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HNF4o regulates various genes to maintain liver
function. There have been reports linking HNF4«
expression to the development of non-alcoholic fatty
liver disease (NAFLD) and non-alcoholic steatohep-
atitis. In this study, liver-specific Hnf4a-deficient mice
(Hnf4aH¢P mice) developed hepatosteatosis and liver
fibrosis, and they were found to have difficulty utilizing
glucose. In Hnf4a®"eP mice, the expression of fatty
acid oxidation-related genes, which are PPAR«x target
genes, was increased in contrast to the decreased
expression of PPAR«, suggesting that Hnfda2HeP
mice take up more lipids in the liver instead of
glucose. Furthermore, Hnf4a*"?/Ppara='~ mice,
which are simultaneously deficient in HNF4a and
PPAR«, showed improved hepatosteatosis and fibrosis.
Increased C18:1 and C18:1/C18:0 ratio was observed in
the livers of Hnf4a®H¢P mice, and the transactivation
of PPAR«x target gene was induced by C18:1. When
the C18:1/C18:0 ratio was close to that of Hnf4aHer
mouse liver, a significant increase in transactivation
was observed. In addition, the expression of Pgcla, a
coactivator of PPARs, was increased, suggesting that
elevated C18:1 and Pgcla expression could contribute
to PPAR« activation in Hnf4a2HP mice. These insights
may contribute to the development of new diagnostic
and therapeutic approaches for NAFLD by focusing on
the HNF4« and PPAR« signaling cascade.
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Abbreviations: HNF4a, hepatocyte nuclear factor 4o;
PPARw, peroxisome proliferator-activated receptor «;
PGC-1la, peroxisome proliferator-activated receptor y
coactivator la; FA, fatty acid; NAFLD, non-alcoholic
fatty liver disease; NAFL, non-alcoholic fatty liver;
NASH, non-alcoholic steatohepatitis; HCC,
hepatocellular carcinoma; Mttp, microsomal triglyceride
transfer protein; Hnf4a®H°P  liver-specific Hnf4a-null;
Hnf4a™, Hnf4a-floxed; Ppara™'=/Hnf4a",
Ppara~'~IHnf4a-floxed; Ppara='~IHnf4aHeP,
Ppara='=liver-specific Hnf4a-null; Pklr, pyruvate
kinasel; Pc, pyruvate carboxylase; Gsy2, glycogen
synthase 2; Pygl, glycogen phosphorylase;
Pepck1,phosphoenolpyruvate carboxykinase; Gépcl,
glucose 6-phosphatase catalytic subunit; ROS, reactive
oxidative species; Gegr, glucagon receptor; Mcad,
medium chain acyl-CoA dehydrogenase; Cpr2,
paltimoyltransferase; Acox!, peroxisomal acyl-CoA
dehydrogenase; Ehhadh, peroxisomal enoyl-CoA
hydratase/3-hydroxyacyl-CoA dehydrogenase; Acaal,
peroxisomal 3-oxoacyl-CoA thiolase; Scad, mitochondrial
short chain acyl-CoA dehydrogenase; Lcad, long chain
acyl-CoA dehydrogenase; Vicad, very long chain
acyl-CoA dehydrogenase; Ccl2, C-C motif chemokine
ligand 2; [11b, interleukinl B; Tnfa, tamor necrosis factor
a; ALT, alanine aminotransferase; Ncf2, neutrophil
cytosolic factor 2; Sodl, Cu-Zn superoxidase dismutase;
Gpxl1, glutathione peroxidase 1; Collal, a-1 type I
collagen, Timp]l, tissue inhibitor of metalloproteinases 1;
Acta2, a2 smooth muscle actin; Lpl, lipoprotein lipase;
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Fatpl, fatty acid transporter 1; Fat/Cd36, fatty acid
translocase; Acotl, acyl-CoA thioesterase.

Hepatocyte nuclear factor 4o (HNF4«) is an orphan
member of the nuclear receptor superfamily and that is
highly expressed in the liver, colon, and intestine (/).
HNF4« is an essential factor for hepatocyte differentiation
and binds to about 12% of the genes that expressed in
human hepatocytes (2, 3). HNF4a was also found to be a
master regulator in the liver as revealed by liver-specific
Hnf4a-null mice (Hnf4a""® mice) that exhibit many
phenotypes due to suppression of many HNF4« target
genes (4-7). Hnf4a""® mice also exhibit hepatosteatosis,
probably due to a defect of VLDL secretion through
decreased expression of the genes encoding microsomal
triglyceride transfer protein (MTTP) and apolipoproteins
including APOB, suggesting that HNF4« plays a critical
role in lipid homeostasis in liver. In addition, activation of
HNF4« in rats fed a high-fat diet improved non-alcoholic
fatty liver disease (NAFLD) (8), indicating that HNF4«
activation might be a novel drug target for NAFLD.

NAFLD is defined as more than 5% hepatic steatosis
and is histologically categorized in benign non-alcoholic
fatty liver (NAFL) or progressive non-alcoholic steatohep-
atitis (NASH) (9). Global prevalence of NAFLD is about
25%, and some NAFLD patients progress to NASH with
hepatocyte damage and fibrosis, leading to NASH-related
cirrthosis and hepatocellular carcinoma (HCC) (70, 11).
Two hits theory was proposed in which the first hit is
hepatosteatosis followed by a second hit by some other
factors such as reactive oxidative species (ROS), resulting
in the development of NASH that is characterized by steato-
hepatitis and fibrosis (/2). Subsequently, a multiple parallel
hits hypothesis was proposed in which liver inflammation
induced by cytokines from gut and adipose tissues may
occur at the same time or even preceding hepatosteatosis
(13). The multiple parallel hit hypothesis is effective to
understand the pathogenesis of NAFLD/NASH with high
diversity, and many studies of NAFLD/NASH have focused
on this model. In addition, lipid accumulation is a hallmark
of NAFLD, and numerous changes in lipid and fatty acid
composition have been implicated in the development of
NAFLD/NASH (14, 15).

HNF4« was reported to be associated with NASH (/6),
and decreased expression of HNF4« was observed in
NASH patients and NAFLD model mice such as ob/ob
mice and mice on a high-fat diet (/7). In this model,
decreased expression of HNF4« via miR-34a promoted
lipid accumulation by suppressing VLDL secretion.

Peroxisome proliferator-activated receptors (PPARSs)
are nuclear receptors that form heterodimers with retinoid
X receptor (RXR) upon binding to their ligands, coin-
cident with binding to peroxisome proliferator response
elements (PPREs) on the promoter regions of target genes.
The PPAR family consists of three members, PPAR«,
PPARS/S, and PPARy, that differ in tissue distribution
and ligand specificity (/8). Of these, PPAR« is highly
expressed in the liver, heart, and kidney, and is involved
in the regulation of lipid transport and catabolism. Fatty
acids (FAs) were reported to be endogenous ligands that
activate PPARs (/9, 20), and many associations between
PPARa and NASH have also been described. Various
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mouse models have been used for non-clinical NASH
studies. One of these is a model in which mice are fed
a methionine-choline-deficient (MCD) diet, which exhibit
phenotypes similar to those of human NASH, including
steatohepatitis. Ppara™~ mice fed the MCD diet resulted
in a more severe phenotype, while wild-type mice fed
MCD diet administrated a PPAR« agonist had decreased
steatohepatitis and liver fibrosis (27, 22). The other model
is the Apoe2 knock-in (Apoe2-KI) mice that develop
NASH with hepatosteatosis and inflammation when fed a
Western high-fat diet (23). These mice are protected from
NASH by treatment with a PPAR« agonist which reduces
hepatosteatosis and accumulation of hepatic macrophage
via PPAR« activation. Furthermore, Apoe2-KI/Ppara™"~
mice showed a worsened phenotype compared to Apoe2-
KI mice (24). PPAR« agonists suppressed the production
of oxidative stress and liver fibrosis in a cirrhosis model rat
(25). Thus, in non-clinical studies using mouse models, the
usefulness of PPAR« agonists for ameliorating NASH-like
pathologies was reported in numerous studies.

In this study, liver-specific Hnf4a-deficient mice
(Hnf4a*"® mice) were found to be NAFLD model mice
that develop hepatosteatosis and liver fibrosis. Conversely,
Hnf4a*"*/Ppara™~ mice, which are simultaneously defi-
cient in Ppara, showed improvement in these symptoms.
In contrast to the decreased expression of Ppara, the
increased expression of PPAR« target genes in Hnf4a*"®
mice and the increased binding ability of PPAR« to the
Fatpl promoter, suggesting that PPAR« is activated in the
liver of Hnf4a*" mice. Promoter analysis revealed that
C18:1 promotes the transcactivation of PPAR« together
with the increased expression of Pgcla in Hnf4a""® mice.
This finding suggests that the elevated C18:1 might be a
critical factor in PPAR« activation. Based on these results,
a novel model of NAFLD pathogenesis is proposed.

Experimental procedures

Animals

Liver-specific Hnf4a-null (Hnf4a*"") and Hnf4a-floxed
(Hnf4a™) mice were described previously (4). Ppara™"/
Hnf4a-floxed (Ppara™"/Hnf4a™) and Ppara™ /liver-
specific Hnf4a-null (Ppara™~/Hnf4a*"") mice were gen-
erated using Ppara-deficient mice (26). All experiments
were performed with 45-day-old male Hnf4a"™, Hnf4a""*,
Ppara™~/Hnf4a", and Ppara™~/Hnf4a""® mice. Ppara™"~
and the control mice were fed a diet containing 0.1%
(wt/wt) Wy-14,643 (Chemsyn Science Laboratories,
Lenexa, KS) for 3 days. All mice were housed in a
pathogen-free animal facility under standard 12 h light/12 h
dark cycle with ad libitum water and chow. All experiments
with mice were carried out under the NCI Animal Care and
Use Committee and Gunma University Animal Care and
Experimentation Committee (Permission number 15-021).

Cell culture

HEK?293T, HepG2 and Huh7 cells were cultured at 37 °C
in Dulbecco’s modified Eagle’s medium (Wako, Osaka,
Japan) containing 10% fetal bovine serum (HyClone,
Logan, UT) and 100 units/ml penicillin and 100 pg/ml
streptomycin (Wako).



RNA extraction, reverse-transcription, and quantitative PCR
Total RNA extracted from cell lines and mouse livers
using Isogen II (Wako) was transcribed to cDNA using
ReverTraAce qPCR RT Master Mix with gDNA Remover
(TOYOBO, Osaka, Japan). cDNA was used for quantitative
PCR using Luna qPCR Master Mix (New England Biolabs,
Tokyo, Japan) with the specific primers on a LightCycler
480 system II (Roche). Levels of mRNA expression were
normalized relative to Gapdh and TBP mRNA as an inter-
nal control using A ACt method. Nucleotide sequences of
the primers are shown in Supplemental Table 1.

Transfection of siRNA

Ten nM of siRNA against human HNF4A mRNA and
negative control (Integrated DNA Technologies, Tokyo,
Japan) were transfected into HepG2 and Huh7 cells with
Lipofectamine RNAiIMAX (Life Technologies). After
48 h of transfection, total RNA was harvested. Nucleotide
sequences for the siRNA duplexes against human HNF4A
are follows; rArUrGrGrCrCrArArGrArUrUrGrArCrArAr-
CrCrUrGrUrUGC and rGrCrArArCrArGrGrUrUrGrUr-
CrArArUrCrUrUrGrGrCrCrArUrGrC.

Cloning of the mouse Fatp1 and Elovl7 promoter regions
The —542 and—444/452 fragments of the mouse
Fatpl promoter and + 1041, +1207, and + 1448/+2240
and 4 1448/+2106 fragments of the mouse ElovI7 pro-
moter were amplified with mouse genomic DNA by PCR
and cloned into the luciferase reporter vector, pGL4.11 and
pGL4.11-HSV-TK mini, respectively (5, 27) (Promega,
Madison, WI). Mutations were introduced into the PPAR
response element located at +2168/4-2182 in the Elovl7
reporter vector by PCR based site-directed mutagenesis.
Sequences for the primers are shown in Supplemental Table
2 in the supplemental material.

Transient transfection and luciferase assays

The Fatpl and Elovi7-cloned pGL4.11 and pGL4.74
encoding Renilla luciferase regulated under control of
the HSV-TK promoter (Promega) were transfected into
HEK?293T cells with polyethyleneimine Max (Polyscience,
Warrington, PA) as a transfection reagent. For co-
transfection, PPAR«, PPARS, PPARy, RXRa, PGClw
expression plasmids were used. After 24 h, 10 uM of Wy-
14,643, 100 nM of GW501516, 5 uM of rosiglitazone,
50 uM of stearate, 50 uM of oleate, 25 uM of stearate
and 25 uM of oleate, or 12.5 uM of stearate and 37.5 uM
of oleate was added to the medium of transfected cells.
After 48 h of transfection, the cells were washed with
phosphate-buffered saline (PBS) and promoter activities
were measured using Dual-Luciferase Reporter Assay
System (Promega). The normalized activity is presented
as relative activity based on the promoterless vector.

Liver glycogen contents
Liver glycogen content was determined by a previous
described procedure (28).

Histological and immunofluorescent analysis
Livers from Hnf4a", Hnf4a*"®, Ppara~'~/Hnf4a", and
Ppara™~/Hnf4a*"® mice were fixed in 10% neutral
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buffered formalin and embedded in paraffin, and sections
cut at a thickness of 3 um were stained with hema-
toxylin and eosin (H&E) and Masson Trichrome stain.
Immunofluorescent analysis of pancreases from Hnf4a™
and Hnf4a*"® was performed using guinea pig polyclonal
antibody against insulin (Envision FLEX-Insulin; Dako,
Hovedstaden, Denmark) and mouse monoclonal antibody
against glucagon (Abcam, Tokyo, Japan). Alexa Fluor 488-
conjugated goat anti-guinea pig IgG (Thermo Fisher Sci-
entific, Tokyo) for insulin and Alexa Fluor 594-conjugated
goat anti-mouse IgG (Thermo Fisher Scientific) for
glucagon were used as secondary antibodies. For nuclear
staining, 4’,6-Diamidino-2-phenylindole dihydrochloride
(DAPT; DOJIDO, Kumamoto, Japan) was used.

Western blotting

Nuclear protein of liver samples from Hnf4a™ and
Hnf4a*" mice were extracted using NE-PER Nuclear
and Cytoplasmic Extraction Reagent (Thermo Fisher
Scientific), and 20 pg of protein with Laemmli sample
buffer was incubated at 65 °C for 15 min, fractionated
by 10% SDS-polyacrylamide gel electrophoresis, and
blotted onto a PVDF membrane (GE healthcare, Tokyo,
Japan). The membrane was incubated for 1 hr with mouse
monoclonal antibodies against mouse PPAR« (Santa Cruz
Biotechnology, Dallas, TX). After washing, the membrane
was incubated for 1 h with horseradish peroxidase-
conjugated anti-mouse IgG (Cell Signaling Technology,
Tokyo, Japan), and the reaction product was visualized
using SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL) on an ImageQuant LAS4000 (GE
healthcare). For confirmation of equal loading of protein,
Coomassie Brilliant Blue R-250 stain was performed.

f/f

Chromatin immunoprecipitation (ChIP)

ChIP was carried out by use of a previous described
procedure (29). ChIP on liver samples was performed
according to a protocol using 4 ug of anti-PPARc,
PPARB, PPARy antibodies and normal mouse IgG
(Santa Cruz Biotechnology). Purified DNA was amplified
by quantitative PCR using AACt method. Enrichment
of the PPAR response element (PPRE) was normal-
ized to the input samples compared with normal IgG
antibody. The following primers were used for real-
time PCR; Fatpl promoter containing PPRE (74 bp),
5'-CGAAGAAAGAGGAAGGGAGTAGA-3 and 5'-
AACATCTCCTGTGCCCTTTG-3', Ehhadh promoter
containing PPRE (74 bp), 5-TCAGGAGGTAAAGTGTCA
GTCG-3 and 5-GGAGAGAAGGGGTTGAGGAG-
3/, Hgmcs2 promoter containing PPRE (155 bp), 5'-
GACTGATTTCAAGTTCAAGGCTA-3’' and 5-GCTCA
CCATCTGTTCCTAACC-3', and Hmgcs2 gene without
PPRE as negative controls (74 bp), 5'-GATCCCTGGGAC
TCACACA-3 and 5- GAATGCACATTTATGGAG
GTCA-3'.

Serum analysis

Mice were anesthetized with 2.5% avertin, decapitated,
and the trunk blood was collected in a serum separator
tube (Becton Dickinson, Franklin Lakes, NJ). The serum
was separated by centrifugation at 7000 x g for 5 min
and stored at —20 °C prior to analysis. Serum glucose
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was measured using Glucometer Elite (Bayer, Elkhart, IN).
Serum free fatty acids (Roche Diagnostics, Branchburg,
NJ) and triglyceride (Thermo Fisher Scientific) were mea-
sured calorimetrically. RIA was used to measure serum
insulin, glucagon and adiponectin (Linco Research, St.
Charles, MO), corticosterone (ICN Biomedicals, Irvine,
CA) and adrenalin (Rocky Mountain Diagnostics, Col-
orado Springs, CO).

Glucose tolerance test, pyruvate tolerance test, and insulin
tolerance test

Hnf4a ™ and Hnf4a*"* mice were fasted overnight for 16 h
glucose tolerance test (GTT) and pyruvate tolerance test
(PTT) and 6 h insulin tolerance test (ITT) followed by
intraperitoneal glucose, pyruvate (2 g/kg body weight), and
insulin injection (1.5 U/kg HumulinR, Eli Lilly, Indianapo-
lis, IN). Tail blood was taken at 0, 15, 30, 60, and 120 min
after injection and glucose levels were directly measured
using automatic glucometer (Bayer).

Analysis of fatty acid composition

Total lipid from Hnf4a™ and Hnf4a*"® mouse liver
were extracted by Bligh and Dyer method (30). Briefly,
100 mg of frozen liver tissues were mixed with 3 ml of
chloroform/methanol (1:2, v/v) solution. Then, 0.7 ml
of distilled water was added. After mixing for 10 min,
1 ml of chloroform were mixed for 10 sec and 1 ml of
distilled water was mixed for 10 min. After centrifugation
at 2000 rpm for 10 min, about 2 ml of chloroform phase was
collected and was evaporated using nitrogen gas and the
obtained lipid was resolved in 1 ml of chloroform/methanol
(2:1, v/v) solution. Fifty ul of lipid samples were mixed
with 100 ul of 1 mM heptadecanoic-17,17,17-d3 acid as
an internal reference standard, and was evaporated using
nitrogen gas. Dried free fatty acids (FAs), FAs included
in lipids, and the standard were methylated by a Fatty
Acid Methylation Kit (nacalai tesque, Kyoto, Japan). After
centrifugation at 2000 rpm for 10 min, organic phase
containing FA methyl esters (FAMEs) was collected.
The FAMEs samples, hexane as a blank, Supelco 37
Component FAME Mix (Sigma-Aldrich) containing 37
FAME:s as a quality control were injected into a TQ-8030
gas chromatography—tandem mass spectrometry (GC—
MS/MS) system (Shimadzu, Kyoto, Japan) equipped with
an AOC-20i autosampler (Shimadzu).

Statistical analysis

All values are expressed as the mean = standard deviation
(S.D.). All data were analyzed by the Mann—Whitney U test
for significant differences between the mean values of each

group.

Results

Decreased glucose metabolic pathways in Hnf4a “"e mice

Hnf4a “* mice tended to exhibit lower blood glucose lev-
els without significant difference using a simple glucome-
ter (4). In the fed state, serum glucose levels in Hnf4a*"®
mice were significantly decreased compared to the control,
Hnf4a™ mice, while there was no significant difference in
glucose levels between Hnf4a*" mice and Hnf4a" mice
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in the fasted state (Fig. 1A). Although there was a signif-
icant difference in serum glucose levels between fed and
fasted Hnf4a™ mice, there was no significant difference
in the glucose levels between fed and fasted Hnf4a*""
mice, indicating that Hnf4a*"® mice had reduced serum
glucose in the fed state, but no pathological hypoglycemia
during fasting. Thus, expression of mRNAs encoding glu-
cose metabolic enzymes was investigated in the livers of
Hnf4a*"" mice (Fig. 1B). In the fed state, hepatic expres-
sion of many mRNAs such as pyruvate kinasel (Pkir),
pyruvate carboxylase (Pc), fructose-1,6-bisphosphatase 1
(Fbpl), glycogen synthase 2 (Gys2) and glycogen phos-
phorylase (Pygl) was significantly decreased in Hnf4a*""
mice, in agreement with other reports (3/-33). In the fasted
state, the expression of phosphoenolpyruvate carboxyki-
nase (Pepck1) and glucose 6-phosphatase catalytic subunit
(G6pcl) mRNAs encoding gluconeogenesis enzymes was
significantly decreased in Hnf4a*" mice, indicating that
Hnf4a*"* mice might have low gluconeogenesis. Since
the expression of Gys2 and Pygl mRNAs was decreased
in Hnf4a*" mice regardless of nutritional state, hepatic
glycogen content was investigated (Fig. 1C). There was no
significant difference in hepatic glycogen in the fed state,
but glycogen content in Hnf4a*"® mice was higher than
that in Hnf4a™ mice during fasting. These data suggest that
Hnf4a*"® mice might not be able to efficiently degrade
glycogen during fasting, partly due to the low expres-
sion of Pygl. Glucose tolerance test showed that blood
glucose levels in Hnf4a*"® mice was much lower than
those in Hnf4a" mice (Fig. 1D), indicating that Hnf4a*"®
mice are more glucose tolerant than Hnf4a™ mice. Since
the expression of genes such as Pc, Pepckl and G6pcl
that are involved in gluconeogenesis was decreased in
Hnf4a*"® mice during fasting, pyruvate tolerance test was
investigated using pyruvate as a substrate of gluconeo-
genesis (Fig. 1E). As expected, blood glucose levels in
Hnf4a*"® mice were lower than those in Hnf4a™ mice.
Furthermore, Hnf4a*"® mice were found to be insulin
resistant because their blood glucose levels were higher
than those in Hnf4a™ mice as revealed by insulin tolerance
test (Fig. 1F).

Hnf4a”"e? mice exhibit decreased expression of the glucagon
receptor

Various factors such as body weight and levels of serum
free fatty acid (FFA) and hormones were investigated.
There was no significant difference in the levels of
body weight, serum FFA, adiponectin, and adrenaline
between Hnf4a"™ and Hnf4a*™ mice (Fig. 2A-D). Serum
corticosterone levels were increased in fed Hnf4a*"® mice,
but there was no significant difference in fasted Hnf4a“"
mice (Fig. 2E). Furthermore, serum glucagon levels were
higher in Hnf4a*"" mice in spite of the nutrient states
(Fig. 2F). Although glucagon receptor (GCGR) is highly
expressed in the liver, hepatic expression of Gcgr mRNA
was very low in Hnf4a*"® mice (Fig. 2G). To investigate
whether HNF4« directly transactivates GCGR expression
in humans, HNF4a was overexpressed or suppressed in
Huh7 and HepG?2 cells that highly express endogenous
HNF4« (Fig. 2H). Overexpression of HNF4¢ strongly
induced GCGR mRNA in both cell lines (Fig. 2H, upper
panel), but no suppression of GCGR was observed in
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Fig. 1. Analysis of glucose-related phenotype and gene expression in Hrf4a A"* mice. (A) Serum glucose levels in fed and 16 h-fasted Hnf4a™ and
Hnf4a®"*® mice (n = 6 for each genotype). Data are mean £ S.D. *, P < 0.05 compared to fed Hnf4a™ mice. (B) Quantitative RT-PCR from total liver
RNA of fed and 16 h-fasted Hnf4a" and Hnf4a®"? mice (n =5 for each genotype). Hepatic gene expression involved in glycolysis, glycogenolysis,
glycogenesis, and gluconeogensis was investigated. Data are mean 4 S.D. ?, P < 0.05; *, P < 0.01 compared to fed Hnf4a" mice. ¢, P < 0.05; 9, P < 0.01
compared to fed Hnf4a®" mice. ¢, P < 0.05; , P < 0.01 compared to fasted Hnf4a" mice. (C) Hepatic glycogen levels in fed and 16 h-fasted Hnf4a™
and Hnf4a®"*" mice (n = 6 for each genotype). Data are mean £+ S.D. *, P < 0.01 compared to fasted Hnf4a" mice. (D) Glucose tolerance test at
45-day-old Hnf4a" and Hnf4a®" mice (n =20 for each genotype). Data are mean + S.D. *, P < 0.01; **, P < 0.001 compared to Hnf4a™ mice. (E)
Pyruvate tolerance test at 45-day-old Hnf4a"™ and Hnf4a™"* mice (n = 15 for each genotype). Data are mean & S.D. *, P <0.01; **, P < 0.001 compared
to Hnf4a™ mice. (F) Insulin tolerance test at 45-day-old Hnf4a" and Hnf4a®"" mice (n =8 for each genotype). Data are mean +S.D. *, P < 0.01;

** P <0.001 compared to Hnf4a" mice.

these cells by RNA interreference of HNF4« (Fig. 2H, glucagon preferentially accumulated in islets of Hnf4a*"®
lower panel). These results indicate that GCGR expression mice compared to Hnf4a™ mice (Fig. 21), indicating that
might be partially regulated by HNF4«, but the regulation serum glucagon levels would be increased due to lack of
of GCGR by HNF4« is more complicated. In addition, Gcgr expression in Hnf4a”"® mice.
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Disruption of PPAR« in Hnf4a*"? mice improves reported that hepatic expression of medium chain acyl-CoA
hepatosteatosis dehydrogenase (Mcad) and carnitine paltimoyltransferase
Hnf4a " mice exhibit lower glucose levels, probably due (Cpt2) that are involved in FA B-oxidation is increased
to low gluconeogenesis, indicating that they might use in Hnf4a*" mice (4). In addition, hepatic expression of
more FA as an energy source rather than glucose. It was the genes encoding peroxisomal enoyl-CoA, hydratase/
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3-hydroxyacyl-CoA dehydrogenase (Ehhadh) and Cyp4al4
that are involved in FA $- and w-oxidation in peroxisomes
and endoplasmic reticulum, respectively, and 3-hydroxy-
3-methylglutaryl-CoA synthase 2 (Hmgcs2) involved
in ketogenesis was significantly increased in Hnf4a*"®
mice (Fig. 3A). Expression of pyruvate dehydrogenase
kinase 4 (Pdk4) that plays a key role in glucose and fatty
acid metabolism was markedly increased in Hnf4a*"®
mice, suggesting that hepatic energy source would be
converted from glucose to fatty acid in Hnf4a*"® mice.
Expression of Mcad and long chain acyl-CoA dehydro-
genase (Lcad) mRNAs encoding enzymes involved in
FA p-oxidation in mitochondria, tended to increase in
Hnf4a*" mice, while expression of peroxisomal acyl-
CoA dehydrogenase (AcoxI), peroxisomal 3-oxoacyl-
CoA thiolase (Acaal), mitochondrial short chain acyl-
CoA dehydrogenase (Scad), and very long chain acyl-
CoA dehydrogenase (Vicad) mRNAs remained unchanged
between Hnf4a™ and Hnf4a*"® mice. Although they are
target genes for PPARc, hepatic expression of Ppara
mRNA was surprisingly decreased in Hnf4a*"™ mice
(4). The PPAR family consisted of three isoforms,
PPAR«, PPARB/5 and PPARy. Hepatic expression of
Ppara mRNA was decreased by about half in Hnf4a”"
mice, while expression of Pparb, and Pparg mRNAs
remained unchanged between Hnf4a™ and Hnf4a*"™ mice
(Fig. 3B). In addition, the levels of PPARy coactivator 1o
(Pgcla) mRNA encoding a coactivator of all PPARs, was
significantly increased in Hnf4a*"® mice. Furthermore,
PPAR« protein was markedly reduced in Hnf4a*"® mice
(Fig. 3C). These results indicate that expression of PPAR«
protein is reduced, but PPAR« might be superactivated in
Hnf4a*"™ mice to induce expression of the target genes.
Thus, mice lacking hepatic expression of both HNF4«
and PPARa were generated (Hnf4a*"*/Ppara™~ mice).
Hepatosteatosis in Hnf4a*" mice was clearly improved by
the loss of PPAR« (Fig. 3D). In addition, Masson trichrome
staining revealed that liver fibrosis induced in Hnf4a*"®
mice was also impaired in Hnf4a*"*/Ppara™~ mice
(Fig. 3E). Thus, hepatosteatosis and liver fibrosis observed
in Hnf4a*" mice could be caused by a combination of
lack of HNF4« and concurrent activation of PPAR«.

Elevated inflammation, oxidative stress and fibrosis markers
in Hnf4a*"e" mice

Since Hnf4a*" mice exhibit liver fibrosis, hepatic expres-
sion of NASH associated markers involved in inflam-
mation, oxidative stress and fibrosis was investigated.
The mRNA expression of C-C motif chemokine ligand
2 (Ccl2), which regulates migration and accumulation
of monocyte and macrophage (34), and interleukinlp
(Il1b), an inflammatory cytokine playing the central
role in the induction of inflammatory reaction, early
immune response and cell death (35), was significantly
increased in the livers of Hnf4a*"" mice, and decreased
in Hnf4a*"/Ppara™" mice compared to that in Hnf4a”""
mice (Fig. 4A). Expression of other inflammation markers
such as tumor necrosis factor o (Tnfa) mRNA was similar
between Hnf4a*" mice and Hnf4a*"*/Ppara™~ mice. This
suggests that inflammation was promoted in Hnf4a*"®
mice liver, in agreement with an early study revealing
that the levels of serum alanine aminotransferase (ALT)

HNF4«/PPAR« plays a critical role in NAFLD development

were increased about 1.6-fold in Hnf4a®"® mice (4).
Expression of mRNA encoding neutrophil cytosolic factor
2 (Ncf2), subunits of NADPH oxidase complex type 2
(Nox2 complex) that produce reactive oxygen species
(ROS), was also significantly increased in Hnf4a*™®
mice and was decreased in Hnf4a*"*/Ppara™~ mice
(Fig. 4B). Expression of NcfIl mRNA was similar between
Hnf4a*"" mice and Hnf4a*""/Ppara™" mice, indicating
that oxidative stress would accumulate in Hnf4a“"" mice
likely because the mRNAs encoding catalase, Cu-Zn
superoxidase dismutase (SodI) and glutathione peroxidase
1 (GpxI) that protect cells against oxidative damage
were decreased in Hnf4a*" mice (5). In addition, the
expression of mRNAs of transforming growth factor
Bl (Tgfbl) involved in the production of extracellular
matrix (ECM) such as collagen and fibronectin, «-1 type I
collagen (Collal), tissue inhibitor of metalloproteinases
1 (Timpl), and Timp3 was significantly increased in
Hnf4a*" mice (Fig. 4C). These mRNAs, except Tgfbl,
were decreased in Hnf4a*"/Ppara™~ mice. Levels of
another fibrosis marker gene mRNA, o2 smooth muscle
actin (Acta2) was similarly increased in Hnf4a*"™ mice
and decreased in Hnf4a*"*/Ppara™~ mice. These results
are consistent with the development of liver fibrosis in
Hnf4a”" mice as shown in Fig. 3E. Thus, the expression
of genes involved in inflammation, oxidative stress
and fibrosis, the markers of NASH, was increased in
Hnf4a*" mice and decreased in Hnf4a*"*/Ppara™~
mice.

In an earlier study, Hnf4a*"® mice exhibited reduced
expression of hepatic apoproteins and microsomal triglyc-
eride transfer protein (MTTP) that are encoded by
HNF4a target genes (36, 37), indicating that Hnf4a*"®
probably cannot export lipid from hepatocytes, which
may partially contributes to hepatosteatosis. However,
some expression of PPAR« target genes involved in FA
oxidation were increased in Hnf4a""® mice (Fig.3A),
indicating that the increased expression of FA oxidation-
related genes in Hnf4a""® mice might conversely inhibit
hepatosteatosis. Thus, expression of other PPAR« target
genes was further investigated. Hepatic expression of
mRNAs encoding lipoprotein lipase (Lpl), FA transporter
1 (Fatpl), FA translocase (Fat/Cd36) and acyl-CoA
thioesterase (Acotl) that are involved in extracellular
degradation of triglyceride, uptake of long-chain FAs and
hydrolysis of acyl-CoA, respectively (27, 38, 39), was
increased in Hnf4a*"® mice, and expression of Faipl
and Fat/Cd36 mRNA was increased about 20-fold in
Hnf4a”" mice (Fig. 4D). In addition, the expression of
Fatpl and Fat/Cd36 mRNAs in Hnf4a*"*/Ppara™~ mice
was strongly suppressed compared to those in Hnf4a*"®
mice. These results indicate that increased uptake of long-
chain FAs by FATP1 and FAT/CD36 might be another
reason for hepatosteatosis in Hnf4a""* mice.

Hnf4a “"*/Ppara =~ mice markedly improved hep-
atosteatosis, but hepatic expression of Ppara mRNA
was decreased in Hnf4a*"™ mice (Fig. 3B and C). Thus,
transactivation of PPAR« target genes might be due to
PPARB/5 and PPARy. While there was no change of
PPARB/5 and PPARy expression between Hnf4a” and
Hnf4a*™ mice, activation of PPARB/S and/or PPARy
could activate their target genes. Since Fatpl mRNA
was markedly increased in Hnf4a*™ mice (Fig. 4C), and
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Fig. 3. Expression of PPARs and PPAR target genes, and improvement of hepatosteatosis and fibrosis. (A) Quantitative RT-PCR from total liver
RNA of Hnf4a" and Hnf4a®" mice (n =5 for each genotype). Data are mean £+ S.D. *, P < 0.05; **, P < 0.01 compared to Hnf4a"™ mice. (B)
Quantitative RT-PCR from total liver RNA of Hnf4a™ and Hnf4a®"** mice (n =5 for each genotype). Data are mean + S.D. *, P < 0.05 compared to
Hnf4a™ mice. (C) Western blot of PPARA protein from nuclear extracts of Hnf4a" and Hnf4a®" mice (n =5 for each genotype). Equal loading was
confirmed by coomassie brilliant blue (CBB) stain. Representative images of HE staining (D) and Masson Trichrome stain (E) of liver sections of

Hnf4a™, Hnf4a® ", Hnf4a" /Ppara™~, and Hnf4a®"?/Ppara™~ mice.

Fatpl mRNA was reported to be transactivated by all
PPARSs (27), promoter analysis was performed to determine
whether PPARs transactivate the Fatpl in the presence
of PGCla whose expression was increased in Hnf4a*""
mice. The Fatpl promoter with a PPAR responsive element
(PPRE) at —492/—476 was transactivated by all PPARs
in the presence of the ligands, Wy-14,643 for PPAR«,
GW501516 for PPARB/S and rosiglitazone for PPARy
compared to the Fatpl promoter without the PPAR
responsive element (-PPRE) (Fig. 5A-D). In addition,
inclusion of PGCla with all PPARs transactivated the
Fatpl promoter more strongly in the presence of the
ligands, and the transactivation of the Fatpl promoter
by PPAR«a was the strongest among three PPARs. Thus,
binding of PPARs to PPRE of the Fatpl promoter was
investigated by chromatin immunoprecipitation (ChIP),
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revealing that PPAR« binds to the PPRE of the Fatpl
promoter in the livers of Hnf4a*"* mice, while no binding
of PPARS/S and PPARy to the Fatpl promoter was
observed (Fig. SE). As positive controls, PPARx was
found to bind to the PPRE of the Ehhadh and Hmgcs2
promoters that are PPAR« targets in the livers of Hnf4a"
mice, but not Hnf4a™ mice. These results indicate that
hepatic PPAR¢, but not PPARS/6 and PPARYy directly and
physiologically binds to the Fatpl promoter and thus might
be transactivated in Hnf4a*"® mice.

Altered FA composition and FA desaturase and elongase
expression in Hnf4a*"e> mice

Since PPAR« is activated by endogenous FAs, changing
of FA composition might be essential for activation of
PPAR« in Hnf4a*"® mice. To explore this question, total
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compared to Hnf4a®" mice.

lipids from the livers of Hnf4a™ and Hnf4a""* mice were
extracted and the FA composition was measured (Fig. 6).
Of thirty-nine FA used, 14 FAs with more than 16 carbons
were found at measurable levels in liver (Fig. 6A). Oleate
(C18:1), linoleate (C18:2), and C20 unsaturated icosenoate
(C20:1) and icosadienoate (C20:2) were increased, while
margarate (C17:0), stearate (C18:0) and C20 saturated and
unsaturated arachisate (C20:0), eicosatrienoate (C20:3),
arachidonate (C20:4) and eicosapentaenoate (C20:5) were
decreased in Hnf4a*"® mice compared to Hnf4a" mice
(Fig. 6B). Among the major FAs, C18 saturated C18:0 was
decreased in Hnf4a*" mice, and C18 unsaturated C18:1
and C18:2 in Hnf4a*"® mice were increased about 2.2- and
1.5-fold compared to Hnf4a"™ mice, respectively.

FA composition is regulated by FA desaturase and
elongase. To investigate the reason why FA composition
is altered in Hnf4a*™ mice, hepatic mRNA expression
encoding FA desaturases and elongases was analyzed.
As for FA desaturase, the expression of FA desaturase 2
(Fads2) and Fads6 mRNAs was significantly decreased in
Hnf4a*" and Hnf4a*"*/Ppara™~ mice compared to that
in Hnf4a™ mice (Fig. 7A). Expression of Fads3 mRNA
was markedly increased in Hnf4a*"™ mice compared to
that in Hnf4a™ mice, but was conversely decreased in
Hnf4a*"*/Ppara™~ compared to that in Hnf4a*™ mice.
Thus, only the expression of Fads3 mRNA showed con-
flicting results between Hnf4a“"* and Hnf4a""**/Ppara™"~
mice. As for FA elongase, elongation of very long chain FA
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Fig. 5. Promoter analysis of the Fatp1 gene by PPARs and the binding of PPARs to PPRE of the Fafp1. (A) Schematic diagram of the promoter of
the Fatpl gene. PPAR response element (PPRE) locates at —542/—444 from the transcrition start site. Promoter constructs of promoterless, the Fatpl
gene with and without PPRE (—444/+52; (-PPRE) and — 542/+52; (+PPRE)) were transfected into HEK293T cells. At that time, PPAR« (B), PPARS/$
(C), and PPARy (D) expression vector was co-transfected with PGCla expression vector in the absence and presence of the ligand of PPAR« (10 uM
Wy-14,643), PPARB/5 (100 nM GW501516), and PPARy (5 uM rosiglitazone), respectively. The normalized activity is presented as relative activity
based on the promoterless vector. Error bars represent as S.D. Data are mean £ S.D. of three independent experiments. (E) Chromatin
immunoprecipitation using the livers of Hnf4a" and Hnf4a®"* mice with 4 j1g of anti-PPAR«, PPARB/8, and PPARy antibodies and normal goat IgG.
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from qPCR was normalized relative to the input and expressed as -fold enrichment over data from IgG control. Error bars represent S.D. Data are

mean % S.D. of three independent experiments. *, P < 0.05 compared to Hnf4a" mice.

1-7 (ELOVL1-7), expression of Elovll, ElovI2 and Elovl5 in Hnf4a*"™ and Hnf4a*"*/Ppara™~ mice compared to
mRNAs was significantly decreased to the same extent, that in Hnf4a™ (Fig. 7B). Conversely, since expression
and expression of Elovi3 mRNA was hardly detected of Elovl7 mRNA was largely increased in Hnf4a*"* and
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Hnf4a*"*/Ppara™~ mice, regulation of Elovi7 mRNA
expression was further investigated. For regulation by
PPARq«, expression of Elovi7 mRNA in wild-type mice
(Ppara*'* mice) was increased about 30-fold by treatment
with the PPAR« agonist, Wy-14,643, while no induction
was observed in Wy-14,643-treated Ppara™ mice, indi-
cating that Elovl7 is a novel PPAR« target gene (Fig. 7C).
However, expression of Elovl7 mRNA was increased as
high in Hnf4a*"/Ppara™~ mice as in Hnf4a*"™ mice,
suggesting that Elovl7 would be negatively regulated
by HNF4«. However, expression of Elovi7 mRNA was

not altered by the overexpression and suppression of
HNF4« in Huh7 and HepG2 cells (Fig. 7D). In order to
investigate whether trasactivation of Elovl7 is PPARa-
dependent, promoter analysis of the Elovl7 gene was
performed (Fig. 7E). Three PPREs were expected between
41074 and 42182 from the transcription start site in the
mouse Elovl7 gene. The promoter region including this
region (PPRE1-3) with herpes simplex virus-TK mini
promoter was transactivated by PPAR« in the presence
of Wy-14,643. The promoter including PPRE2/PPRE3
and PPRE3 alone was also transactivated by PPAR« and
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Wy-14,643, but the activity was lower than that with all
PPRESs. The promoter activity of the mutated PPRE3 was
almost completely suppressed, indicating that Elovi7 is
directly transactivated by PPAR« via PPRE3 between
+2168 and + 2182.

Transactivation of the Fatp1 promoter by stearate and oleate
Assuming that FA variation is also involved in PPAR«
activation in Hnf4a*"® mice, transactivation capacity
of PPARo upon addition of C18:0 and C18:1 using
the Fatpl promoter was investigated. When PPAR«
and RXRa were co-expressed compared to the empty
vectors, further transactivation was observed when both
C18:0 and Cl18:1 were added (Fig. 8A). In addition,
comparing the cases with the addition of CI18:0 and
C18:1, respectively, the addition of C18:1 showed more
pronounced transactivation. This indicates that C18:1
has a greater effect on PPAR« activation in Hnf4a*"®
mice. Since the ratio of C18:1 to C18:0 was increased
in Hnf4a*" mice (C18:1/C18:0=3.2 £ 0.4) compared to
that in Hnf4a™ mice (C18:1/C18:0=1.1+0.2) (Fig. 6),
promoter analysis was further examined to determine
whether the differences in transactivation ability could
be observed in different ratios of C18:0 and CI8:1.
Higher C18:1/C18:0 ratio (C18:1:C18:0=3:1) exhibited
significantly greater transactivation capacity than equal
C18:1/C18:0 ratio (C18:1:C18:0=1:1) (Fig. 8B). These
results suggest that elevated C18:1/C18:0 at least partially
contributes to PPAR« activation in Hnf4a”" mice.

Discussion

Liver-specific Hnf4a-null mice (Hnf4a*"® mice) in the fed
state had lower blood glucose levels of approximately 3/4
compared to the control mice. As described previously,
HNF4a was found to directly regulate many genes
involved in the glucose metabolism pathways of glycolysis,
glycogen synthesis and gluconeogenesis, such as pyruvate
kinasel (Pklr), pyruvate carboxylase (Pc) and glycogen
synthase 2 (Gys2) (3/-33). In addition to the decreased
expression of Pklr, Pc and Gys2 in Hnf4a*"® mice,
expression of glycogen phosphorylase (Pygl) was also
decreased, revealing that Hnf4a*"™ mice could not produce
and degrade glycogen in the liver. However, hepatic
glycogen levels in Hnf4a*"® mice were normal in the
fed state but were higher than those in control Hnf4a"™
mice during fasting. These results indicate that Hnf4a*"®
should not produce glucose from glycogen because of
decreased expression of Pygl and glucose 6-phosphatase
catalytic subunit (G6pcl), an HNF4« target gene (40).
Furthermore, the results of pyruvate tolerance test showed
that Hnf4a*" are less active in gluconeogenesis, probably
due to decreased expression of Pc, Pepckl and G6pcl.
Despite Hnf4a*"* mice exhibiting low gluconeogenesis,
Hnf4a*" mice maintain normal glucose levels during
16 h fasting. This does not mean that Hnf4a*" mice
cannot use glycogen, but one possible reason to maintain
glucose levels during fasting is that they store about 4-
fold more liver glycogen during fasting than the control
mice. Hnf4a""® mice may still continue to use glycogen
available when glycogen stores were depleted in control
mice. However, blood glucose levels in Hnf4a*"® mice in
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the fed state are low probably due to severely decreased
expression of hepatic glucagon receptor (Gegr). Indeed,
Gcegr-null mice exhibit low blood glucose, improved
glucose tolerance and hyperglucagonemia (4/), consistent
with the phenotypes of Hnf4a“"* mice. Overexpression
of HNF4« induced GCGR expression in human HCC
cell lines that highly express endogenous HNF4«, but
inhibition of HNF4« did not suppress GCGR expression
in these cells. Whether GCGR is a direct target gene of
HNF4« is unknown and further analyses are required.
These results indicate that Hnf4a*" mice in the fed state
exhibit lower blood glucose levels, likely due to decreased
expression of Gegr, decreased glucogenesis and decreased
glycogenolysis (Fig. 9A). The results of glucose tolerance
test showed that Hnf4a*™ mice are more glucose tolerant
compared to the control mice. The efficiency of glucose
disposal by insulin-mediated glucose uptake and suppres-
sion of hepatic glucose production are primary effectors
for glucose tolerance. Thus, hypersensitivity to insulin
action could explain at least part of glucose tolerance.
However, the results of inulin tolerance test clearly show
that Hnf4a*" mice are less insulin sensitive than the
controls. Hnf4a*"" mice had a defect in gluconeogenesis,
but this is not likely to have a strong effect to reduce fasting
glucose levels in Hnf4a*" mice because fasting glucose
levels in Hnf4a*"™ mice are the same as in the control
mice. Therefore, further investigation of glucose tolerance
in Hnf4a*"® mice is needed.

Hnf4a “"® mice showed lower blood glucose levels
and increased hepatic expression of Pkd4 and Hmgcs2
in the fed state, indicating that Hnf4a*"® mice use FAs
and ketone bodies as an alternative pathway to produce
energy. Increased expression of LPL that metabolizes blood
TG into FAs, suggesting that FAs are then taken up into
hepatocytes by FATP1 and FAT/CD36 encoded by mRNAs
increased in Hnf4a*" mice where they are subjected to
FA oxidation pathways to produce energy (Fig. 9B). On
the other hand, it was reported that expression of HNF4«
target genes Apob and Mtip are decreased in Hnf4a*"* mice
(4, 36, 37), resulting in reduced ability to pack lipid into
VLDL and transport it out of the liver (Fig. 9C). Thus,
while lipid transport outside the liver decreases, FAs that
are taken up by FATP1 and FAT/CD36 are thought to cause
lipid accumulation in the liver. Expression of Cidea (cell
death inducing DFFA like effector A), a target of PPAR«
that has a critical role in fusion and growth of lipid droplets,
is also significantly increased in Hnf4a“"* mice (42). Thus,
increased expression of Cidea could be involved in the
enlargement of lipid droplets that accumulated in Hnf4a""®
mice (Fig. 9D).

Interestingly, hepatic expression of many PPARSs target
genes involved in FA oxidation were clearly increased in
Hnf4a*" mice. However, PPAR« is known to be regulated
by HNF4« (43), and expression of Ppara mRNA and
PPAR« protein was largely decreased in Hnf4a"" mice.
In other words, a discrepancy arose when the expression
of PPARa was decreased, while the expression of the
target genes was increased in Hnf4a“"® mice. Expression
of Fatpl, an another PPAR target gene (27), was also
increased in Hnf4a*"* mice, and PPAR«, but not PPARS
and PPARy, significantly bound to the PPRE in the Fapl
promoter. These results strongly suggest that PPAR« can
be partially activated in Hnf4a*"* mice and is more active
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Fig. 7. Expression of FA desaturase and elongases in Hnf4a " and Hnf4a®"*, Hnf4a"/Ppara—'~, and Hnf4a®"*/Ppara—'~ mice and
transactivation of the Elovi7 promoter. Quantitative RT-PCR of FA desaturases (A) and elongases (B) from total liver RNA of Hnf4a", Hnf4a®"®,
Hnf4a™/Ppara='—, and Hnf4a®"*/Ppara'~ mice (n =5 for each genotype). Data are mean & S.D. *, P < 0.05; **, P < 0.01 compared to Hnf4a" mice.
*, P <0.05 compared to Hnf4a®"*? mice. (C) Quantitative RT-PCR of Elovi7 in Ppara™™* and Hnf4a®"**/Ppara™"~ mice fed 0.1%Wy-14,643 for 3 days.
The normalized expression is presented relative to that in Ppara™* mice. Data are mean 4 S.D. ?, P < 0.01 compared to Ppara™* mice. (D)
Quantitative RT-PCR from total RNA of HepG2 and Huh?7 cells transfected empty and HNF4« (upper), and negative control of siRNA (siCont) and
siRNA for HNF4« (siHNF4A) (lower). The normalized expression in the cells transfected HNF4« expression vector and siHNF4A is presented relative
to that in the cells transfected empty vector and siCont. (E) Promoter activity of the mouse Elovi7 gene. The Elovl7 promoters with the HSV-TK-mini
promoter were co-transfected with empty vector (Empty) and PPAR«a and RXRou expression vectors with and without 10 M Wy-14,643
(PPARa/RXRa and PPARa/RXRa + Wy) into HEK293T cells. Mutations were introduced into PPRE3 in the promoter (gray square with a cross). Data
are mean =+ S.D. The normalized activity £ S.D. was presented as relative activity based on empty vector-transfected cells.

405



Kasano-Camones et al.

(A)

Promoterless

Fatp1 (+PPRE)

(B)

Promoterless

[ Empty

[ PPARa/RXRa
PPAR/RXRa+Wy-14,643
Ed PPARa/RXRa+Stearate

B PPARG/RXRa+Oleate

0 5 10 15 20 25
Promoter activity

[] Empty

[0 PPAR&/RXRa

EH PPARa/RXRa+ (Stearate: Oleate = 1:1)
Il PPARa/RXRa+ (Stearate: Oleate = 1:3)

Fatp1 (+PPRE)

o 1

20 30 40

Promoter activity

Fig. 8. Promoter analysis of the Fatpl gene in the presence of C18:0 and C18:1. (A) Promoter activity of the Fafpl gene. The Fatpl promoter with
PPRE was co-transfected with empty vector (Empty), PPAR« and RXRa expression vectors (PPAR«/RXRw) with or without 10 uM Wy-14,643
(PPAR«/RXRa + Wy-14,643), 50 uM C18:0 (PPAR«w/RXRe + stearate), and 50 M C18:1 (PPARa/RXRa + oleate) into HEK293T cells. Data are
mean =+ S.D. The normalized activity & S.D. was presented as relative activity based on empty vector-transfected cells. *, P < 0.05 compared to
PPARa/RXRa expression vectors-transfected cells. #, P < 0.05 compared to PPARa/RXRa expression vectors-transfected cells with stearate. (B) The
Fatpl promoter with PPRE was co-transfected with empty vector (Empty), PPAR« and RXRa expression vectors (PPARa/RXRa + BSA) with or
without 25 uM stearate and 25 uM oleate (PPAR«e/RXRa + stearate + oleate = 1:1), or 12.5 uM stearate and 37.5 uM oleate (PPARa/RXRa +
stearate + oleate = 1:3) into HEK293T cells. Data are mean = S.D. The normalized activity &= S.D. was presented as relative activity based on empty
vector-transfected cells. *, P < 0.05; **, P < 0.01 compared to PPAR«/RXRa expression vectors-transfected cells with BSA. T, P < 0.05 compared to
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than the corresponding higher levels of PPAR« in wild-
type Hnf4a™ mice, and that activated PPAR« transactivate
the expression of PPAR target genes. To support this view,
Ppara™~/Hnf4a*"" had improved hepatosteatosis and liver
fibrosis, and decreased expression of genes involved in
inflammation, oxidative stress and fibrosis.

In addition, increased expression of PGCle, a coacti-
vator of PPARs (44-46), was observed in Hnf4a*"" mice.
PGCla and PPAR« were reported to interact and induce
the expression of FA S-oxidation-related genes (47, 48),
suggesting that PGCla strongly affects PPAR« function
in the liver. Transactivation of Fatpl by PPARa was
PPRE-dependent and further enhanced by PGCla and
its ligand. Similar trends were observed for PPARS and
PPARYy, but the transactivation capacity was much lower
than that of PPARc, indicating that PGCla and the
endogenous ligands may be involved in the activation of
PPAR« in Hnf4a*"® mice (Fig. 9E).

Changes in the composition of endogenous FAs as
PPAR« ligands that may account for another factor in
activation of PPAR«, was also examined. Of the FAs that
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showed significant variation in Hnf4a“"* mice, C18:1 was
reported to activate PPARy signaling higher than C18:0
(49). Promoter analysis of Fatpl having a functional PPRE
showed that C18:1 enhanced the transactivation capacity
of PPARx compared to C18:0. Since the C18:1/C18:0
ratio was elevated in Hnf4a*"® mice, co-addition of C18:0
and C18:1 resulted in stronger transactivation when the
ratio of C18:1 was higher, as observed in Hnf4a"
mouse liver. These results suggest that the activation of
PPAR« in Hnf4a*"® mice is partially related to increased
expression of Pgcla, a coactivator of all PPARs, as well
as increased C18:1 and/or C18:1/C18:0 ratio (Fig. 9F).
C18:1 was reported to be also increased, but C18:0 remain
unchanged in liver-specific Hnf4a-knockdown mice that
were generated by injecting AAV8-TGB-Cre into Hnf4a™
mice (50). Since the physiological effects elicited by
AAVS injection on mice was reported to be minimal
(51), the difference may be due to the fact that the time
HNF4« is being knocked-down using AAV8-TGB-Cre
is clearly longer than in the Hnf4a*"® mice used in this
study.
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ligands for PPAR«. (C) Decreased expression of Apob and Mttp, the target genes of HNF4«, suppressed VLDL packing of lipids, resulting in inability to
transport lipids out of the liver (4). (D) Increased expression of Cidea, the target gene of HNF4«, promotes enlargement of lipid droplets (42).

(E) Increased expression of Pgcla promotes PPAR« transactivation. (F) Activation of PPAR« by increased C18:1 and decreased C18:0 with altered
expression of FA desaturases and elongases. (G) Decreased expression of Mir-194-5p and Mir-192-5p, the target genes of HNF4«, promotes cell
malignancy (29). (H) Accumulation of oxidative stress by increased expression of PPAR« target genes involved in FA oxidation and decreased

expression of genes encoding antioxidant enzymes (5).

Since ELOVL1, ELOVL3 and ELOVLY7 are involved in
the elongation from C18:0 to C20:0 (52), decreased C18:0
and C20:0 in Hnf4a*" mice might be due to lower expres-
sion of Elovll and Elovi3. Hepatic expression of Elovi7
mRNA was increased more than 50-fold in Hnf4a*" mice,
but the elongation activity using C18:0 as a substrate was
reported to be the highest for ELOVL3, and the activity of
ELOVL3 is about 6-fold higher than that of ELOVLY7 that is
not significantly expressed in the liver (52, 53). In addition,
since Elovi3 expression is rarely observed in Hnf4a*"®
mice, the reduction of C20:0 is likely to be largely due to
reduced expression of Elovi3 in Hnf4a*" mice.

Of the monounsaturated FAs, C18:1 and C20:1 were
increased in Hnf4a*™ mice. The desaturation reaction
from C18:0 to C18:1 is mediated by the A9-desaturases
SCD1, SCD2 and SCD4 (54). However, since no signif-
icant expression change of these mRNAs was observed
in Hnf4a”"® mice, the reasons for the elevated C18:1
need further verification including analysis of SCD activ-
ity in the liver. The elevated C20:1 in Hnf4a“** mice
might be due to the increased substrate C18:1 and the
increased expression of Elovl7, but the elongation activity
was slightly elevated because ELOVL3, that has reduced
expression in Hnf4a*"® mice, is more active than ELOVL7
(52). Four n-6 polyunsaturated FAs were detected. Of these,
C18:2 and C20:2 were significantly increased, while C20:3
and C20:4 were decreased. FADS?2 is responsible for the
desaturation from C20:2 to C20:3 (55), but its expression

is decreased in Hnf4a*"* mice. The result would have been
a decrease of C20:3 and subsequent C20:4, accompanied
by an increase of the substrate, C18:2 and C20:2. Three n-
3 polyunsaturated FAs were detected of which C20:5 was
significantly decreased in Hnf4a*"* mice. This may be due
to the lower expression of Fads2 and Elovl5, that encode
enzymes responsible for the elongation and unsaturation
leading to C20:5, in Hnf4a*"" mice.

Liver tissue staining showed improved lipid accumu-
lation in Hnf4a*"*/Ppara™~ mice compared to Hnf4a*"®
mice. This may be partly due to the significantly decreased
expression of Scdl in Hnf4a""*/Ppara™" mice compared
to Hnf4a*"™ mice. Scdl-nulll mice had significantly
decreased hepatic cholesterol ester and triglyceride levels
(56). It was also reported that the C18:1/C18:0 ratio of
total liver lipids and the amount of C18:1 is decreased
in Scdl-nulll mice and C18:1 may have contributed to
hepatosteatosis (56, 57). Thus, decreased expression of
Scdl in Hnf4a*"/Ppara™~ mice may partially lead to the
improvement of hepatosteatosis in Hnf4a“"* mice.

Since miR-192-5p and 194-5p are novel HNF4« target
miRNA genes and many of the identified target genes
are involved in cell malignancy (29), these miRNAs are
expected to be involved in the development of NAFLD to
NASH and HCC (Fig. 9G).

Various animal models of NAFLD/NASH have been
used, and mice and rats fed methionine-choline-deficient
(MCD) diet are the dietary models (58, 59). In addition
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to steatohepatitis, invasion of inflammatory cells, hepato-
cyte necrosis and local fibrosis was observed in the MCD
diet model. In addition to dietary models, single gene
mutated models such as ob/ob and db/db mice and various
gene modified models containing Apoe2-KI mice fed high-
fat diet (HFD) have been also used (23, 60, 61). These
animal models reflect similar pathogenesis of NAFLD/
NASH, but they also differ from human NAFLD/NASH
with diverse background factors that vary greatly among
individuals. NAFLD/NASH is often associated with obe-
sity and insulin resistance, but MCD-fed mice are nei-
ther obese nor insulin resistance (58, 59, 62). Although
obesity is undoubtedly the major risk factor for NAFLD/
NASH, many clinical observations showed the existence of
lean NAFLD/NASH patients with normal body mass index
(63, 64). Phosphatidylethanolamine N-methyltransferase
(Pemt)-deficient mice fed high fat-high sucrose diet exhibit
fatty livers and progress to NASH without obesity and
diabetes, and hepatic expression of Pemt was lower in
lean NASH patient without obesity (65). In addition, hep-
atic expression of HNF4« protein in Pemt-deficient mice
was suppressed by hypermethylation of the genomic DNA
region. Further analysis is needed to determine whether
Hnf4a*"" mice develop NASH, but Hnf4a*"® mice show
neither obesity nor diabetes, indicating that Hnf4a*"* mice
are at least classified as lean NAFLD without obesity and
diabetes.

Studies using various animal models of NAFLD/NASH
have reported an association between PPAR« and NASH.
Treatment of MCD-fed mice with a PPAR« agonist was
shown to improve lipid and peroxide accumulation in
the liver and protect against steatohepatitis (22). Others
reported that treatment of Apoe2-KI mice fed HFD with
fenofibrate protects against hepatosteatosis and hepatic
macrophage accumulation via activation of PPAR«x (23).
These studies suggest that PPAR« agonists may be useful
in the treatment of NAFLD/NASH. In fact, clinical trials in
patients with NAFLD/NASH are underway, with positive
results, although some are still in the process of being
validated (66—68). In addition, a common finding reported
in the above mouse models is that NASH-like phenotype is
exacerbated when PPAR« is deficient. On the other hand,
hepatosteatosis and fibrosis in Hnf4a*"* mice in this study
were ameliorated by loss of PPARw. In fact, increased
expression of oxidative stress markers was observed in
Hnf4a*" mice. Conversely, the expression of catalase
(Cat), Sodl and GpxI mRNAs encoding proteins that
function as antioxidants, was decreased in Hnf4a*"® mice
(5). These results support the idea that ovidative stress
may accumulate in Hnf4a*" mouse livers. Thus, increased
oxidative stress in Hnf4a*"*® mice may partially lead to the
exacerbation of NAFLD (Fig. 9H).

It is also thought that decreased uptake of lipids into
VLDL and secretion out of hepatocytes caused by the lower
expression of Apob and Mttp and the uptake of lipids by
increased Fatpl and Fat/Cd36 results in excess lipids in the
liver which exceed the processing capacity by B-oxidation,
in turn causing lipid accumulation. In addition, the expres-
sion of genes encoding antioxidant enzymes, including
catalase (5), is decreased in Hnf4a*" mice, suggesting that
oxidative stress is increasing. Thus, Hnf4a*"* mice present
a different model from previously utilized NAFLD models
and will provide a new perspective for future NAFLD
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research. However, HNF4« regulates the expression of a
vast array of genes involved in liver function. For example,
elevated plasma bile acid levels in NASH patients and
elevated serum bile acid levels in lean NAFLD patients
were reported (69, 70). Hnf4a*"® mice exhibit elevated
serum bile acids (6), which may be consistent with these
reports. Conversely, elevated serum iron levels in NAFLD
patients and an association between iron accumulation in
the liver and exacerbation of NAFLD are inconsistent with
the fact that Hnf4a*" mice show hypoferremia and no
change in iron levels in the liver (5, 71, 72). These pheno-
types in Hnf4a" mice are caused by decreased expression
of direct target genes of HNF4«. Thus, Hnf4a*"* mice
are heavily influenced by HNF4«, which may be difficult
to apply to the mechanism of NAFLD development in
wild-type mice as well as humans. Further analyses are
required to elucidate the detailed mechanism of NAFLD
development in Hnf4a*" mice.
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