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NF-E2-Related Factor 1 (Nrfl) Serves as a Novel Regulator of Hepatic
Lipid Metabolism through Regulation of the Lipinl and PGC-1[3

Genes
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Hepatic lipid metabolism is under elaborate regulation, and perturbations in this regulatory process at the transcriptional level
lead to pathological conditions. NF-E2-related factor 1 (Nrfl) is a member of the cap’n’collar (CNC) transcription factor family.
Hepatocyte-specific NrfI gene conditional-knockout mice are known to develop hepatic steatosis, but it remains unclear how
Nrfl contributes to the lipid homeostasis. Therefore, in this study we examined the gene expression profiles of Nrfl-deficient
mouse livers. A pathway analysis based on the profiling results revealed that the levels of expression of the genes related to lipid
metabolism, amino acid metabolism, and mitochondrial respiratory function were decreased in Nrfl-deficient mouse livers,
indicating the profound effects that the Nrfl deficiency conferred to various metabolic pathways. We discovered that the Nrfl
deficiency leads to the reduced expression of the transcriptional coactivator genes Lipinl and PGC-1f (for peroxisome prolifera-
tor-activated receptor y coactivator 13). Chromatin immunoprecipitation analyses showed that Nrfl binds to the antioxidant
response elements (AREs) in regulatory regions of the Lipinl and PGC-1f3 genes and the binding of Nrf1 to the AREs activates
reporter gene transcription. These results thus identified Nrfl to be a novel regulator of the Lipinl and PGC-1f3 genes, providing

new insights into the Nrfl function in hepatic lipid metabolism.

he liver is the central organ for the metabolism of fatty acids,

which are processed through triglyceride synthesis or oxida-
tive metabolism. These metabolic pathways are in part regulated
at the transcriptional level, and perturbation of the regulation
leads to pathological changes. One of the most common hepatic
alterations is a fatty liver syndrome, which is associated with a
progressive cascade of lipid disorders, including the hepatic ste-
atosis, nonalcoholic steatohepatitis (NASH), cirrhosis, and even-
tually, hepatocellular carcinoma (4). Elucidation of the transcrip-
tional networks regulating lipid metabolism is expected to provide
new insights into the pathogenesis of these hepatic disorders.

In the past decade, various transcription factors have been im-
plicated in hepatic lipid metabolism. For example, peroxisome
proliferator-activated receptor a (PPARa) plays an important
role in fatty acid degradation (1, 18, 25). In response to ligands,
PPARa induces the expression of various enzyme genes involved
in the lipid metabolisms. In PPARa-knockout (KO) mice, im-
paired mitochondrial § oxidation and fasting-induced steatosis
are observed (1, 18, 25). Sterol regulatory element-binding pro-
teins (SREBPs) also play key roles in lipid synthesis. Transgenic
mice expressing a constitutively active form of SREBP1 develop
fatty livers (41). Emerging lines of evidence suggest that lipid me-
tabolism is regulated by various stress-inducible transcription fac-
tors, such as hypoxia-inducible factors (HIFs) and endoplasmic
reticulum (ER) stress-induced transcription factors (8, 9), indi-
cating that energy metabolism is elaborately coupled with the
adaptive stress response.

In the adaptive stress response, NF-E2-related factor 2 (Nrf2) is
known to be a general regulator of antioxidative and detoxifying
enzyme genes (31, 47). Nrf2 is a member of the cap’n’collar
(CNC) family of transcription factors. Under static conditions,
Nrf2 is rapidly ubiquitinated by the Keap1-Cul3 E3 ubiquitin li-
gase complex and degraded through the ubiquitin-proteasome
pathway (5, 19, 53). However, upon exposure to electrophiles or
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oxidative stresses, Nrf2 accumulates in the nucleus, where it forms
a heterodimer with small Maf proteins, binds to the antioxidant
response element (ARE) or electrophile response element (EpRE)
(7, 39), and activates gene expression (12, 13). Nrf2 gene-knock-
out mice show an increased susceptibility to stresses due to the
impaired induction of ARE-dependent cytoprotective genes (12).
Recent studies revealed that Nrf2 also contributes to lipid metab-
olism (10, 35). The genetic deletion of Nrf2 results in the rapid
onset and progression of hepatic steatosis induced by a methio-
nine-choline-deficient diet (3, 46, 56) and in differential gene ex-
pression of hepatic metabolism (49), while Nrf2 activation ame-
liorates high-fat diet-induced fatty liver (42).

Nrfl, another member of the CNC family, has emerged as an
important transcription factor for functions in various types of
cells (20, 23). Nrfl gene knockout in mice is lethal at embryonic
day 13.5 due to anemia and liver dysfunction (2). Central nervous
system-specific Nrfl-knockout mice show progressive motor
ataxia and neurodegeneration with an accumulation of polyubiq-
uitinated proteins in their neurons (20, 23). Importantly, hepato-
cyte-specific Nrfl-knockout mice develop hepatic steatosis (33,
52). Nrfl is also involved in the induction of the proteasome sub-
unit genes (36, 45). However, in contrast to Nrf2, the molecular
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mechanism of how Nrfl contributes to these functions has not
been well-defined. While it has been reported that Nrfl is an-
chored to the ER membrane (45, 51, 55), how Nrfl activity is
regulated through the interaction with the ER membrane remains
to be elucidated. Similarly, relevant downstream target genes re-
lated to the hepatic steatosis in the NrfI mutant mice remain to be
clarified.

To delineate the contribution of Nrfl to hepatic lipid metabo-
lism, in this study we examined the gene expression profiles of
Nrfl-deficient mouse livers. We found that the expression of
genes related to lipid metabolism, amino acid metabolism, and
mitochondrial respiratory function was dysregulated in the Nrfl-
deficient livers, suggesting that the lack of Nrfl function leads to
the perturbation of these metabolic pathways. An important ob-
servation is that these pathways were not substantially affected in
the livers of either Nrf2-deficient or KeapI gene-knockdown (KD)
mice, implying that Nrfl and Nrf2 play distinct roles in liver me-
tabolism. We found that the mRNA levels of two important tran-
scriptional coactivators for metabolic enzyme genes, Lipinl and
PGC-1B (for PPARY coactivator 13), were markedly decreased in
the Nrfl-deficient mouse livers. Chromatin immunoprecipitation
(ChIP) analyses showed that Nrfl binds to the AREs in regulatory
regions of the Lipinl and PGC-1 genes. These results thus dem-
onstrate that Nrfl serves as a novel regulator of hepatic lipid me-
tabolism through regulation of the Lipinl and PGC-1{ genes.

MATERIALS AND METHODS

DNA constructs. For the reporter analysis, DNA fragments containing
the AREs in the Lipinl promoter (5'-ACG CTC CTG CCG CTG AGC
TGT GAC TCA GCC AGA GAA CTG AG-3’), Lipinl intron (5'-CAC
ACC CTG CCC AGA GGC ACA CTT GCT GAG TCA GCA CCC CGG-
3’), and PGC-1B intron (5'-TTG ATA GTG AGG GGA ACA TGC TGA
CTC AGC AGC TCC GAA TAA-3") were flanked by Mlul and Nhel sites
and cloned into the pRBGP3 vector (11) to generate Lipinl promoter
ARE-Lug, Lipinl intron ARE-Luc, and PGC-1f intron ARE-Luc, respec-
tively. The short hairpin RNA (shRNA) expression construct targeting
Nrfl was based on a 19-mer sequence (5'-GGG ATT CGG TGAAGATTT
G-3') present in the coding region of both human and mouse NrfI genes
(36), followed by a complementary 19-nucleotide sequence, which was
separated by a 9-nucleotide sequence (TTCAAGAGA), and cloned into
the BglII and HindIII sites of the pSUPER.retro.puro vector (Oligoen-
gine). The pSUPER control vector was used as previously described (54).
To generate constructs expressing the carboxyl-terminal half of Nrfl, the
mouse Nrfl cDNA (G341-K741) was amplified by PCR using 3X FLAG-
Nrfl as a template with forward (5'-AGC CAT ATG GGC TGC AGT CAG
GACTTCTCC-3") and reverse (5'-ATC CTC GAG TCA CTT CCT CCG
GTC CTT TGG-3") primers. The PCR products were digested with Ndel
and Xhol and cloned into the pET-15b vector (Novagen) to generate
6XHis-NrflCT.

Mouse. The NrfI-conditional-knockout (CKO) and -knockout alleles
(33), Nrf2-knockout allele (12), and KeapI-KD allele (48) were as de-
scribed previously. Albumin (Alb)-Cre transgenic mice were kindly sup-
plied by the Jackson Laboratory. The mice were given water and rodent
chow ad libitum and kept under specific-pathogen-free conditions. All
mice were handled according to the regulations of the Standards for Hu-
mane Care and Use of Laboratory Animals of Tohoku University and
Guidelines for Proper Conduct of Animal Experiments of the Ministry of
Education, Culture, Sports, Science, and Technology of Japan.

Histological and biochemical analyses. To visualize the hepatic lipid
content, the livers were embedded in OCT compound (Tissue-Tek). The
frozen sections were stained with oil red O (Muto Pure Chemicals) and
counterstained with hematoxylin. The plasma alanine aminotransferase
(ALT) activity was measured as previously described (33).
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RNA purification and qPCR analyses. Total RNA was extracted using
an Isogen RNA extract kit (Nippon Gene) and reverse transcribed to
c¢DNA using SuperScript III (Invitrogen). Quantitative PCR (qPCR) was
performed with PCR master mix using a TagMan probe or SYBR green
and an ABI 7300 system (Applied Biosystems). The primers and probes
for NAD(P)H:quinone oxidoreductase (Nqo1), glutamate-cysteine ligase
catalytic subunit (Gclc), and thioredoxin reductase 1 (Txnrdl) detection
were described previously (16). The sequences for the other primers used
are shown in Table S1 in the supplemental material. The expression levels
were normalized to those of the hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) gene.

Microarray analyses and data mining. Three independent RNA sam-
ples from each genotype of female mice were used for the microarray
analyses. Agilent 4 X 44K whole-mouse genome oligonucleotide mi-
croarray slides were hybridized, washed, and scanned on an Agilent
microarray scanner according to the Agilent protocol. The expression
data were subjected to statistical analysis using GeneSpring software
(Silicon Genetics, Redwood City, CA). The pathway analysis was con-
ducted using the Reactome pathway enrichment tool (http://www
.reactome.org). The gene set analysis was performed using the gene set
enrichment analysis (GSEA) methods as default parameters (http:
/lwww.broadinstitute.org/gsea). Cluster (version 3.0) software was
used for clustering, and the results were visualized using the Java Tree-
view program (http://jtreeview.sourceforge.net/).

Metabolome analysis. Metabolome analysis was carried out by Hu-
man Metabolome Technologies (Yamagata, Japan), as previously re-
ported (43). Briefly, livers were collected from female mice at 6 weeks of
age and snap-frozen in liquid nitrogen. After homogenization in metha-
nol, the water-extractable phase was subjected to capillary electrophoresis
time-of-flight mass spectrometry (CE-TOF MS; Agilent Technologies).
Signal peaks corresponding to isotopomers of 108 compounds, including
the intermediates of the glycolytic system, the intermediates of the tricar-
boxylic acid (TCA) cycle, and amino acids, were extracted and quantified.

ChIP assays. ChIP analysis was performed as described previously
(40) with minor modifications. Briefly, liver tissues or cells were fixed with
1% formaldehyde for 10 min at room temperature and subsequently
quenched with 0.125 M glycine. The fixed samples were lysed and soni-
cated. The antibody incubations were performed overnight at 4°C. The
cross-linking was reversed overnight at 65°C. The purified DNA was an-
alyzed by qPCR. The primer sequences used are shown in Table S1 in the
supplemental material. The antibodies used were anti-Nrfl (sc-13031;
Santa Cruz), anti-Nrf2 (sc-13032; Santa Cruz), anti-MafG (30), and nor-
mal rabbit IgG (Santa Cruz). The values obtained from the immunopre-
cipitated samples were normalized to the input DNA.

Cell culture and generation of stable cell lines. The mouse hepatoma
cell line Hepalclc7 (Hepal) was cultured in Dulbecco’s modified Eagle’s
medium (Wako) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin (Gibco). To establish the Nrfl-knockdown cell
lines, the Nrfl shRNA plasmid was transfected into Hepal cells using
Lipofectamine 2000 transfection reagent (Invitrogen). Stable transfor-
mants were selected by 2-pg/ml puromycin, and several clonal cell lines
were established. To induce Nrf2 activity, the Hepal cells were treated
with 100 wM diethylmaleate (DEM) for 4 or 6 h.

Luciferase assay. Hepal cells were seeded at a density of 2 X 10° cells
per well in a 24-well plate. Luciferase vectors were cotransfected with or
without the Nrfl expression vector and pRL-TK (Promega) using Lipo-
fectamine 2000 (Invitrogen). At 24 h posttransfection, the luciferase ac-
tivities were measured using a luminometer (Berthold). The firefly lucif-
erase activity was normalized to the Renilla luciferase activity. All samples
were prepared in triplicate.

EMSA. Electrophoretic mobility shift assay (EMSA) was performed as
described previously (15) with minor modifications. Briefly, the expres-
sion vectors 6 XHis-NrflCT, 6 XHis-Nrf2CT, and 6XHis-MafG 1-123
(22) were transformed into Escherichia coli BL21 Codon Plus (DE3)-RIL
(Stratagene), and the induced proteins were purified using Ni-nitrilotri-
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FIG 1 Deficiency of Nrfl leads to impairment of hepatocellular functions. (A) Nrfl mRNA expression in the livers from Nrf1*™'* (control) and Nrf1*™'":Alb-
Cre (CKO) mice at 3, 4, and 6 weeks of age. Nrfl mRNA expression was examined by qPCR. (B) Serum ALT activity in control and NrfI-CKO mice. The data
represent the mean *+ SD (n = 3). P values are from Student’s unpaired ¢ test: ¥, P < 0.05; **, P < 0.01. (C to F) Liver sections from control and NrfI-CKO mice
at 3 weeks (C and D) and 5 weeks (E and F) of age were stained with oil red O. Bars, 100 pm.

acetic acid agarose (Qiagen). The forward oligonucleotides were labeled
with biotin at the 5’ end, annealed with the reverse oligonucleotides, and
used as probes. The oligonucleotide sequences used are shown in Table S1
in the supplemental material. In the competition assays, a 200-fold excess
of unlabeled annealed DNA was added. The reaction mixtures were incu-
bated for 20 min at room temperature, and the reaction mixtures were
loaded onto 5% TBE (Tris-borate-EDTA) polyacrylamide gels, trans-
ferred to a Zeta Probe nylon membrane (Bio-Rad), and visualized using a
LightShift EMSA kit (Thermo Fisher Scientific). The sequences of the
oligonucleotides used for EMSA are shown in Table S1 in the supplemen-
tal material.

Microarray data accession number. The gene expression data are
available through the Gene Expression Omnibus database (www.ncbi
.nlm.nih.gov/projects/geo/) under accession number GSE35124.

RESULTS
Loss of Nrfl leads to impairment of various hepatocellular func-
tions. In order to delineate the contribution of Nrfl to the hepatic
metabolisms, we investigated the gene expression patterns of the
Nrfl-deficient mouse livers. For this purpose, we used mice har-
boring the floxed (flox) allele of NrfI (33). In this study, we first
removed the neomycin resistance (Neo) gene from the NrfI floxed
allele to attain efficient deletion of the NrfI gene by Cre enzyme
(see Fig. S1A in the supplemental material). The resulting Nrfl
Neo-deleted (dN) allele was used in combination with Alb-Cre
transgenic mice to knock out Nrfl gene expression specifically in
hepatocytes. The hepatocyte-specific Nrfl gene-conditional-
knockout mice (N7fI-CKO; NrfI™'~:Alb-Cre) showed a signifi-
cant increase in plasma ALT levels at 4 weeks of age, in accordance
with the progressive loss of Nrfl expression (Fig. 1A and B). While
no obviouslipid deposits were found at 3 weeks of age (Fig. 1Cand
D), marked lipid accumulation was observed in the livers of NrfI-
CKO mice at 5 weeks of age (Fig. 1E and F). Serum triglyceride and
total cholesterol levels were not significantly different between
genotypes (see Fig. S1B in the supplemental material). These re-
sults showed that the Alb-Cre-mediated excision of the NrfI gene
immediately results in impaired lipid metabolism.

We then performed transcriptional profiling of livers in NrfI-
CKO and control (N7f1*™'") mice at 6 weeks of age using microar-
ray analyses. To minimize differences in age and time of sacrifice,
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which could affect metabolism, all animals were sacrificed at Zeit-
geber time 9 (3 h before lights off). Using the statistical criterion of
a =1.5-fold change with a probability P of =0.05 (¢ test), we iden-
tified approximately 1,500 upregulated and 1,700 downregulated
genes in the Nrf1-CKO mice compared with the gene expression
in the control mice. The differentially expressed genes were
mapped to known pathways using the Reactome database (14).
Consistent with previous studies (36, 45), the expression levels of
the proteasome subunit genes were decreased in the NrfI-CKO
mice (Fig. 2A), suggesting that Nrfl is indeed functional in the
liver under normal conditions. In addition, genes involved in lipid
metabolism, amino acid metabolism, the TCA cycle, and the mi-
tochondrial respiratory chain were overrepresented among the
downregulated gene sets (Fig. 2A; see Table S2 in the supplemental
material). In contrast, genes involved in the cell cycle and DNA
replication were also overrepresented in the upregulated gene sets
(Fig. 2A; see Table S2 in the supplemental material), suggesting
that cell cycle regulation is constitutively repressed by Nrfl or
aberrantly affected in the livers of Nrfl-deficient mice. To further
confirm these observations, the whole expression data were sub-
jected to GSEA. Again, the gene sets related to lipid metabolism,
amino acid metabolism, and the mitochondrial respiratory chain
and the gene set related to the cell cycle were enriched among the
downregulated and upregulated genes in the NrfI-CKO mice, re-
spectively (Fig. 2B and data not shown). To identify phenotypes
associated with gene expression alterations in NrfI-CKO mice, we
performed a metabolome analysis using a CE-TOF MS that targets
water-soluble, charged metabolites. We observed several meta-
bolic changes, such as an increase in amino acids and a decrease in
TCA cycle metabolites, which are in line with the decreased ex-
pression of amino acid metabolism enzyme and TCA cycle en-
zyme genes in NrfI-CKO mice (NrfI™™“N:Alb-Cre) (Fig. 3A and
B; see Table S3 in the supplemental material).

We noticed that the levels of expression of a group of PPAR«x
target genes (37) were decreased in NrfI-CKO mice (see Table S2
in the supplemental material). The qPCR results confirmed that
the levels of expression of PPARa target genes, such as those for
acyl coenzyme A oxidase 1, palmitoyl (AcoxI), hydroxyacyl coen-
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FIG 2 Microarray analyses to identify the enrichment of genes associated with various metabolic pathways. (A) Table of Reactome pathways significantly
enriched with genes that are downregulated or upregulated in N7f1-CKO mouse livers. Complete lists of the downregulated and upregulated genes are shown in
Table S2 in the supplemental material. (B) GSEA histograms for the gene sets involved in fatty acid metabolism, oxidative phosphorylation, and cell cycle
regulation. The nominal P values of these gene sets are all less than 0.001, and the normalized enrichment scores are 1.28, 1.52, and —1.70, respectively. At the
bottom of each plot, the spectrum of gene expression observed in the microarray is shown. The left side of the graphs indicates reduced expression and the right
side indicates increased expression in the NrfI-CKO mice. (C) Expression of representative PPAR« target genes (AcoxI, Hadh, Akr1dl, Hmgcs2, and Fads1) was
examined by qPCR. (D) Expression of genes related to methionine metabolism (Matla, Ahcy, Gnmt, and Nnmt) was examined by qPCR. RNA samples were
prepared from the livers of control and NrfI-CKO mice at 6 weeks of age. These data represent the mean * SD (n = 3). P values are from Student’s unpaired ¢
test: ¥, P < 0.05. The expression of each gene in the control mouse was set to 1.

zyme A dehydrogenase (Hadh), aldo-keto reductase family 1,
member D1 (AkrldI), 3-hydroxy-3-methylglutaryl coenzyme A
synthase 2 (Hmgcs2), and fatty acid desaturase 1 (Fadsl), were
decreased in the Nrfl-CKO mice (Fig. 2C), suggesting a dysregu-
lation of PPARa-mediated gene expression. We also noticed that
several genes related to methionine metabolism, those for includ-
ing methionine adenosyltransferase I alpha (Matla), S-adenosyl-
homocysteine hydrolase (Ahcy), glycine N-methyltransferase
(Gnmt), and nicotinamide N-methyltransferase (Nnmt), were
also downregulated in the livers of the Nrfl-deficient mice (Fig.
2D). These results clearly showed that the loss of Nrfl leads to an
impairment of various hepatocellular functions, including lipid
and amino acid metabolism.
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Loss of Nrf2 does not significantly affect the gene sets regu-
lated by Nrfl. As Nrfl and Nrf2 share certain functional proper-
ties (26), there exists a possibility that these transcription factors
regulate the same gene sets. To test this possibility, we examined
the gene expression profiles of the Nrf2-knockout and Keap1-KD
(KeapI*™'~) mouse livers, in which Nrf2 was constitutively acti-
vated, by microarray analyses and compared the results with those
for the Nrfl-deficient mouse livers (Fig. 4A). Among the down-
regulated genes in the NrfI-CKO mice, the expression of only a
small fraction was significantly changed in the Nrf2-knockout or
KeapI-KD mice (Fig. 4B and C). We examined whether the met-
abolic pathways that were impaired in the NrfI-CKO mice (Fig.
2A) were also altered in the Nrf2-knockout or Keapl-KD mice.
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The results indicated that the pathways related to lipid metabo-
lism, amino acid metabolism, proteasomal degradation, the TCA
cycle, and the mitochondrial respiratory chain were not signifi-
cantly affected in the Nrf2-knockout or Keapl-KD mouse livers
(Fig. 4D). In contrast, typical Nrf2 target genes, such as phase II
detoxification enzyme genes and antioxidant enzyme genes, were
significantly reduced and induced in Nrf2-knockout and
Keap-KD mice, respectively (Fig. 4E). These results thus support
our contention that Nrfl and Nrf2 play distinct roles in hepato-
cellular functions.

Nrfl-dependent expression of transcriptional coregulators
for metabolic enzyme genes. We characterized the Nrfl contri-
bution to the regulation of various metabolic pathways. In this
regard, it should be noted that in microarray analyses the expres-
sion of several transcription factors and coactivators for metabolic
enzyme genes, such as PPAR«, Lipinl, and PGC-1f, were de-
creased in the livers of NrfI-CKO mice (Fig. 4D and data not
shown). To gain further insights into the Nrfl-dependent regula-
tion of the metabolic pathways, we examined expression levels of
the mRNAs for transcription factors and coactivators regulating
hepatic lipid metabolisms. Consistent with the microarray analy-
sis data, the levels of expression of the PPAR«, Lipinl, and
PGC-1P genes were all decreased in the livers of NrfI-CKO mice at
6 weeks of age (Fig. 5A), while the levels of expression of PGC-1a
and SREBPI were not significantly changed in the control and
Nrfl-CKO mice (Fig. 5A). The PPARvy transcript level was rather
increased in the NrfI-CKO mice compared with that in control
mice (Fig. 5A). Similar results were obtained in the 4-week-old
Nrfl1-CKO mice that did not show severe steatosis (Fig. 5A). These
results showed that Nrfl is a potential regulator of PPARa, Lipini,
and PGC-1.

There remains a possibility that the reduction of PPARa,
Lipinl, and PGC-13 mRNAs was secondary to the hepatic steato-
sis. To exclude this possibility, we examined how reduction of
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Nrfl expression affected the expression of these genes in a cell
culture system. We knocked down Nrfl expression in the mouse
hepatoma cell line Hepal using RNA interference-mediated gene
silencing. We made five independent cell lines by stably expressing
shRNA that specifically targeted Nrfl. The shRNA resulted in the
effective reduction of the endogenous Nrfl mRNA level but not
the Nrf2 mRNA level (Fig. 5B). Showing very good agreement
with the in vivo data, the Nrfl knockdown significantly reduced
PPARa, Lipinl, and PGC-1f3 gene expression, while the levels of
expression of the Nrf2 target genes, such as NqoI and Txnrdl, were
not changed significantly (Fig. 5B). Collectively, these in vivo and
in vitro experiments argue that PPARw, Lipinl, and PGC-1f are
target genes of Nrfl.

Nrfl and small Maf proteins bind to the regulatory regions of
Lipinl and PGC-1f. These observations prompted us to deter-
mine whether Nrfl directly regulates the expression of PPAR«,
Lipinl, and PGC-1 genes. We searched the sequences of the
PPARa, Lipinl, and PGC-1B genes and found several putative
ARE motifs in their regulatory regions (Fig. 6A). To determine
whether Nrfl and its obligatory heterodimeric partner, small Maf
proteins, directly bound to these ARE motifs, we performed ChIP
analyses. The chromatin from Hepal cells was immunoprecipi-
tated using specific antibodies, and the amount of precipitated
DNA was examined by using qPCR. The results showed that Nrfl
was recruited to the AREs in the Lipinl promoter and the intron
regions of the Lipinl and PGC-1f genes but not to those in the
PPARa promoter and 3’ untranslated region (UTR) (Fig. 6B).
MafG, the most abundant small Maf protein in the liver, was re-
cruited to all AREs tested in this analysis (Fig. 6C). Notably, MafG
strongly bound to the AREs in the intron regions of the Lipin] and
PGC-1B genes. This binding might reflect the presence of Maf
recognition elements (MAREs) overlapping the AREs (Fig. 6A).
MAREs have GC sequences located at both ends of the core se-
quence and are specifically recognized by small Maf homodimers
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(21, 32). These ChIP analyses support the notion that Nrfl di-
rectly regulates the expression of Lipinl and PGC-1( through the
AREs.

Nrfl activates transcription via the AREs of LipinI and PGC-
1. We then wished to analyze whether these putative AREs con-
fer Nrfl-dependent transcriptional activity to these transcrip-
tional coactivators. To this end, DNA fragments containing the
ARE motif were inserted upstream of luciferase reporter genes,
and the resulting constructs were transfected into Hepal cells with
or without the Nrfl expression vector. The reporter constructs
containing the ARE of either the LipinI or PGC-1f3 intron showed
significantly increased luciferase activities upon the expression of
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Nrfl (Fig. 7A). In contrast, the construct containing the ARE of
the Lipin] promoter showed an increase of basal reporter activity,
but no further activation was observed upon the addition of the
Nrfl expression vector (Fig. 7A). These results suggest that Nrfl
activates transcription through binding to the AREs in the Lipinl
and PGC-1{ gene introns.

To obtain in vitro evidence that the Nrfl-MafG heterodimer
binds to the AREs in the Lipinl and PGC-1{ genes, we performed
EMSA. To examine the binding specificity of Nrfl and Nrf2, we
exploited Nrfl-MafG and Nrf2-MafG heterodimers and assessed
their binding to these AREs and the ARE from the Nqgol gene, a
typical Nrf2 target gene. The results showed that both Nrfl-MafG
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FIG 5 Expression of transcriptional regulators associated with hepatic lipid metabolism in Nrfl-deficient livers. (A) mRNA expression was examined by qPCR in the
livers of N1f1™™* (control) and Nrf1*™'~:Alb-Cre (CKO) mice at 4 and 6 weeks of age. The data represent the mean * SD (1 = 3). P values are from Student’s unpaired
ttest: *, P < 0.05; **, P < 0.01. The expression of each gene in the control mouse was set to 1. (B) Nrfl knockdown results in the reduced expression of PPAR«, Lipinl,
and PGC-1. Hepal cells stably expressing shRNA targeting Nrfl (KD) or a nonsilencing control gene were used. mRNA expression in five independent clones was
detected by qPCR. The data represent the mean = SD (n = 5); **, P < 0.01. The expression of each gene in the control mouse was set to 1.

and Nrf2-MafG heterodimers bound to the AREs of the Lipinl
promoter, Lipinl and PGC-1{ introns, and Ngol promoter with
almost comparable affinity (Fig. 7B), except the binding affinity of
the Nrfl-MafG heterodimer for the ARE from the Lipinl pro-
moter was slightly weaker than that for the ARE from Ngol. No-
tably, the MafG homodimer also bound to the AREs in the Lipin
and PGC-1B introns (Fig. 7B), consistent with the ChIP data
showing that MafG is strongly enriched in these regions (Fig. 6C).
The binding specificity was confirmed by a competition analysis
using mutant or wild-type oligonucleotides. The addition of ex-
cess amounts of unlabeled wild-type oligonucleotides abolished
the binding activity of both Nrfl-MafG and Nrf2-MafG het-
erodimers, but mutant oligonucleotides did not show such com-
petition (Fig. 7C). These results demonstrate that both Nrfl-
MafG and Nrf2-MafG heterodimers bind to the AREs of the
Lipinl promoter, Lipin] and PGC-1f introns, and NgoI promoter
in vitro.

Nrf2 does not participate in the regulation of Lipinl and
PGC-1P. We finally examined the possibility that Nrf2 might reg-
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ulate the expression of the Lipinl and PGC-1[ genes, as the EMSA
showed that not only Nrfl but also Nrf2 bound to the AREs in the
Lipinl and PGC-1 genes in vitro. To this end, we treated Hepal
cells with an Nrf2 inducer, DEM, and examined gene expression
by qPCR. While Nrf2 target genes, such as NqoI and Gclc, were
induced by DEM, the LipinI and PGC-1[3 genes were not induced
(Fig. 8A, left). Similarly, the levels of expression of Nqo!l and Gcle
were significantly induced in Keap-KD mouse livers, but the lev-
els of expression of LipinI and PGC-1f3 were not changed (Fig. 8A,
right). Consistent with these data, ChIP analyses clearly demon-
strated that Nrf2 was strongly recruited to the ARE of the Nqol
promoter region but not to the AREs of the Lipinl and PGC-1f3
genes in both DEM-treated Hepal cells and the Keap1-KD mouse
livers (Fig. 8B). MafG was recruited not only to the ARE of Nqol
but also to the AREs in the Lipinl and PGC-1 gene regulatory
regions (Fig. 8C). These results thus indicate that while Nrf2 can
bind to the AREs of the Lipinl and PGC-1 genes in vitro, Nrf2
does not participate in the regulation of Lipinl and PGC-1( gene
expression in vivo. Taken together, these results demonstrate the
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direct involvement of Nrfl in the regulation of LipinI and PGC-1f3
gene expression and support our contention that Nrfl and Nrf2
play distinct roles in the regulation of hepatic lipid metabolism.

DISCUSSION

While it has been well documented that liver-specific NrfI knock-
out results in the display of hepatic steatosis in mouse (33, 52),
how Nrfl contributes to the hepatic lipid homeostasis has been
largely unknown. In this study, we executed extensive transcrip-
tional profiling with the livers of Nrfl-deficient mice and found
that the Nrfl deficiency leads to the dysregulation of several met-
abolic pathways. Of the various important target genes identified
in the analyses, we focused on the transcriptional coactivators
related to lipid metabolism. We found that Nrf1 directly regulates
the expression of the Lipinl and PGC-1f genes but that Nrf2 does
not contribute to the regulation of these coactivator genes. These
results demonstrate that Nrfl regulates hepatic lipid metabolism
by controlling the expression of key transcriptional regulators for
the expression of metabolic enzyme genes.

Our gene expression profiling analyses revealed that the loss of
Nrfl significantly affects various cellular functions. The pathways
related to lipid metabolism, amino acid metabolism, and the mi-
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transcription in vitro. (A) Hepal cells were cotransfected with luciferase re-
porter constructs containing the AREs from the Lipinl promoter, Lipinl in-
tron, or PGC-1 intron with or without the NrfI expression vector. The aver-
age values = SD are shown (n = 3). The vertical axis indicates relative
luciferase units (RLU). The normalized firefly luciferase activity in the absence
of effector plasmids is set to 1. (B) EMSA analysis was performed with biotin-
labeled probes containing the AREs from the Ngol promoter, Lipinl pro-
moter, Lipinl intron, and PGC-1f intron regions. MafG and Nrfl or Nrf2
proteins were incubated with the probes, and the protein-DNA complexes and
free probes were resolved by electrophoresis. (C) MafG and Nrfl or Nrf2
proteins were incubated in combination in the absence or presence of a 200-
fold molar excess of unlabeled competitor DNA. The wild-type (W) and mu-
tated (M) ARE or MARE sequences are shown. The mutated sequences are
underlined. Open arrowheads, closed arrowheads, and arrows, Nrfl-MafG
heterodimer, Nrf2-MafG heterodimer, and MafG homodimer complex, re-
spectively.

tochondrial respiratory chain were especially impaired as a conse-
quence of the Nrfl deficiency. This dysregulation of metabolic
enzyme levels of expression suggests that Nrfl may also contribute
to protein catabolism through regulation of the amino acid me-
tabolism and proteasomal degradation of proteins. We surmise
that the overall function of Nrfl is to lead the energy homeostasis
to catabolism. In this regard, it is interesting to note that in the
microarray analyses the genes related to cell cycle control and
DNA replication appear to be upregulated in the livers of Nrfl-
CKO mice, suggesting that in the absence of Nrfl the anabolic
reactions within the cells are stimulated. The dysfunction of cell
cycle regulation may also contribute to the pathogenesis of the
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livers in the NrfI-CKO mice. However, there remains a possibility
that the gene expression changes in Nrfl-deficient mouse livers
might reflect the genome-wide compensatory reaction to the loss
of Nrfl. Thus, it is important to assess the direct effect of Nrf1 loss,
for instance, by means of genome-wide Nrfl binding site studies.

In this study, we found that the Lipinl and PGC-1{ genes are
the direct targets of Nrfl. The Lipinl gene was discovered using a
positional cloning approach to identify the genetic mutation re-
sponsible for the fatty liver dystrophic (fld) mouse phenotype
(34). Lipinl possesses phosphatidic acid phosphatase activity.
Thus, the dysregulation of phosphatidic acid metabolism may also
contribute to the phenotypes of the NrfI-CKO mice. Lipin] also
acts as a coactivator of the PPARa/PGC-1a regulatory pathway
and positively regulates oxidative metabolism of fatty acids (6). fld
mice exhibit neonatal hepatic steatosis associated with the re-
duced expression of the proteins involved in lipid metabolism and
adiminished rate of hepatic fatty acid oxidation (38). On the other
hand, PGC-1B is required for the activation of estrogen-related
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receptor o (ERRat) and nuclear respiratory factor 1 (50), both of
which are key transcription factors in regulating the respiratory
chain reaction through the control of mitochondrial biogenesis
(17). PGC-1B gene-knockout mice show an altered expression of
mitochondrial oxidative metabolism genes and high-fat diet-in-
duced hepatic steatosis (24, 44, 50). Therefore, one of the most
intriguing possibilities deduced from this study is that the reduced
levels of expression of Lipinl and PGC-1f affect the transcrip-
tional regulation assisted by PPARa, ERRa, and nuclear respira-
tory factor 1, eventually leading to the decreased expression of
their target genes and to the steatosis in NrfI-CKO mouse livers.
In addition to the compromised expression of the two meta-
bolic coactivators, it seems likely that other abnormalities also
contribute to the disturbance of lipid metabolism observed in the
Nrfl-deficient livers. For example, the dysregulation of the methi-
onine metabolic pathway (Fig. 2D) might be related to the prog-
ress of steatosis, as a choline-methionine-deficient diet induces
hepatic steatosis (29). Matla and Gnmt genes were downregulated
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in the N7fI-CKO mice, and loss of these genes is known to provoke
liver steatosis (27, 28). However, the metabolome analysis shows
that there are no significant differences in the levels of methionine
and S-adenosylmethionine (see Table S3 in the supplemental ma-
terial). Further studies are necessary to clarify the association be-
tween dysregulation of methionine metabolism genes and fatty
liver phenotype in the Nrfl-deficient mouse liver.

This study has revealed that Nrfl and Nrf2 play different roles.
In contrast, one report suggests that these two factors share similar
functions (26). Supporting the former notion, we previously
found that Nrfl selectively regulates the expression of metallo-
thionein-1 and -2 in the liver (33). The present study showed that
Nrfl directly regulates the expression of the Lipinl and PGC-1f3
genes but that Nrf2 does not regulate these genes. While our
EMSA study showed that both Nrfl and Nrf2 bind to the AREs in
the Lipinl and PGC-1f genes in vitro, ChIP analyses demon-
strated that Nrfl is specifically recruited to the AREs in the Lipinl
and PGC-1B genes. The molecular basis for this differential re-
cruitment of Nrfl and Nrf2 and the differential transactivation
activity of Nrfl and Nrf2 in vivo is under investigation, but our
observations suggest that additional molecular mechanisms, such
as the differential recruitment of cofactors or epigenetic modifi-
cations, might be involved in the establishment of target gene
specificity of these CNC factors.

In conclusion, we identified Nrfl to be a novel regulator of the
Lipinl and PGC-1f3 genes. The comprehensive gene expression
analyses revealed that the loss of Nrfl significantly affects various
metabolic pathways in the liver, including lipid and amino acid
metabolism. Results of our analyses suggest that Nrfl contributes
to the energy homeostasis through regulation of the catabolism of
cellular components. Thus, it becomes important to assess the
response of Nrfl mutant mice to fasting or a high-fat diet. While it
remains unknown how Nrfl is regulated in the liver, the availabil-
ity of nutrition may influence Nrfl activity. We expect that iden-
tification and use of Nrfl inducers will provide a more compre-
hensive insight into the Nrfl function.
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