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Hepatocyte nuclear factor 4 alpha (HNF4a) is a liver-enriched
master regulator of liver function. HNF4a is important in
regulating hepatic expression of certain cytochrome P450s. The
purpose of this study was to use mice lacking HNF4a expression
in liver (HNF4a-HNull) to elucidate the role of HNF4a in
regulating hepatic expression of phase II enzymes and trans-
porters in mice. Compared with male wild-type mice, HNF4a-
HNull male mouse livers had (1) markedly lower messenger RNAs
(mRNAs) encoding the uptake transporters sodium taurocholate
cotransporting polypeptide, organic anion transporting polypep-
tide (Oatp) 1al, Oatp2bl, organic anion transporter 2, sodium
phosphate cotransporter type 1, sulfate anion transporter 1,
sodium-dependent vitamin C transporter 1, the phase II enzymes
Uridine 5’-diphospho (UDP)-glucuronosyltransferase (Ugt) 2a3,
Ugt2bl, Ugt3al, Ugt3a2, sulfotransferase (Sult) 1al, Sultlbl,
Sult5al, the efflux transporters multidrug resistance—associated
protein (Mrp) 6, and multidrug and toxin extrusion 1; (2)
moderately lower mRNAs encoding Oatplb2, organic cation
transporter (Oct) 1, Ugtla5, Ugtla9, glutathione S-transferase
(Gst) m4, Gstm6, and breast cancer resistance protein; but (3)
higher mRNAs encoding Oatpla4, Octn2, Ugtlal, Sultlel, Sult2a2,
Gsta4, Gstm1-m3, multidrug resistance protein (Mdr) 1a, Mrp3,
and Mrp4. Hepatic signaling of nuclear factor E2-related factor 2
and pregnane X receptor appear to be activated in HNF4a-HNull
mice. In conclusion, HNF4a deficiency markedly alters hepatic
mRNA expression of a large number of phase II enzymes and
transporters, probably because of the loss of HNF4a, which is
a transactivator and a determinant of gender-specific expression
and/or adaptive activation of signaling pathways important in
hepatic regulation of these phase II enzymes and transporters.
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Hepatocyte nuclear factor 4 alpha (HNF4a) is a liver-
enriched master regulator of liver development and differen-
tiation. HNF4a is essential for hepatocyte differentiation in
fetal liver (Kyrmizi et al., 2006; Li et al., 2000) and
maintenance of liver function in adult (Gonzalez, 2008;

Hayhurst et al., 2001). HNF4a directly binds to a large number
of gene promoters in human and mouse liver (Odom er al.,
2004, 2007; Schmidt et al., 2010). Mice with hepatocyte-
specific null (HNull) of HNF4a have fatty liver and markedly
increased unconjugated bile acids and ammonia, thus revealing
a critical role of HNF4a in regulating hepatic metabolism of
fatty acids, bile acids, and ureagenesis (Hayhurst ez al., 2001;
Inoue et al., 2002, 2004, 2006).

Humans have very large individual variations in hepatic basal
expression of HNF4a (Wortham et al., 2007), and mutation of
HNF4a causes maturity-onset diabetes of the young humans
(MODY1) (Ryffel, 2001). HNF4a is markedly downregulated
by hypoxia in HepG2 hepatoma cells (Mazure e al., 2001).
Hepatic expression and/or the transcriptional activity of HNF4a
is decreased markedly in severe cirrhotic human livers, alcoholic
liver disease, tumor necrosis factor-o—induced hepatotoxicity,
and hepatoma progression (Berasain ef al., 2003; Kang et al.,
2009; Lazarevich et al., 2004; Zhou et al., 2007). Therefore, it is
important to understand how deficiency of HNF4a influences
hepatic gene expression and its underlying mechanism.

Previous studies indicate that HNF4a has a critical role in
regulating hepatic expression of drug-processing genes, namely
cytochrome P450s (P450s/Cyps), phase II conjugation enzymes,
and transporters. Knockdown of HNF4a in primary human
hepatocytes using small interfering RNA (siRNA) results in de-
creased messenger RNA (mRNA) levels of various P450s,
Uridine 5'-diphospho (UDP)-glucuronosyltransferase (UGT)
1A1, UGT1A9, sulfotransferase (SULT) 2A1, multidrug re-
sistance protein (MDR) 1, bile salt export pump (BSEP),
multidrug resistance—associated protein (MRP) 2, organic anion
transporting polypeptide (OATP) 1B1, and organic cation trans-
porter 1 (OCT1), as well as xenobiotic receptors pregnane X
receptor (PXR) and constitutive androstane receptor (CAR)
(Kamiyama et al., 2007). Hepatic mRNA expression of diverse
drug metabolizing enzymes and transporters correlates with
the expression of HNF4a in human livers (Wortham et al.,
2007). HNF4a-HNull mice have dramatic downregulation of
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male-specific and female-specific P450s, such as Cyp2d9 in males
and Cyp2bl0, Cyp2bl3, Cyp3a4l, and Cyp3ad44 in females
(Wiwi et al., 2004). Interestingly, the female-specific Cyp2b9 was
markedly induced in male HNF4a-HNull mice. In contrast, certain
P450s that display minimal gender-divergent expression, such as
Cyp3all and 3a25, were moderately decreased in both genders of
HNF4a-HNull mice (Wiwi et al., 2004). HNF4a is proposed to
contribute to hepatic gender-specific gene expression by posi-
tively regulating a subset of male-specific genes, whereas
concomitantly inhibiting the expression of certain female-specific
genes (Wiwi et al., 2004).

Despite the information about the regulation of hepatic
P450s by HNF4a (Holloway et al., 2006; Jover et al., 2009;
Wiwi et al., 2004), little is known regarding the role of HNF4a
in regulating hepatic expression of phase II conjugation
enzymes and xenobiotic transporters in mice. Thus, the purpose
of this study was to use HNF4a-HNull mice to elucidate the
role of HNF4a in the regulation of hepatic expression of major
phase II conjugation enzymes and xenobiotic transporters,
namely Ugts, Sults, glutathione S-transferases (Gsts), as well as
uptake and efflux transporters.

MATERIALS AND METHODS

HNF4a-HNull mice. Mice were maintained at an American Animal
Associations Laboratory Animal Care-accredited facility at the University of
Kansas Medical Center. HNF4a-HNull mice were generated with an albumin
promoter—regulated Cre (Alb-Cre)-loxP-mediated deletion of exons 4 and 5
of the HNF4a gene (Hayhurst et al., 2001). Age-matched young-adult
HNF4a-HNull mice (HNF4a flox/flox, Alb-Cre/+) and their wild-type (WT)
control littermates (HNF4a flox/flox, Alb-Cre/—) were fed rodent chow
(#8064, Teklad; Harlan, Indianapolis, IN). Mice were housed at an ambient
temperature of 22°C with alternating 12-h light/dark cycles and allowed water
and feed ad libitum. In our previous studies on ontogeny of hepatic and renal
mRNA expression of drug-processing genes, male and female mice of 45 days of
age were used. Additionally, male HNF4a-Hnull mice of 45 days of age were
used in a previous study (Hayhurst ez al., 2001). Moreover, HNF4a-Hnull mice
have mortality > 70% by 8 weeks of age (Hayhurst et al., 2001). Thus, liver
tissues from 45-day-old WT control and HNF4a-HNull male and female mice
(n = 5-6 for each group) were used in this study. Liver and kidney tissues were
snap frozen in liquid nitrogen at the time of collection and stored at —80°C until
use. All animal procedures in this study were approved by the Institutional
Animal Care and Use Committee of the University of Kansas Medical Center.

Determination of mRNA expression with quantigene plex assay. Total
RNA of liver and kidney was isolated using RNA-Bee reagent (Tel-Test, Inc.,
Friendswood, TX). Mouse liver mRNAs encoding phase II enzymes (Ugts,
Sults, and Gsts) and transporters was determined from total RNA of livers as
described by the manufacturer’s protocol utilizing Quantigene Plex 1.0
Technology (Panomics/Affymetrix, Fremont, CA). Individual bead-based
oligonucleotide probe sets, specific for each gene examined, were developed
by Panomics/Affymetrix (Plex 2055 for Ugts/Gsts, Plex 2061 for Sults, and
Plex 2046 for transporters). Genes and accession numbers are available at
http://www.panomics.com. Samples were analyzed using a Bio-Plex 200
System Array reader with Luminex 100 X-MAP technology, and data were
acquired using Bio-Plex Data Manager Software Version 5.0 (Bio-Rad). All
data were standardized to the internal control, glyceraldehyde 3-phosphate
dehydrogenase. Ugt, Sult, and Gst mRNAs were reported as relative mRNA
expression with values of male WT controls set at 1.0.
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Determination of expression of individual mRNAs with branched DNA
signal amplification assay. The mRNA of individual genes was quantified
using Quantigene branched DNA (bDNA) signal amplification kit (Panomics/
Affymetrix, Fremont, CA) with modifications (Hartley and Klaassen, 2000).
The sequences of the bDNA probes for most of these drug-processing and
nuclear receptor genes have been reported previously (Alnouti and Klaassen,
2006; Alnouti et al., 2006; Buist and Klaassen, 2004; Cheng and Klaassen,
2006; Cheng et al., 2005, 2007; Cui et al., 2009; Maher et al., 2005; Petrick
and Klaassen, 2007), with the exception of sulfate anion transporter 1 (Satl)
and sodium-dependent vitamin C transporter (Svct) 1, which are provided in
the Supplementary table 2. Luminescence of samples in 96-well plates was
determined with a Synergy 2 Microplate reader (BioTek Instruments, Inc.,
Winooski, VT) and reported as relative mRNA expression with values of male
WT controls set at 1.0.

Determination of DNA binding of transcription factors with procarta TF
plex assays. The in vitro binding of transcription factors (TFs), namely
peroxisome proliferator—activated receptor (PPAR), PXR, glucocorticoid
receptor (GR)/progestone receptor (PR), HNF1, CCAAT/enhancer binding
protein (C/EBP), and nuclear factor kB (NF-kB) to their consensus cis-
response elements was determined with “By Request” Procarta fluorescent
microsphere-based TF plex assays (Yaoi et al., 2006) (catalog # PC5903 and
PC5904; Panomics/Affymetrix) using liver nuclear extracts prepared from male
HNF4a-Hnull and WT mice. The PPAR assays determine the binding of TFs to
the consensus PPAR cis-response elements and thus do not differentiate the
DNA binding of PPARa from other PPAR family members, including PPARf
and PPARY. Similarly, the C/EBP assays determine the binding of TFs to the
consensus cis-response elements of C/EBP family members, including C/
EBPa, C/EBPJ, and C/EBPy. All TF plex kits contain all the reagents required
to detect the presence of activated TFs for analysis on the Luminex system.
Samples were analyzed using a Bio-Plex 200 System Array reader with
Luminex 100 X-MAP technology, and data were acquired using Bio-Plex Data
Manager Software Version 5.0 (Bio-Rad).

Statistics. Data are presented as mean + SE. Differences between various
groups were determined using ANOVA followed by post hoc test, with
significance set at p < 0.05.

RESULTS

Effects of HNF4a Deficiency on Hepatic mRNAs Encoding
Uptake Transporters

The loss of HNF4a had marked effects on hepatic expression
of uptake transporters. Of the 11 uptake transporters examined,
9 were markedly decreased and 2 more than doubled (Fig. 1).
Consistent with a previous report (Hayhurst ez al., 2001),
hepatic sodium taurocholate cotransporting polypeptide (Ntcp)
and Oatplal were markedly lower in HNF4a-HNull male mice
(Fig. 1). Hepatic Ntcp and Oatplal mRNAs were also much
lower in female HNF4a-HNull mice (data not shown). In
contrast, Oatpla4 mRNA was 142% higher in male (Fig. 1) but
tended to be lower in female (data not shown) HNF4a-HNull
mice, resulting in a loss of gender-divergent expression of
Oatpla4. Hepatic Oatplb2 and Oatp2bl mRNAs were 51 and
94% lower in male HNF4a-HNull mice, respectively. Hepatic
expression of Oat2, the only Oat family member with
appreciable expression in mouse liver (Buist and Klaassen,
2004), was much lower in male HNF4a-HNull mice than male
WT mice. Hepatic Octl mRNA was 40% lower, whereas
Octn2 mRNA was 154% higher in male HNF4a-HNull mice.
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FIG. 1. Hepatic mRNAs encoding uptake transporters in adult male mice
with liver-specific deletion (HNull) of HNF4a. The y-axis represents relative
mRNA expression with values of WT controls set at 1.0. Data without error bar
represent transporter mRNAs in pooled total RNA from livers of HNF4a-HNull
and WT control mice (N = 5-6) determined by the Quantigene Plex assay. Data
with error bar represent transporter mRNAs in individual samples of total RNA
from livers of HNF4a-HNull and WT control mice (N = 5-6) determined by
the bDNA assay. Mean + SE. *p < 0.05 compared with WT control.

Sat1/Slc26al is a liver-enriched sinusoidal transporter
responsible for the uptake of sulfate into hepatocytes
(Markovich and Aronson, 2007). The sodium-dependent
phosphate cotransporter 1 (Nptl/Slc17al) is important in
hepatic uptake of phosphate. Hepatic Satl and Nptl mRNAs
were 85 and 64% lower, respectively, in male HNF4a-HNull
mice than male WT mice.

There are two isoforms of ascorbic acid transporters, the
low-affinity high-capacity transporter SVCT1 (Slc23al) and
the high-affinity low-capacity transporter SVCT2 (Slc23a2)
(Savini et al., 2008). Svct2 is essential for vitamin C transport
into brain and perinatal survival in mice (Sotiriou et al., 2002).
Svctl is expressed at much higher levels than Svct2 in liver and
kidney and is considered as the major ascorbic acid transporter
in liver (Kuo et al., 2004). Hepatic Svctl mRNA was markedly
downregulated (96%) in HNF4a-HNull mice.

Effects of HNF4a Deficiency on Hepatic mRNAs Encoding

Ugts

The only Ugt that was more highly expressed in HNF4a-
HNull than WT mice was Ugtlal by 79% (Fig. 2). Seven of
the 10 Ugts had a lower expression in HNF4a-HNull mice:
Ugtla5 55%, Ugtla9 64%, Ugt2a3 84%, Ugt2bl 94%,
Ugt2b36 44%, Ugt3al 86%, and Ugt3a2 96% lower than
WT mice. In contrast, HNF4a-HNull mice had unaltered
hepatic mRNAs encoding Ugtla6, Ugt2b34, Ugt2b35, as well
as UDP-glucose dehydrogenase and UDP-glucose pyrophos-
phorylase (Ugp2), which catalyzes the formation of UDP-
glucuronic acid, the cosubstrate for glucuronidation.

Effects of HNF4a Deficiency on Hepatic mRNAs Encoding
Sults

HNF4a-HNull male mice had 69, 95, and 73% lower
Sultlal, Sultlbl, and Sult5al mRNA but 30- and 111-fold
higher Sultlel and Sult2a2 mRNA, respectively, than WT
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FIG. 2. Hepatic mRNAs encoding Ugts in adult male mice with liver-
specific deletion (HNull) of HNF4a. Ugt mRNAs in total RNA from livers of
HNF4a-HNull and WT control mice (N = 5-6) were determined by the
Quantigene Plex assay. The y-axis represents relative mRNA expression of
Ugts with values of WT controls set at 1.0. Mean + SE. *p < 0.05 compared
with WT control.

mice (Fig. 3). Hepatic mRNA expression of Sultlcl and
Sultldl remained unchanged in HNF4a-HNull mice. The
sulfate donor synthesis enzyme 3’-phosphoadenosine 5’-
phosphosulfate synthetase (Papss) has two isoforms, Papssl
and Papss2; Papss2 is the predominant isoform in mouse liver
(Alnouti and Klaassen, 2006). Hepatic Papss2 mRNA
remained unchanged, whereas Papss] mRNA was 48% higher
in HNF4a-HNull mice (Fig. 3).

Effects of HNF4a Deficiency on Hepatic mRNAs Encoding
Gsts

In general, the lack of HNF4a had less of an effect on Gsts
than on Ugts and Sults. The most marked changes were a 255%
increase of Gstm2 and 128% increase in Gstm3 in the HNF4a-
HNull male mice (Fig. 4). HNF4a deficiency also increased
Gsta4 30% and Gstm1 39%, whereas it decreased Gstm4 37%,
Gstm6 38%, and Gstp2 47% (Fig. 4). In contrast, HNF4a had
no effect on the other half of the Gsts, namely Gstal, Gstpl,
Gsttl, Gstt2, as well as microsomal Gstl (mGstl) and mGst3
(Fig. 4).
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FIG. 3. Hepatic mRNAs encoding Sults in adult male mice with liver-
specific deletion (HNull) of HNF4a. Sult mRNAs in total RNA from livers of
HNF4a-HNull and WT control mice (N = 5-6) were determined by the
Quantigene Plex assay. The y-axis represents relative mRNA expression of
Sults with values of WT controls set at 1.0. Mean + SE. *p < 0.05 compared
with WT control.
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FIG. 4. Hepatic mRNAs encoding Gsts in adult male mice with liver-
specific deletion (HNull) of HNF4a. Gst mRNAs in total RNA from livers of
HNF4a-HNull and WT control mice (N = 5-6) were determined by the
Quantigene Plex assay. The y-axis represents relative mRNA expression of
Gsts with values of WT controls set at 1.0. Mean * SE. *p < 0.05 compared
with WT control.

Effects of HNF4a Deficiency on Hepatic mRNAs Encoding

Efflux Transporters

Of the 15 hepatic efflux transporters examined, the absence
of HNF4a increased the expression of 3 and decreased the
expression of 3 transporters. Hepatic Mrp3 and Mrp4 mRNAs
were 249 and 179% higher, respectively, whereas Mrp6
mRNA was 66% lower in HNF4a-HNull than WT male mice
(Fig. 5). Male HNF4a-HNull mice had 221% higher Mdrla
mRNA but 64% lower breast cancer resistance protein (Berp,
Abcg?) mRNA. Remarkably, hepatic multidrug and toxin
extrusion 1 (Matel/SIlc47al) mRNA was 96% lower in male
HNF4a-HNull mice. In contrast, hepatic mRNA expression of
Mrp2, Mdr2, Bsep, Abcg5, Abcg8, Mate2, organic solute
transporter o (Ostor), Abcal, and Atp8bl remained largely
unaltered by HNF4a deficiency (Fig. 5).

Effects of HNF4a Deficiency in Liver on Gender-Divergent
Renal Transporters

Because many gender-specific patterns of gene expression
were lost in livers of HNF4a-HNull mice (Holloway et al.,
2008), renal expression of a few gender-divergent genes were
quantified to determine whether HNF4a deficiency in liver
affects renal gender-divergent gene expression. Oatplal is
male predominant in mouse kidney (Cheng et al., 2005). Renal
Oatplal mRNA was downregulated markedly in male HNF4a-
HNull mice (Fig. 6A). Compared with corresponding WT
mice, renal Mdrlb mRNA tended to be higher (282%) in male
HNF4a-HNull mice but lower (42%) in female HNF4a-HNull
mice, resulting in a loss of gender-divergent expression of
Mdr1b in HNF4a-HNull mice (Fig. 6B). Renal expression of
Osto was 173% higher in male than female WT mice (Fig. 6C).
Ostoo mRNA in kidneys tended to be lower (42%, p = 0.07) in
HNF4a-HNull male mice than in WT males, but Ostot was
significantly higher (65%) in HNF4a-HNull female mice than
in WT females, resulting in a loss of gender-divergent
expression of Ostor in HNF4a-HNull mice (Fig. 6C). In
contrast, HNF4a-HNull mice had unaltered renal mRNAs
encoding xenobiotic transporters that lack gender-divergent
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FIG. 5. Hepatic mRNAs encoding efflux transporters in adult male mice
with liver-specific deletion (HNull) of HNF4a. The y-axis represents relative
mRNA expression with values of WT controls set at 1.0. Data without error bar
represent transporter mRNAs in pooled total RNA from livers of HNF4a-HNull
and WT control mice (N = 5-6) determined by the Quantigene Plex assay. Data
with error bar represent transporter mRNAs in individual samples of total RNA
from livers of HNF4a-HNull and WT control mice (N = 5-6) determined by
the bDNA assay. Mean + SE. *p < 0.05 compared with WT control.

expression (Alnouti et al., 2006; Maher et al., 2005; Tanaka
et al., 2005), such as Octl, Octn2, Mrpl, Mrp2, Mrp5, Berp,
and Matel (data not shown).

Effects of HNF4a Deficiency on Hepatic mRNAs Encoding
Nuclear Receptors and Other Transcription Factors
Important in the Regulation of Drug-Processing Genes

Very similar changes in hepatic mRNA expression of
nuclear receptors and TFs were observed in male and female
HNF4a-HNull mice (Fig. 7A). Hepatic aryl hydrocarbon
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FIG. 6. Renal mRNAs encoding transporters in adult male and female
mice with liver-specific deletion (HNull) of HNF4a. The y-axis represents
relative mRNA expression with values of male WT controls set at 1.0. Data
with error bar represent transporter mRNAs in individual samples of total RNA,
whereas data without error bar represent transporter mRNAs in pooled total
RNA, from kidneys of HNF4a-HNull and WT control mice (N = 5-6)
determined by the bDNA assay. Mean + SE. *p < 0.05 compared with WT
male mice; 'p < 0.05 compared with WT female mice.
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FIG. 7. (A-B) Hepatic mRNA expression of nuclear receptors/TFs
important in the regulation of drug-processing genes in adult male and/or
female mice with liver-specific deletion (HNull) of HNF4a. The y-axis
represents relative mRNA expression with values of male WT controls set at
1.0. Data with error bar represent mRNAs in individual samples of total RNA,
whereas data without error bar represent mRNAs in pooled total RNA, from
livers of HNF4a-HNull and WT control mice (N = 5-6) determined by the
bDNA assay. (C) Binding of TFs to their consensus cis-response elements.
Nuclear extracts from livers of male HNF4a-Hnull and WT mice (N = 5) were
used to determine in vitro DNA binding of TFs with Procarta TF binding
assays. Mean + SE. *p < 0.05 compared with WT control.

receptor (AhR) mRNA was about 75% higher in HNF4a-HNull
than WT mice. HNF4a deficiency in the liver almost totally
abolished the expression of CAR, decreased PPARa about
55%, whereas expression of mRNAs encoding PXR, GR, and
farnesoid X receptor (FXR) remained largely unchanged in
HNF4a-HNull mice (Fig. 7A). Nuclear factor E2—related factor
2 (Nrf2) mRNA was about 120% higher in HNF4a-HNull than
WT mice (Fig. 7A). In contrast, hepatic HNFla mRNA tended
to be lower in male HNF4a-HNull mice (Fig. 7B, left).

Although PPARo mRNA was lower in male HNF4a-HNull
mice, the transcription coactivator of PPARa, PPAR-binding
protein (PBP) mRNA was 58% higher, and the PPAR« target
gene Cyp4al4 mRNA was much higher than that in WT mice
(Fig. 7B, middle).

Consistent with induction of Nrf2 mRNA, hepatic mRNA
expression of two Nrf2 target genes, heme oxygenase-1 (Ho-1)
and NAD(P)H quinone oxidoreductase 1 (Nqol), were ~2.4-
fold higher in male HNF4a-HNull mice than their WT controls
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(Fig. 7B, right), indicating that hepatic Nrf2 signaling is
enhanced by HNF4a deficiency.

Effects of HNF4a Deficiency on Activities of Binding of TFs
to Their Cis-Response Elements

The Procarta TF assays were used to determine the activation
of TFs by quantifying their in vitro binding to their consensus
cis-response elements. DNA binding of PXR and NF-xB in
nuclear extracts from male HNF4a-null livers was 46 and 49%
higher, whereas binding of PPAR (including all three PPAR
family members, namely PPARa, PPARJ, and PPARY), HNF1,
and C/EBP (including all three C/EBP family members, namely
C/EBPa, C/EBPP, and C/EBPy) to their consensus response
elements in male HNF4a-null livers was 62, 51, and 46% lower,
respectively, than male WT mice. DNA binding of GR/PR
remained unchanged in male HNF4a-null livers (Fig. 7C).

DISCUSSION

The present data indicate that HNF4a has a critical role in
regulating hepatic expression of certain Ugts and Sults as well
as many important uptake and efflux transporters responsible
for the hepatic disposition of xenobiotics. Moreover, loss of
HNF4a in liver causes adaptive activation of certain nuclear
receptors in liver as well as alterations in systemic hormonal
signaling, resulting in selective loss of gender-divergent renal
expression of certain uptake and efflux transporters.

HNF4a regulates gene expression by binding to direct repeat
(DR) motifs of the RG(G/T)TCA sequence separated by one
nucleotide (DR1) (Nishiyama et al., 1998). However, a recent
study of genome-wide prediction of HNF4a functional binding
sites demonstrates that in addition to DR1, HNF4a also binds to
DR?2 and other sites (Kel et al., 2008). In this study, we used
NHRSCAN (Sandelin and Wasserman, 2005), a web-based
program for the prediction of nuclear receptor-binding sites to
search for DR1 and DR2 sites as potential DNA-binding sites
of HNF4a. As shown in Table 1, the majority of the enzymes
and transporters markedly downregulated by HNF4a deficiency
have DRI sites identified either within 2 kb of the proximal
promoter or in the first intron of these genes, suggesting that
HNF4a may directly bind to DR1/DR2 sites to activate hepatic
expression of these genes. In contrast, genes markedly
increased by HNF4a deficiency, such as Sultlel and Sult2a2,
do not have DRI sites in either the proximal promoter or the
first intron of these genes, suggesting that the marked induction
of these genes by HNF4a deficiency may be because of an
indirect mechanism, such as removal of suppressors or
activation of transactivators for these genes.

Loss of HNF4a in hepatocytes causes marked alterations in
gene expression and disturbances in hepatic metabolism of
fatty acids, bile acids, and amino acids (Hayhurst ef al., 2001;
Inoue et al., 2002, 2004). AhR, CAR, PXR, PPARa, Nrf2,
FXR, GR, HNF1, C/EBPs, and NF-kB are nuclear receptors/
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TABLE 1
Bioinformatic Analysis of the DR1/DR2 Sites in the Proximal
Promoters (2 kb) and Intron1-2 of Drug-Processing Genes That
Are Markedly Downregulated in Livers of HNF4a-HNull Mice

DR1/DR2 site DR1/DR2 site
Gene name sequence location
Ugt2a3 DR1 TGAACTCTGCTCT Intron1-2
DR2 TGGCCTAGTCACCC —346 bp
Ugt2bl DR1 TGAACCTTGAGCT —144 bp
Ugt2b36 DR1 TTGTCAAAGGTCA, —1978 bp
DR1 AGATAAAAGGTCA —31 bp
Ugt3al DR1 AGGTAATAGGTCA, Intron1-2
DR1 TGACCTCTCAGCT, Intron1-2
DR2 AGGGCAAAAGGGCA —34 bp
Ugt3a2 DR1 GAAACTTTGCAC —855 bp
Sultlal DR1 TGAACTCAGACCA —1717 bp
DR1 TGTCCTATAACCC —1024 bp
DR2 AGGTCAAGGGGGCA —592 bp
Sultlbl DR1 TGAACTTTAAGCC Intron1-2
DR1 TGTCCTCTGTCCT Intron1-2
Gstm6 DR1 TGGCCCTTCACCT —1990 bp
Oat2 DR1 AGCTCACAGGCCA —1521 bp
DR1 AGGCCAGGGTTCA —1240 bp
Oatplal DR1 TGACCTATGATCT —300 bp
Oatp2bl DR1 GGATCAAAGGCCA Intron1-2
DR1 TGAACTCTGGCCT Intron1-2
DR1 TGACCTGTGACCT Intron1-2
DR1 TGGCCCCTGACCC Intron1-2
DR1 TGACCAGTGAGCT Intron1-2
DR1 AGGTGAGAGGGCA Intron1-2
DR1 TGACTTCAGACCT Intron1-2
Nptl DR1 CCACCTCTGACCT —893 bp
Satl DR1 TGTCCCCTGACCT —908 bp
Svetl DR1 AGTGCATAGTCCA —781 bp
DR2 TGAACTCGTGACCC —1824 bp
Mrp6 DR1 TTCCCTGTGACCT —1093 bp
DR1 TGGACCTTGCCCT —104 bp
Matel DR1 TGTCCCTTGAACC —654 bp
CAR DR1 TGTCCTCTGATCT —399 bp

Note. The DR1/DR2 sites are predicted by NHRSCAN, a web-based
computer program for the prediction of nuclear receptor—binding sites.

TFs that play important roles in regulating hepatic expression
of drug-processing genes (Klaassen and Slitt, 2005; Pascussi
et al., 2008). Except for the loss of CAR, hepatic expression/
signaling of AhR, PXR, PPARa, Nrf2, FXR, GR, HNF1, C/
EBPs, and NF-xB was either unchanged or moderately altered
in HNF4a-HNull mice (Fig. 7).

It is of interest that the expression of CAR is dependent on
HNF4a in both fetal and adult liver, whereas the expression of
PXR is dependent on HNF4a only in fetal liver but not in adult
liver (Kyrmizi et al., 2006). A major difference between adult
and fetal liver is the absence of bile acid signaling in fetal liver
mediated by FXR, which induces PXR gene expression (Jung
et al., 2006). In contrast, hepatic expression of CAR is induced
in FXR-null mice (Guo et al., 2003). FXR is likely activated in
HNF4a-HNull mice because of markedly elevated unconju-
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gated bile acids (Inoue et al., 2004, 2006) as activators of FXR.
Activation of FXR may help maintain hepatic expression of
PXR in adult HNF4a-HNull mice (Fig. 8). The higher DNA
binding of PXR in HNF4a-Hnull mice (Fig. 7C) suggests that
PXR is also activated, likely because of elevated bile acids,
which are PXR activators (Schuetz et al., 2001).

In addition to Cyp4al4, hepatic mRNA expression of other
PPARo target genes, such as carnitoyl-palmitoyl transferase-
II, midchain acyl-CoA dehydrogenase, and 3-hydroxy-3-
methylglutaryl CoA synthase, are higher in HNF4a-HNull mice
than WT mice (Hayhurst er al., 2001). However, hepatic
PPARa mRNA was slightly lower, and the binding of PPAR
response elements was also decreased in HNF4a-Hnull mice
(Fig. 7C). Currently, the mechanism of hepatic induction of
many PPARa target genes in HNF4a-Hnull mice remains
unclear. Hepatic accumulation of fatty acids (Hayhurst ez al.,
2001) and induction of PPARa coactivators, namely PPARY
coactivator lo (Wiwi ef al., 2004) and PBP (Figure 7) in
HNF4a-HNull mice may activate PPARo. Interestingly, PPARa
and its coactivator PPARY coactivator 1o can activate PPARa
target gene through binding to different gene elements (Song
et al., 2010). Therefore, it is likely that induction of PPARa
target gene requires the increased interaction of PPARa with its
coactivators but might not require an increase of the amount of
binding of PPARu to its cis-response elements.

The induction of Nrf2 mRNA and the Nrf2-target genes
Ho-1 and Nqol indicates that Nrf2 is activated in livers of
HNF4a-HNull mice, probably because of increased oxidative
stress caused by markedly elevated unconjugated bile
acids (Hayhurst er al., 2001; Inoue et al., 2004). Nrf2 is
activated in liver during cholestasis (Aleksunes er al., 2006).
Alterations in hepatic activities of other TFs may contribute to
the complicated patterns of hepatic gene expression in HNF4a-
Hnull mice.

OAT?2 is the major OAT isoform expressed in human and
mouse livers (Buist and Klaassen, 2004) and thus is considered
a key transporter in hepatic handling of small organic anions
(Rizwan and Burckhardt, 2007). Hepatic and renal expression
of Oat2 is lost in HNF1a-null mice (Maher et al., 2006) as well
as HNF4a-HNull mice (Fig. 1). Given that hepatic HNFla
mRNA remains largely unchanged in HNF4a-null livers
(Fig. 7), it appears that both HNFla and HNF4a are required
for hepatic expression of Oat2 in mice.

The marked downregulation of Oatplal in both male and
female HNF4a-null livers indicates that HNF4a is required for
hepatic expression of Oatplal. The female-predominant hepatic
expression of Oatplad4 in mice is because of suppression by
androgens and male-pattern GH secretion (Cheng et al., 2006).
Thus, the male-selective induction of Oatpla4 in HNF4a-null
livers may be because of decreased male hormone signaling in
these mice, as indicated by the dramatic renal downregulation of
Oatplal (Fig. 6), an androgen-activated gene (Cheng et al.,
2006), in male HNF4a-null mice. Liver-specific expression of
Oatp1b2 requires HNFla (Maher et al., 2006). The moderate
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FIG. 8. Thematic model illustrating the hypothesized direct and indirect
roles of HNF4a in regulating hepatic expression of phase II enzymes and
transporters in mice. BA, bile acids; FA, fatty acids; HNF4-RE, HNF4a
response element; ROS, reactive oxygen species.

downregulation of Oatplb2 in HNF4a-null livers is consistent
with the moderate decrease of DNA binding of HNF1 in these
mice (Fig. 7C).

Little is known about regulation of the Oatp2bl gene, which
is expressed in diverse tissues in mice (Cheng et al., 2005).
Although no DR1 or DR2 sites were found in the 2-kb
proximal promoter of Oatp2bl, seven DR1 sites were identified
in the first intron of mouse Oatp2bl gene (Table 1), suggesting
that HNF4a may bind to these DR1 sites to maintain hepatic
expression of Oatp2bl.

Octn2 is critical for cellular uptake of carnitine, which is
required for normal mitochondrial fatty acid oxidation. Octn2
is a PPARa target gene (Eder and Ringseis, 2010). Thus, the
higher expression of Octn2 in HNF4a-null livers is likely
because of activation of PPAR« and/or its coactivator (Fig. 8).

The present data demonstrate a critical role of HNF4a in
regulating hepatic expression of phosphate and sulfate uptake
transporters, Nptl and Satl. Nptl is not only important in the
transport of phosphate but also transports various anionic drugs
(Yabuuchi er al., 1998). Thus, HNF4a may be important in
regulating hepatic uptake of phosphate and certain anionic
drugs. The expression of Nptl is selectively lost in the kidney,
but not liver, of HNF1a-null mice (Cheret et al., 2002). Thus,
HNF4a and HNF1a are critical for hepatic and renal expression
of Nptl, respectively. The sulfate/oxalate exchanger Satl is
expressed in sinusoidal membranes of hepatocytes (Krick
et al.,2009). Loss of Satl will likely result in marked decreases
in hepatic uptake of sulfate and the sulfation reaction, but
accumulation of oxalate in hepatocytes.

The present data indicate that HNF4a is required for hepatic
expression of the low-affinity high-capacity vitamin C trans-
porter (Svctl) in mice. An in vitro study suggests that HNFla
is important for hepatic expression of the human SVCT1 gene
(Michels and Hagen, 2009). Svctl is also expressed highly in
kidney and intestine (Savini et al., 2008), where HNF4a is
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enriched. The role of HNF4a in regulating Svctl expression
and its impact on vitamin C homeostasis warrants further
investigation.

UGT1AL1 is the key enzyme for the glucuronidation of
bilirubin, whereas UGT1A9 is important in the detoxification
of several carcinogens and clearance of anticancer and pain
medications (Olson et al., 2009; Wells et al., 2004).
Knockdown of HNF4a in primary human hepatocytes by
siRNA results in similar downregulation of UGT1Al and
UGT1A9 (Kamiyama et al., 2007). In the present study,
hepatic Ugtla9 was markedly downregulated, whereas Ugtlal
was induced in HNF4a-HNull mice (Fig. 1). Hepatic Ugtlal
mRNA is induced by activators of various nuclear receptors
including AhR, CAR, PXR, PPARa, and Nrf2 in mice
(Buckley and Klaassen, 2009). Thus, the induction of Ugtlal
in HNF4a-null livers may be because of the activation of one or
multiple nuclear receptors (e.g., PXR and Nrf2). The marked
downregulation of Ugtla9 in HNF4a-null livers is consistent
with a previous report (Barbier et al., 2005). These data, in
conjunction with a strong correlation of expression of HNF4a
with UGT1A9 in human livers (Aueviriyavit et al., 2007),
suggest that HNF4a is essential in maintaining hepatic basal
expression of UGT1A9 in both humans and mice.

UGT2A3 is highly expressed in human and mouse livers
(Buckley and Klaassen, 2007; Court et al., 2008). UGT2A3
selectively glucuronidates bile acids; the most effective
substrate is hyodeoxycholic acid, a 6a-hydroxylation de-
toxification product of lithocholic acid, a toxic secondary bile
acid (Court et al., 2008). Little is known about the regulation of
Ugt2a3. A critical role for HNF4a in the regulation of Ugt2a3
expression and its impact on hepatic detoxification of
lithocholic acid warrants further investigation.

Ugt2b1 has broad substrate specificity, including morphine,
phenols, carboxylic acids, and bile acids (e.g., lithocholic acid)
(Pritchard et al., 1994; Radominska ef al., 1994). In mice,
Ugt2bl is almost exclusively expressed in liver (Buckley and
Klaassen, 2007). Mouse Ugt2b1 protein is 80% homologous to
human UGT2B4, which is highly expressed in human livers
(Izukawa et al., 2009). Hepatic expression of Ugt2bl requires
C/EBPa (Hansen et al., 1998). However, the moderate
downregulation of C/EBPa (Wiwi et al., 2004) and decrease
of DNA binding of C/EBP proteins (Fig. 7C) alone cannot
account for the dramatic loss of Ugt2b1 expression in HNF4a-
null livers. Thus, HNF4a is essential for hepatic expression of
Ugt2bl in mice, likely via direct binding to the DRI site
(Table 1) in the proximal promoter of the Ugt2bl gene.

HNF4a-HNull mice had downregulation of the liver-
predominant Ugt2b36. Two DRI sites were identified in the
proximal promoter of Ugt2b36 (Table 1). In contrast, no DR1
sites were found in either the 2-kb proximal promoter or the
first intron of the Ugt2b34 and Ugt2b35 gene, whose hepatic
expression remains unchanged in HNF4a-HNull mice. Thus,
HNF4a is important in regulating hepatic expression of Ugt2b36,
most likely via binding to the DR1 sites in the Ugt2b36 gene.
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The present data indicate that HNF4a is required for hepatic
expression of Ugt3al and 3a2 in mice. Ugt3al and 3a2 are
predominantly expressed in liver and kidney in mice (Buckley
and Klaassen, 2007). UGT3A1 is a newly characterized UDP
N-acetylglucosaminyltransferase that catalyzes the transfer of
N-acetylglucosamine from UDP N-acetylglucosamine to urso-
deoxycholic acid and other prototypical UGT1 and UGT2
substrates (Mackenzie et al., 2008).

The present data indicate an important role for HNF4a in the
regulation of sulfation reactions. HNF4a is identified as a novel
key transactivator of Sultlal and Sultlbl in mouse liver
(Fig. 3). Sultlal is highly expressed in mouse liver (Alnouti
and Klaassen, 2006) and catalyzes the sulfation of phenolic
compounds, including steroid hormones, catecholamines, and
phenolic drugs, and also participates in the bioactivation of
procarcinogens (Hildebrandt er al., 2009). Sultlbl catalyzes
the sulfation of dopa and tyrosine isomers, as well as dopamine
and 3,3’,5-triiodo-L-thyronine (Saeki et al., 1998).

A genome-wide study indicates that HNF4a is critical in
determining gender-specific gene expression in mouse liver
(Holloway et al., 2008). Sult2al/2 is specifically expressed in
female mouse livers (Alnouti and Klaassen, 2006). The high
expression of female-specific Sult2a2 mRNA in male HNF4a-
null livers is very similar to the high expression of the female-
specific Cyp2b9 mRNA in male HNF4a-null livers (Wiwi
et al., 2004). Thus, the marked increase of Sult2a2 in HNF4a-
null livers may be because of loss of the male-specific
inhibition by HNF4a. HNF4a-null livers have marked elevation
in unconjugated bile acids because of downregulation of bile
acid—conjugating enzymes (Inoue et al., 2004). Sult2a is
important in the detoxification of unconjugated bile acids.
Induction of Sult2a2 may ameliorate hepatotoxicity induced by
the elevated unconjugated bile acids in HNF4a-HNull mice.

The dramatic increase of Sultlel mRNA in HNF4a-null
livers is very similar to the remarkable increase of Sultlel in
livers deficient in StatSb (Holloway et al., 2007), a critical
regulator of gender-specific gene expression (Waxman, 2000).
Additionally, hepatic Sultlel can be markedly induced by
dexamethasone through the GR (Alnouti and Klaassen, 2008;
Gong et al., 2008). Hepatic basal mRNA expression of Sultlel
is low in both male and female mice (Alnouti and Klaassen,
2006). Sultlel is responsible for the sulfation and inactivation
of B-estradiol (E;) at physiological concentrations. Sultlel
overexpression in hepatoma cells decreased markedly the
phosphorylation and activation of Stat5b stimulated by growth
hormone (GH) or GH plus E, (Li et al., 2009). Interestingly,
a majority of the sex-specific genes respond similarly to the loss
of Stat5b and the loss of HNF4a, indicating that both TFs are
essential and they may coregulate sexually dimorphic hepatic
gene expression (Holloway et al., 2006); however, the un-
derlying mechanism remains unclear. In fact, HNF4a has been
shown to strongly inhibit the phosphorylation of StatSb and its
transcriptional activity (Park ez a/., 2006). The mechanism of the
dramatic induction of Sultlel in HNF4a-null livers and its
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contribution to alterations in Stat5b signaling and gender-
divergent gene expression warrant further investigation.

Little is known regarding the regulation of Gsts by HNF4a.
It is known that multiple factors are involved in the regulation
of a given gene. Interestingly, an HNF4a-like binding site
has been identified within 1 kb upstream of the Gstal (Gst ya)
gene (Paulson er al., 1990). We found two putative DR1 sites
within 2 kb of the Gstal promoter (DR1 AGATGAAAGTTCA
at —1769 bp and DR1 TGCACTGAGACCT at —646 bp).
Additionally, we also identified three DR1 sites in intron1-2 of
Gsta4 (data not shown) and one DRI site in the Gstm6
promoter (Table 1). Thus, we speculate that HNF4a might
induce the basal expression of Gstal, Gsta4, and Gstm6. In
contrast to the robust induction of Gstal, Gsta4, and Gstm1-4
by Nrf2 activators, Gstm6 is not consistently induced by Nrf2
activation (Knight er al., 2008). Interestingly, C/EBPP is
essential for the induction of Gsta2 by oltipraz, a dual activator
of C/EBPJ and Nrf2 (Ko et al., 2006). Consistent with ~50%
downregulation of C/EBPa and C/EBP in HNF4a-Hnull mice
(Wiwi et al., 2004), hepatic TF binding to the C/EBP
consensus elements decreased ~50% (Fig. 7C). Additionally,
multiple Gsts, including Gstal/2 and Gstm1-3, can be induced
by ligands of PXR (Knight er al., 2008), which appears to be
activated in HNF4a-Hnull mice (Fig. 7C). Thus, it is likely that
hepatic expression of Gstal/2 is positively regulated by
HNF4a, C/EBP, PXR, and Nrf2. The final effect of HNF4a
deficiency on hepatic Gst mRNA expression is likely de-
termined by the combination of vanished transactivation by
HNF4a and/or C/EBP but enhanced transactivation by PXR
and/or Nrf2. The lack of alteration in Gstal/Gsta2 mRNA
might be because of the neutralizing effects among vanished
HNF4a and C/EBP but enhanced PXR and Nrf2. The induction
of Gstad, Gstm1, Gstm2, and Gstm3 in HNF4a-HNull mice is
likely because of activation of Nrf2 and PXR. In contrast,
a loss of transactivation by HNF4a might contribute to the
downregulation of Gstm6 in HNF4a-HNull mice. Further
experiments are needed to test the hypothesis that HNF4a
might directly regulate Gstal, Gstad4, Gstm4, and Gstm6
expression in mouse liver.

Mrp family members are important for the efflux of
xenobiotics and their conjugated metabolites into bile (by
Mrp2) or back into blood (by Mrp3 and Mrp4). The marked
decrease of Mrp6 expression in HNF4a-null livers is consistent
with an in vitro study that HNF4a binds to the proximal
promoter of mouse Mrp6 gene and transactivates Mrp6
expression (Douet et al., 2006). The induction of Mrp3 and
Mrp4 in HNF4a-null livers is likely because of activation of
PXR and Nrf2, transactivators of mouse Mrp3 and/or Mrp4
(Maher et al., 2007). Activation of Nrf2 induces Mrp2, whereas
activation of PXR downregulates Mrp2 in mouse livers (Maher
et al., 2007), which might explain the unchanged hepatic Mrp2
expression in HNF4a-Hnull mice (Fig. 5).

Hepatic mRNA expression of the canalicular efflux trans-
porter Berp is male predominant in mice because of the
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inductive effect of testosterone (Tanaka er al., 2005). Thus, the
male-selective downregulation of Berp in HNF4a-null livers is
likely because of a decrease of androgen signaling.

Among the efflux transporters examined, Matel is the only
transporter whose expression is lost in livers of HNF4a-null mice.
Matel is important for excretion of organic cations by kidney and
liver; renal secretion of metformin is markedly decreased in
Matel-null mice (Tsuda et al., 2009). The role of HNF4a in
regulating hepatic and renal expression of Matel and its impact
on the disposition of cationic drugs remains to be elucidated.

In summary, the present study demonstrates that HNF4a is
critical in regulating hepatic mRNA expression of a large
number of phase II enzymes and transporters. Although protein
levels of these genes were not determined because of the large
scope of this study, many of the mRNA level changes are so
marked in magnitude that it is likely to have a major impact on
protein. The marked alterations in hepatic mRNA expression of
these genes is likely because of the loss of HNF4a as a direct
transactivator (via binding to the DR1 sites), the loss of gender-
specific gene expression (via cross talk with Stat5b), and/or the
adaptive activation of certain Xenobiotic receptors, such as
PXR and Nrf2 (Fig. 8).
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