr splicing were determined.

Results: We show that FXR splice isoforms regulate largely different gene sets and have specific effects on hepatic metabolism. FXRa.2 (but not
a1) activates a broad transcriptional program in hepatocytes conducive to lipolysis, fatty acid oxidation, and ketogenesis. Consequently, FXRo.2
decreases cellular lipid accumulation and improves cellular insulin signaling to AKT. FXRa.2 expression in Fxr—'~ mouse liver activates a similar
gene program and robustly decreases hepatic triglyceride levels. On the other hand, FXRa.1 reduces hepatic triglyceride content to a lesser extent
and does so through regulation of lipogenic gene expression. Bioenergetic cues, such as fasting and exercise, dynamically regulate Fxr splicing in
mouse liver to increase Fxroi2 expression.

Conclusions: Our results show that the main FXR variants in human liver (1 and «2) reduce hepatic lipid accumulation through distinct
mechanisms and to different degrees. Taking this novel mechanism into account could greatly improve the pharmacological targeting and

therapeutic efficacy of FXR agonists.
© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION and circulating triacylglycerol (TAG) levels and improve glucose ho-

meostasis [9,10].

The regulation of hepatic energy storage and metabolism is essential
for an appropriate adaptation to fluctuating metabolic demands.
Impaired control over hepatic lipid homeostasis can lead to excessive
lipid accumulation, a prominent feature of non-alcoholic fatty liver
disease (NAFLD), the most prevalent liver disease in Western societies
[1]. NAFLD is considered the hepatic hallmark of the metabolic syn-
drome and is strongly associated with hepatic insulin resistance and
type 2 diabetes. Farnesoid X receptor (FXR) is a bile acid-activated
nuclear receptor abundantly expressed in liver [2,3]. FXR expression
is markedly decreased in obese rodents and NAFLD patients [4—6].
Genetic FXR ablation promotes hepatic steatosis and hyperlipidemia
[7,8], whereas hepatic FXR expression and activation decrease local

Four biologically active variants are expressed from the FXR gene
(FXRet1 through 4), resulting from alternative promoter usage and
mRNA splicing (Figure 1A) [11,12]. FXR isoforms display distinct
developmental and tissue-specific expression patterns and are
differentially regulated by metabolic cues [11,13,14]. FXRa3 and o4
possess extended N-termini with an A/B domain different from the one
in FXRai1 and o2. In addition, FXRai1 and a3 have a four amino acid
insert (MYTG) in the hinge region. The structural disparity between FXR
variants has functional implications that may influence the therapeutic
outcome of pan-FXR agonists. Indeed, FXR agonists promote distinct
gene expression profiles in hepatocytes, although the contribution of
FXR isoform-specificity remains unknown [15]. Structural differences
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Figure 1: FXR isoform-specific gene regulation. (A) Human FXR isoforms. The different N-termini (orange in FXRo.1/0t2; pink in FXRa:3/0t4) and the MYTG insert in FXRot1/0:3
are indicated. DBD, DNA-binding domain; LBD, ligand-binding domain. (B—C) FXR mRNA (B) and protein (C) levels in hepatocytes expressing each FXR variant or GFP alone
(control). (D) Gene expression analysis by qRT-PCR. (E) Heatmap of gene expression profiles in hepatocytes expressing each FXR isoform or GFP (F) Bioinformatic pathway analysis
of gene expression profiling. Represented are biological functions significantly associated with one or more FXR isoforms. (G) Predicted effects on hepatic metabolism for each FXR
isoform. Z-score values indicate induction (orange) or repression (blue). Bars depict mean values and error bars represent SEM (n > 3). *p < 0.05 vs. control. ¥p < 0.05 vs.
FXRoi1/02. ®p < 0.05 vs. FXRa1/03.
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in the A/B domain of FXR isoforms modulate coactivator interaction
[16], whereas the MYTG insert affects DNA-binding and target gene
specificity [11,14,17,18]. For example, the human bile salt export
pump (BSEP) is regulated by FXRs in an isoform-dependent manner,
predominantly by FXRa2 [14,18]. Notably, hepatic FXRa2/a1 ratios
and BSEP levels are decreased in hepatocellular carcinoma patients
and by pro-inflammatory stimulation [14]. To date, the regulation of
FXR splicing and its implications on hepatic energy metabolism remain
unknown.

Here, we show that FXR variants regulate hepatic lipid metabolism in an
isoform-dependent manner. This constitutes a novel mechanism by which
alternative FXR splicing in the liver integrates systemic energetic demands
with a gene program of enhanced lipid handling/utilization and ketogen-
esis that positively impacts hepatic steatosis and insulin sensitivity.

2. MATERIALS AND METHODS

2.1. Generation of recombinant adenoviruses

Human FXRa1, a2, a3, and a4 were amplified by PCR and cloned into
the Notl/Xhol sites of a pcDNA3.1 plasmid (Life Technologies) con-
taining a FLAG tag between the BamHI and Notl sites. The cDNAs
encoding each FLAG-tagged FXR were subcloned into the pAdTrack-
CMV vector (Stratagene). Adenoviruses expressing each FXR variant
were generated using the AdEasy adenoviral vector system (Stra-
tagene), amplified in Ad-293 cells and purified by CsCl gradient
centrifugation as previously described [19]. All adenoviruses generated
also express GFP from an independent CMV promoter. An adenovirus
expressing only GFP was used as a control in all experiments.

2.2. Cell culture, transduction, and treatments

Primary hepatocytes from male C57BL/6J mice were isolated, cultured
and transduced as previously described [20]. Unless otherwise stated,
cells were processed for downstream analysis 36 h post-transduction.
For insulin treatment, cells were incubated in 5 mM glucose DMEM for
2 h prior to stimulation with 80 nM insulin for 20 min. For agonist
treatments, hepatocytes were treated with 250 pM CA for 24 h
following an 8—10 h transduction.

2.3. Gene expression analysis

Total RNA was isolated from frozen tissues or cultured cells, DNase-
treated, and reverse transcribed. Gene expression was analyzed us-
ing Applied Biosystems’ Power SYBR Green PCR Master Mix and ViiA 7
Real-Time PCR System. Gene expression was normalized to hypo-
xanthine phosphoribosyltransferase 1 (Hprt) expression and expressed
relative to experimental controls. Primer sequences are listed in
Table S1. Microarray analysis was performed using Affymetrix Mouse
Gene 1.1 ST Array and subsequent data analysis was conducted using
Qlucore Omics Explorer, Partek Genomics and Ingenuity Pathway
Analysis software suites. Affymetrix gene expression profiling experi-
ments were performed at the Bioninformatics and Gene expression
Analysis (BEA) core facility of the Karolinska Institutet (www.bea.ki.se).
Microarray data are deposited at GEO with the accession number
GSE73035.

2.4. Western blot analysis

Protein extracts were prepared in RIPA buffer (50 mM Tris—HCI pH 7.4,
150 mM NaCl, 0.1% SDS, 1% NP-40, 1% Na deoxycholate, 1 mM
EDTA) supplemented with 1 mM DTT, 0.5 mM PMSF, and 1 mM so-
dium orthovanadate. Protein extracts (50 pg) were resolved by SDS
polyacrylamide gel electrophoresis and transferred into polyvinylidene
difluoride membranes. Immunoblotting was performed with antibodies
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against FXR (Santa Cruz Biotechnologies), AKT (Cell Signaling), and
phospho-AKT (Ser473) (Cell Signaling), diluted in 0.1% BSA. Quanti-
fication was performed using ImageJ [21].

2.5. Neutral lipid staining

Hepatocytes were fixed with 4% paraformaldehyde for 10 min at room
temperature. After 3 washes with PBS, cells were incubated for 2 min
in 60% isopropanol and stained with freshly prepared Oil Red-0 so-
lution (0.4% in 60% isopropanol) for 30 min at room temperature. Cells
were washed with PBS, incubated for 2 min with 300 nM 4/ ,6-
diamidino-2-phenylindole, dihydrochloride (DAPI) (Life Technologies),
and washed with PBS again. Images were taken at a 200x magni-
fication. Total red and blue pixels were quantified using the Color
Range Select tool in Adobe Photoshop CS5.1.

2.6. Lipid profiling

Hepatocytes were incubated with 0.2 pCi/mL [U-"4C] paimitate (Perkin
Elmer, USA) and 25 nM non-radioactive palmitate for 4 h. Lipids were
extracted, separated by thin layer chromatography, detected by
autoradiography, and quantified as previously described [22].

2.7. FA oxidation assay

Hepatocytes were incubated in DMEM supplemented with 1 g/L
glucose, 12.5 uM BSA-conjugated palmitic acid (Sigma Aldrich), and
2.5 puCi palmitic acid [9,10-3H(N)] (Perkin Elmer, USA). Four hours
later, 0.2 mL of media were collected to 2 mL tubes containing 0.8 mL
of activated charcoal slurry. Samples incubated at room temperature
for 30 min with frequent mixing. After centrifugation at 13,000 rpm for
15 min, 0.2 mL of supernatant were transferred to 4 mL scintillation
vials containing 2.8 mL of Ultima FLO M scintillation liquid (Perkin
Elmer, USA) and measured in a Wallac Winspectral 1414 liquid scin-
tillation counter. Cells were lysed in 0.03% SDS and protein concen-
tration was determined for each lysate. The FA oxidation rate was
normalized by cellular protein content.

2.8. Metabolite analysis by mass spectrometry

Metabolite analysis was done according to standard mass spectrom-
etry procedures [23]. Briefly, metabolites were isolated from N5 frozen
hepatocytes by a FastPrep (3 x 6.5 M/s for 60 s) in a MeOH-Chlor-
ophorm-H,0 suspension according to Wu et al. [24]. Extracted me-
tabolites were mixed with an internal standard consisting of
chloramphenicol; L-proline 1,2,3,4,5—13C5-, 2-15N-; L-glutamine
13C5; L-arginine CG13N15; uracil 1,3—15N2-, 2-13C- and L-valine,
2,3,4,4,4,5,55-d8-, 100 uM each. Three MRM’s of each metabolite
were run as triplicates on an online coupled LC-MS/MS system (1290
Infinity UHPLC, Agilent, USA; QTrap 6500, ABSciex, Canada) featuring a
Reprosil-PUR C18-AQ (1.9 um, 120 A, 150 x 2 mm ID; Dr. Maisch,
Germany) column and a zicHILIC (3.5 um, 100 A, 150 x 2.1 mm ID;
di2chrom, Germany) column at 30 °C. Transitions were monitored and
acquired at low resolution in quadrupole Q1 and unit resolution in Q3.
Data acquisition was performed with an ion spray voltage of 5.5 kV in
positive and 4.5 kV in negative mode of the ESI source, N, as collision
gas was set to high, curtain gas to 30 psi, ion source gas 1 and 2 to 50
and 70 psi, and an interface heater temperature of 350 °C, operated
with AB Sciex Analyst 1.6.1 software with components for 6500 series
instruments. Quantification was performed using MultiQuantTM soft-
ware v.2.1.1 (AB Sciex, USA) using appropriate internal controls for
technical validation. Integration settings were a Gaussian smooth width
of 2 points and a peak splitting factor of 2. Peak integrations were
reviewed manually and subsequent data analysis was done using
Ingenuity Pathway Analysis software suite.
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2.9. Glucose and [3-OHB output assays

Glucose output was measured as previously described [25]. For 3-OHB
output, media was changed to phenol red-free DMEM (5 g/L glucose)
24 h post-transduction and cells incubated for 16 h. Media was
collected and B-OHB levels were measured with the 3-OHB Assay Kit
(Abcam) according to the manufacturer’s instructions. Both glucose
and B-OHB levels were normalized by cellular protein content
(extracted in 0.03% SDS).

2.10. Animal experimentation

C57BL/6J male mice were purchased from Charles River Laboratories
(Sulzfeld, Germany) and housed in a 12 h light/dark cycle with free
access to food and water. Unless otherwise stated, we used 9—10
week-old male C57BL/6J mice for all experiments. In all experiments,
mice were euthanized by cervical dislocation and tissues were rapidly
harvested and snap-frozen in liquid nitrogen. All experimental pro-
tocols were approved by the Regional Animal Ethics Committee of
Northern Stockholm or the Ethical Committee for Animal Experiments
of the University of Groningen.

2.10.1. Fasting/Refeeding

Mice (n = 5) were fasted for 14 h, beginning at 17:00. Mice in the
refeeding group (n = 7) were fasted at the same time but given free
access to food for 3 h following fasting. The respective controls (n =5
each) were euthanized at the same time but had continuous access to
food.

2.10.2. High fat diet
Mice (n = 5 each) were fed normal chow or a high fat diet (TD.93075,
Harlan, USA) for one week.

2.10.3. Treadmill running

Mice (n = 6) did not follow any exercise protocol. Treadmill runners
(n = 8) followed the acclimation protocol detailed in Table S2.
Acclimation and running sessions began at 18:30. After acclima-
tion, mice were placed on a motorized treadmill (Columbus In-
struments, USA), with a slope of 5% and warmed-up for 5 min at
5 m/min. The speed was increased (5 m/min every 5 min) up to
20 m/min. Speeds varied between 15 and 20 m/min during the
experiment to allow mice to keep up with the protocol. Mice ran for
1 h or until exhaustion. We considered exhaustion as the total in-
capacity to keep up with the running pace even when the speed
was lowered to 15 m/min. Mice were euthanized immediately after
running.

2.10.4. Chronic exercise
Mice (n = 6 each) were given free access to a running wheel for 8
weeks as previously described [26].

2.10.5. Adenovirus-mediated gene delivery to mouse liver
Age-matched, male whole-body Fxr /'~ mice [27] on a C57BL/6J
background received 5 x 10° adenoviral particles in PBS into the
retro-orbital sinus (n = 5—6 per group). Five days post-transduction,
mice were fasted for 8 h prior to termination.

2.11. Analytical procedures

Plasma TAG and -OHB levels were determined using commercially
available kits (Abcam). Liver TAGs were extracted in 5% NP-40 and
quantified with the same kit (Abcam).
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2.12. Quantification of Fxra2/Fxroc1 relative expression

The method used to quantify the Fxroi2/Fxrac1 ratios was based on the
one described by Chen, Y et al. [14]. A fragment from Fxro1+Fxra2
was amplified by PCR using a forward primer specific for Fxra.1/a.2 (5'-
TCTCTGGCCCAAAGCAATCCAA-3') and a reverse primer specific for Fxr
(all isoforms; 5’-TGAAAATCTCCGCCGAACGA-3'). The amplified frag-
ment encompasses the 12 bp insert present in Fxroi1 (but not ¢2),
which creates a BstZ17I restriction site that discriminates Fxra.1 from
o2. The amplification products were digested with BstZ171 and the
resulting fragment pattern was resolved by agarose electrophoresis
and quantified using ImageJ [21].

2.13. Statistical analysis

Statistical analysis was performed using Prism software. Two-tailed,
unpaired Student’s ttest was used to analyze statistical differences
between groups. Statistical significance was defined as p < 0.05

3. RESULTS

3.1. FXR isoform-specific target gene regulation

FXR variants possess structural differences suggestive of non-
overlapping biological functions (Figure 1A). To investigate the ef-
fect(s) of such variation on FXR-mediated transcriptional regulation and
hepatic metabolism, we expressed each human FXR isoform in mouse
primary hepatocytes. To this end, we generated recombinant adeno-
virus expressing from independent promoters GFP and each human
FXR isoform, or GFP alone (control). Transduction of hepatocytes with
the different adenovirus elevated total FXR mRNA and protein to similar
levels (Figure 1B,C). Remarkably, even well characterized FXR target
genes, including small heterodimer partner (Shp) or Bsep [28,29],
were regulated in an isoform-dependent manner (Figure 1D). The
expression of basic helix-loop-helix family member e41 (Bhlhe41/
Dec2/Sharp1), shown to repress FXR transactivation [30], was
increased by isoforms containing the MYTG motif in the hinge region
(FXRet1 and @3) but not by variants lacking this feature (FXRo2 and
a4). To evaluate the transcriptional networks regulated by each FXR
isoform, we profiled global gene expression in hepatocytes expressing
each FXR variant. By comparing genes regulated by each FXR isoform
with the GFP control, we generated the heat map presented in
Figure 1E and the principal component analysis plot in Figure S1A.
Both analyses indicated that FXR isoforms lacking the MYTG motif (o2
and o4) regulated much larger gene sets than their MYTG-containing
counterparts. Strikingly, from over 8,500 genes regulated by FXRs,
only 171 genes were coregulated by all isoforms (Figure S1B). Gene
set comparison revealed that together FXRai2 and o4 modulate the
expression of ~7,800 genes, 42% of which are coregulated by both
variants (Figure S1C). Bioinformatic pathway analysis identified sig-
nificant associations between all FXR variants and key hepatic meta-
bolic functions and pathologies (Figure 1F and S1D). Further analysis of
the gene expression data, taking into consideration whether a
particular pathway or function was predicted to be activated or
repressed, suggested contrasting effects of FXR splice variants on
hepatic lipid metabolism (Figure 1G). The transcriptional programs
driven by FXRa2 and a4 were predicted to increase lipid/fatty acid (FA)
oxidation and decrease lipid/acylglycerol concentration, whereas the
opposite effect was predicted for the gene programs regulated by
FXRa1 and 3. These results show that FXR splice variants regulate
distinct transcriptional programs that can impact hepatic energy
metabolism.
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3.2. FXRa2 and o4 reduce hepatocyte lipid accumulation and
increase insulin responsiveness

Gene expression profiling suggested that FXR splicing variants may
have contrasting effects on hepatic lipid metabolism, with possible
repercussions on intracellular lipid accumulation. To pinpoint the gene
program(s) mediating the putative effects of FXRs on hepatic fat
storage, we analyzed the expression of key mediators of liver lipid
metabolism. We observed minor isoform specificity over lipogenic
gene expression (Figure S2A). However, FXRa.2 and o4 increased the
expression of several hepatic lipases (Figure 2A). These include adi-
pose ftriglyceride lipase (Atgl), hormone-sensitive lipase (Hsl), and
carboxylesterase 1 g (Ces1g), together with Atgl's coactivator
comparative gene identification 58 (Cgi-58), all shown to decrease
hepatic lipid accumulation [31—33]. In addition, these FXR variants

I

MOLECULAR
METABOLISM

also increased the expression FA binding protein 1 (Fabp1), which
regulates intracellular FA trafficking and reduces free fatty acid (FFA)
lipotoxicity [34]. To determine whether the changes in gene expression
elicited by FXRa2 and o4 effectively translate into a biological outcome
of reduced lipid accumulation, we evaluated intracellular lipid storage
in hepatocytes expressing each FXR isoform or GFP alone. This
revealed a robust reduction in lipid accumulation only in hepatocytes
expressing FXRa2 and o4 (Figure 2B,C). A sustained increase in
circulating FFA levels can lead to hepatic steatosis and insulin resis-
tance [35]. To investigate whether FXRs exert a protective effect
against hepatic lipid accumulation upon elevated FFA supply, we
treated hepatocytes expressing each FXR variant with palmitate.
Indeed, FXRo2 and o4 largely protected hepatocytes against
palmitate-induced lipid accumulation, reducing neutral lipid staining by
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Figure 2: FXRo:2 and FXRa4 reduce hepatocyte lipid content and increase insulin sensitivity. (A—G) Hepatocytes were transduced with adenoviruses expressing GFP alone
(control) or together with each FXR variant. (A) Gene expression analysis by gRT-PCR. (B) Transduction monitoring by fluorescence microscopy. Scale bar, 50 um. (C—E) Analysis of
lipid accumulation by Oil Red O (ORO) staining. Hepatocytes were cultured without (C) or with (D) palmitate treatment and stained for neutral lipids (ORO, red) and genomic DNA
(DAPI, blue), followed by quantification (E). Scale bar, 50 um. (F) Lipid profiling by TLC. (G) Immunablot for total AKT and p-AKT (ser473) in response to insulin. Bars depict mean
values and error bars represent SEM (n > 3). *p < 0.05 vs. control. p < 0.05 vs. all other isoforms. ¥p < 0.05 vs. FXRa1/a2. %p < 0.05 vs. FXRou1/a:3.
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62% and 47%, respectively (Figure 2B,C). To determine changes in the
lipid profile of hepatocytes expressing each FXR variant, we used '“C-
palmitate thin layer chromatography (Figure 2D). In line with the
reduced lipid content, FXRai2 decreased 14C-palmitate incorporation
into TAG and diacylglycerol (DAG). This is unlikely to stem from
reduced palmitate uptake or DAG/TAG biosynthesis, since the main FA
transport proteins and TAG biosynthesis enzymes were expressed to
similar or higher levels in hepatocytes expressing FXRa.2 (Figure S2B)
On the other hand, FXRa1 induced a small reduction in radiolabeled
DAG content without affecting radiolabeled TAG levels. Both FXRa1
and a2 decreased radiolabeled cholesteryl ester levels, which tended
to increase in cells expressing FXRa3 (32%, p = 0.17). Under these
conditions, FXRa4 did not affect 14C-palmitate incorporation into any of
the lipid species analyzed. Hepatic lipid accumulation has been
extensively implicated in the development of hepatic insulin resistance
[35,36], which prompted us to investigate possible FXR effects on
insulin sensitivity. In line with decreased intracellular lipid content and
radiolabeled DAG and TAG levels, FXRa2 expression increased insulin-
stimulated AKT phosphorylation, indicative of enhanced insulin
sensitivity (Figure 2E). FXRa4 expression also resulted in enhanced
insulin-stimulated AKT phosphorylation, although to a lesser extent
than FXRa2. These results show that FXRa2 (and to a lesser extent
FXRa4) exert a positive effect on cellular insulin signaling to AKT, likely
due to reduced lipid accumulation.

3.3. FXRa2 promotes FA oxidation and ketogenesis

The FXR isoform-specific effects on hepatic lipid metabolism correlate
with the presence or absence of the splicing-regulated hinge region
MYTG motif. Since FXRai1 and o2 are the main isoforms in human liver
[11,14], we focused on these variants and further investigated their
role in hepatic metabolism. To better understand their effects on
cellular metabolic fluxes, we performed unbiased metabolomics
analysis of hepatocytes expressing FXRa1, FXRa2, or GFP alone. We

intermediaries (succinic acid and malic acid) in hepatocytes expressing
FXRa2 and to a lesser extent FXRat1 (Figure 3A). Furthermore, FXRa.2
expression increased intracellular B-hydroxybutyric acid content,
whereas FXRa.1 had the opposite effect. Free coenzyme A and NAD+-,
two byproducts of the ketogenesis pathway, were also increased by
FXRa2, but not a.1. Adding to this, FXRa2 promoted marked changes
in the hepatocyte amino acid profile, particularly in amino acids
involved in ketone body production (Figure 3B and S3A). From bio-
informatic pathway analysis we identified significant associations
between both FXR variants and metabolic pathways with predominant
roles in hepatic bioenergetics, including TCA cycle, gluconeogenesis,
ketogenesis, and FA B-oxidation (Figure S3B). Furthermore, this
analysis predicted increased lipid oxidation, mitochondrial respiration,
and reactive oxygen species production/metabolism in hepatocytes
expressing FXRa2 (Figure S3C). Thus, our metabolomics analysis
suggested that the gene program activated by FXRo2 leads to
increased FA oxidation and that the acetyl-CoA generated is not only
channeled through the TCA cycle but also directed towards ketone
body production. In agreement, we could verify that FXRa2 expression
increased cellular FA oxidation (Figure 3C) and B-hydroxybutyrate (B-
OHB) release (Figure 3D), whereas FXRa1 enhanced FA oxidation only
marginally and did not affect 3-OHB release. Glucose output was not
affected by either FXR variant (Figure 3E). Consistent with these re-
sults, FXRa2 activated the expression of key transcriptional regulators
of FA metabolism, namely peroxisome proliferator-activated receptor-
o (Pparal) and cAMP-responsive element binding protein 3-like 3
(Creb3I3) (Figure 3F). Moreover, hepatocytes expressing FXRo2 had
increased levels of several acylcarnitines (Figure S3D), accompanied
by elevated carnitine palmitoyltransferase 1a (Cpt1a) and carnitine/
acylcarnitine translocase-like (Slc25a29) expression (Figure 3F).
FXRa2 also induced the expression of the mitochondrial uncoupling
proteins Ucp2 and Slc25a47, as well as the major ketogenic enzymes
3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2) and 3-

observed increased levels of ftricarboxylic acid (TCA) cycle hydroxybutyrate dehydrogenase type 1 (Bdh1). On the other hand,
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FXRo1 activated the transcription of some of the above-mentioned
genes, but to a much lesser extent (Figure 3F). Taken together, our
results indicate that FXRa2 (but not o1) activates a comprehensive
gene program that promotes mobilization cellular lipid stores for -
oxidation and, at least in part, ketone body production.

3.4. Changing FXRa2/au1 ratios promotes transcriptional
reprogramming

Bile acids function as endogenous FXRs ligands and greatly increase
their capacity to transcriptionally activate a vast array of target genes
[2,3]. However, alternative endogenous ligands and ligand-
independent FXR activity have also been reported [13,37]. To inves-
tigate whether bile acids affect the gene program under FXRa.2 control,
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we treated hepatocytes expressing FXRa:2 or GFP alone with 250 uM
cholic acid (CA), a concentration shown to yield moderate FXR acti-
vation [38]. CA treatment in GFP-transduced cells decreased the
expression of most FXRa2 target genes involved in lipolysis, FA
oxidation, mitochondrial uncoupling, and ketogenesis (Figure 4A and
Figure S4A). The exceptions were Atgl, Hsl, Cgi-58, and Fabp1, whose
expression was not affected by CA treatment. In contrast, when FXRa.2
expression was increased, only Ucp2, Hmgcs2 and to a lesser extent
Ppara. displayed reduced mRNA levels upon CA treatment, when
compared to vehicle-treated cells. For all other genes analyzed,
expression was unchanged or in some cases (e.g. Atgl and Slc25a47)
enhanced by CA treatment. Interestingly, increased FXRo2 levels
blunted the CA-mediated effects on Bhihe41 expression.
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In addition to ligand-mediated activation, the relative expression of FXR
splice isoforms has important implications on hepatic metabolism
[11,14,18]. To verify whether changing FXRa2/a.1 ratios is sufficient to
promote transcriptional reprogramming, we co-expressed different
proportions of FXRa1:FXRat2 in hepatocytes. For clarity, the relative
amounts of FXRa1 and o2 adenoviral particles used are illustrated in
Figure 4B. While maintaining similar total FXR expression levels,
increasing FXRo2/ai1 ratios gradually induced the FXRa2-mediated
gene program conducive to increased lipolysis, FA oxidation and
ketogenesis (Figure 4B and S4B). Bhlhe41 expression showed the
opposite pattern. These data indicate that changes in FXR isoform
composition through alternative splicing can promote transcriptional
reprogramming and alter hepatic lipid handling and ketogenic
capacity.

3.5. FXRa1 and o2 regulate discrete gene programs in vivo

We then sought to determine the gene programs regulated by each
FXR variant in mouse liver. As expected, both FXR variants robustly
activated Bsep and Shp transcription and reduced Cyp7al expression
(Figure 5l). In terms of lipolytic factors, Hsl and Ces1g expression was
increased by both FXRs, whereas Cgi-58 transcription was only acti-
vated by FXRa2 (Figure 5J). We observed no differences in Atgl mRNA
levels and Mgl expression was decreased by both FXR variants. This
likely reflects a decreased reliance on intracellular fat stores in face of
a constant FFA supply from circulation, unlike cultured hepatocytes,

which rely heavily on intracellular lipids to sustain metabolic fluxes. In
line with the results obtained in hepatocytes, FXRa2 activated the
expression of a vast array of genes with key roles in FA uptake (Fabpf,
2 and 5) and oxidation (Creb3I3, Ppara., Cptla, and Slc25a29), mito-
chondrial uncoupling (Ucp2 and Slc25a47), and ketogenesis (Bdh1)
(Figure 5K). On the other hand, FXRa1 had marginal regulatory effects
on this gene program, since only Creb3I3 was significantly induced by
this variant. Instead, FXRa1 markedly reduced lipogenic gene
expression, as evidenced by decreased pyruvate kinase (PKIr), acetyl-
CoA carboxylase alpha (Acc-1), FA synthase (Fasn), stearoyl-CoA
desaturase 1 (Scd1), and liver X receptor B (Lxrp) mRNA levels
(Figure 5L). In contrast, FXRa2 did not regulate lipogenic gene
expression. Our results show that FXRa1 and o2 regulate distinct
transcriptional programs in mouse liver, which influences their ca-
pacity to reduce hepatic steatosis.

3.6. Liver Fxr splicing is dynamically regulated by systemic
metabolic demands

Our data indicate that FXRai1 and o2 regulate discrete gene programs
in liver and that changing the FXRa2/a.1 ratio is sufficient to promote
transcriptional reprogramming and alter hepatic lipid metabolism. This
could constitute a molecular mechanism of hepatic adaptation to
increased energetic demands. To test this hypothesis, we investigated
if Fxr splicing is altered by fasting when hepatic metabolism is
modulated to handle higher lipid influx and meet systemic energetic
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demands. Indeed, fasting increased liver Fxro2/ai1 ratios, which
dropped below fed control levels upon refeeding (Figure 6A). Physical
exercise also promotes rapid and profound changes in hepatic
metabolism, by increasing FA oxidation and ketogenesis [39,40]. To
test whether Fxr splicing plays a role in hepatic adaptions to exercise,
we evaluated whether Fxra2/c.1 ratios changed in response to acute
and chronic exercise. A single bout of strenuous exercise was suffi-
cient to change the relative levels of Fxr variants in the liver (Figure 6B).
Mice challenged with a treadmill run to exhaustion had higher Fxro:2/
o1 ratios than non-exercised controls. To investigate if regular,
moderate exercise exerts similar effects on liver Fxr splicing, mice
were given access to a running wheel for 8 weeks. After this milder but
longer exercise protocol, the exercised group had higher Fxroi2/ou1
ratios than sedentary controls (Figure 6C). Elevated FFA efflux from
adipose tissue is characteristic of both fasting and physical exercise.
Hence, Fxr splicing could be responsive to elevated FA supply and elicit
an adaptive response to improve liver lipid handling capacity. Indeed,
increased hepatic FA oxidation and TCA cycle turnover have been
reported in obese mice and humans, likely reflecting an adaptive
response to elevated hepatic lipid influx [41,42]. Thus, we investigated
whether high fat feeding modulates liver Fxr splicing. After one week of
high fat feeding, sufficient to induce hepatic steatosis in rodents [36],
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we observed no significant changes in liver Fxro2/a1 ratios
(Figure 6D). These results indicate that Fxr splicing changes in
response to elevated energetic demands and coordinates an adaptive
response conducive to improved lipid handling/disposal through
enhanced lipolysis, FA oxidation and ketogenesis.

4. DISCUSSION

Hepatic lipid accumulation is a hallmark of NAFLD and associated
pathologies. The molecular mechanisms mediating this metabolic
disarray remain largely unknown. Consequently, current NAFLD
treatments target the metabolic symptoms rather than the underlying
mechanisms. Due to its beneficial effects on hepatic lipid homeostasis,
FXR is a promising target for the treatment of NAFLD. However, FXR
consists of four distinct proteins and little is known about the biological
functions of each variant.

We show here that FXR isoforms drive distinct gene programs in he-
patocytes and liver, with specific biological outcomes. Our data indi-
cate that a “MYTG” amino acid sequence in the hinge region of some
FXR variants is a major determinant of transcriptional and biological
activity. We observed that variants lacking this motif (FXRo2 and a4)
regulate much larger gene sets than the MYTG-containing counter-
parts. In line with this observation, the MYTG motif has previously been
shown to impair FXRs’ ability to transactivate specific reporter con-
structs [11,17,18,43]. The different N-termini of FXRa1/a2 and
FXRa3/a4 do not seem to significantly influence the metabolic path-
ways addressed in this study but also underlie important changes in
FXR target gene activation. For example, FXRo.1 and a2 activated Bsep
expression to a much greater extent than FXRa3 and 4. Accordingly,
Fxra2 and a4, which differ only in the N-termini, have been shown to
differentially modulate Bsep expression in mouse liver but decrease
hepatic TAG levels to similar extents [43]. Notably, only FXRa2 and a4
induced Atgl and Hsl expression, two lipases with key roles in hepatic
lipid homeostasis. Hepatic overexpression of Atgl or Hsl reduces liver
TAG levels in obese mice, without increasing plasma TAGs or apoli-
poprotein B secretion [31]. Conversely, Atgl loss-of-function aggra-
vates hepatic steatosis and inflammation [44,45], whereas Hsl
deficiency promotes liver cholesteryl ester accumulation [46]. FXRo2
and o4 also elevated Cgi-58 expression, an Atgl activator [32]. Acti-
vating this transcriptional program reduced hepatocyte basal and
palmitate-induced lipid accumulation and improved insulin
responsiveness.

Our metabolomics analysis suggested that the FA mobilized from
intracellular lipid stores were being channeled to mitochondrial FA
oxidation. Indeed, hepatocytes expressing FXRa.2 oxidized 90% more
palmitate than controls. In support of this observation, FXRa2 activated
the expression of Ppara. and Creb3I3, two important regulators of
hepatic FA metabolism with protective roles against obesity-associated
metabolic disarrays [47—50]. Moreover, FXRa2 increased acylcarni-
tine levels and Cpt1a and Slc25a29 expression, indicating increased
shuttling of FA to mitochondrial B-oxidation. Excessive TCA cycle
fluxes have been reported in NAFLD patients and correlated with
increased gluconeogenesis [41]. However, neither FXR variant affected
hepatocyte glucose output. Instead, FXRa2 enhanced B-OHB pro-
duction and release by increasing both ketogenic gene expression and
substrate supply. This mechanism is in accordance with the reported
plasma -OHB increase in mice expressing ectopic Atgl and Hsl [31].
In addition, hepatocytes expressing FXRa.2 had higher mRNA levels of
the mitochondrial uncoupling proteins Ucp2 and Slc25a47, suggesting
that mitochondrial uncoupling may take place to sustain FA oxidation
fluxes and alleviate oxidative stress [51,52].
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FXR is activated by bile acids at physiological concentrations [2,3], and
most of its reported effects are dependent on or potentiated by ligand-
mediated activation. In line with the increasingly recognized role of bile
acids as sensors of the feeding state [53,54], CA reduced the
expression of key mediators of FA oxidation, mitochondrial uncoupling,
and ketogenesis in hepatocytes. However, FXRa:2 expression blunted
(or in some cases even reversed) most CA effects on these target
genes, when compared to hepatocytes expressing GFP alone. Thus,
our results indicate that in addition to bile acid-mediated activation,
FXR expression greatly influences target gene activation and biological
outcome. Indeed, reduced Fxr expression was shown to contribute to
hepatic metabolic dysfunction even in the presence of elevated hepatic
bile acid levels [4]. Conversely, Fxroi2 expression in mouse liver im-
proves hepatic steatosis despite a slight decrease in the bile acid pool
[43]. Although FXRs can interact with coactivators and transactivate
target promoters in a ligand-independent manner [13], they have
flexible ligand-binding pockets that accommodate ligands with diverse
structures [15,55] and alternative endogenous agonists have been
described [37]. Thus, other endogenous ligands may contribute to
FXRa.2-mediated regulation of hepatic energy metabolism.

The relative expression of FXR splice variants affects its sum tran-
scriptional activity and biological function [11,14,43]. Hepatic FXRa2/
a1 ratios are decreased in hepatocellular carcinoma patients and by
tumor necrosis factor o and interleukin 6 [14], two cytokines associ-
ated with hepatic steatosis and insulin resistance [56—59]. It is
interesting to note that bioinformatic pathway analysis of both gene
microarray and metabolomics data predicted opposite roles for FXRa1
and o2 on liver cancer, with FXRai2 being protective. Our results
indicate that elevating the FXRa.2/FXRai1 ratio in hepatocytes without
increasing total FXR levels is sufficient to activate a broad energy-
mobilizing gene program, which can constitute an adaptive mecha-
nism to physiological settings of high systemic energetic demands. In
strong support of this notion, liver Fxra2/a1 ratios were increased
during fasting and rapidly decreased upon refeeding. Physical exercise
modulates bile acid homeostasis, reduces hepatic lipid accumulation
and is also associated with enhanced hepatic B-oxidation and keto-
genesis [39,40,60]. We found that aerobic exercise increases the liver
Fxra2/a1 ratio, supporting the idea that the beneficial effects of ex-
ercise on hepatic lipid metabolism may involve changes in Fxr splicing.
In agreement with the results obtained with cultured hepatocytes,
FXRa2 expression in Fxr~'~ mouse liver activated a broad set of genes
involved in lipolysis, FA oxidation, mitochondrial uncoupling, and
ketogenesis. Surprisingly, Atgl expression was not regulated by FXRo.2
in vivo. Although the plentiful supply of FFA from circulation may
alleviate the dependence on intracellular lipid stores, it is important to
note that the expression of Cgi-58, which increases Atgl TAG hydrolase
activity up to 20-fold [32], was induced by FXRa.2 and may contribute
for elevated lipolytic capacity. Indeed, Cgi-58 suppression alone cau-
ses hepatic steatosis, steatohepatitis, and fibrosis [61,62], which
demonstrates its pivotal role in hepatic lipid metabolism. As a result of
these transcriptional adaptations, hepatic TAG levels were decreased
in mice transduced with FXRa2. Noteworthy, FXRa2 induced Fatp1
and Fatp5 expression, whereas Fatp2 was expressed to similar levels
compared to controls but higher than in livers transduced with FXRa.1.
This indicates that the reduced TAG content in FXRot.2-expressing livers
is not secondary to reduced hepatic FA uptake capacity. Although
FXRa2 expression in Fxr~/~ mouse liver was sufficient to regulate
most of the pathways we observed in isolated hepatocytes, and reduce
lipid accumulation, it did not increase plasma [3-OHB levels, likely due
to unchanged Hmgcs2 expression. FXRa1 decreased hepatic TAG
levels to a lesser extent and did so through distinct mechanisms. This
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variant had marginal effects on FXRe.2-regulated genes but decreased
the expression of key mediators of de novo lipogenesis. Interestingly, in
cultured hepatocytes we observed minor isoform dependence in the
transcriptional control of de novo lipogenesis. FXR’s transcriptional
regulation of de novo lipogenesis has been previously shown to depend
on bile acid-mediated activation [63]. Thus, the decrease in lipogenic
gene expression observed in liver likely reflects FXRa1 activation by
endogenous bile acids, which did not occur in isolated hepatocytes.
These results clearly dissociate two different mechanisms by which
FXRa1 and o2 reduce hepatic steatosis.

Due to its prominent role in hepatic lipid metabolism, FXR has long
been suggested as a promising therapeutic target for NAFLD and other
hepatic metabolic disorders. Indeed, obeticholic acid, a potent FXR
agonist, improves insulin sensitivity and reduces liver inflammation
and fibrosis in patients with NAFLD and type 2 diabetes [64]. More
recently, the FLINT clinical trial reported improved liver histology in
45% of non-alcoholic steatohepatitis patients treated with obeticholic
acid [65]. Our results show that the main FXR variants in human liver
(a1 and o2) regulate distinct liver gene programs, which may have
important clinical implications. In NAFLD, approximately 60% of he-
patic TAG content is derived from plasma FFA and only 26% from de
novo lipogenesis [66]. Therapeutic strategies specifically targeting
FXRa2 should offer advantages over classical pan-FXR activation.
Perhaps more importantly, our data show that FXR splicing in mouse
liver is modulated by feeding status and physical exercise, which may
modify the therapeutic response to pan-FXR agonists. This knowledge
could be rapidly translated into clinic practice to improve the thera-
peutic efficacy of existing FXR agonists.
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