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Abstract

The hepatocyte nuclear factor 4a (HNF4a) is a liver-enriched nuclear receptor that plays a critical
role in early morphogenesis, fetal liver development, liver differentiation and metabolism. Human
HNF4a gene mutations cause maturity on-set diabetes of the young type 1, an autosomal
dominant non-insulin-dependent diabetes mellitus. HNF4a is an orphan nuclear receptor because
of which the endogenous ligand has not been firmly identified. The frans-activating activity of
HNF4a is enhanced by interacting with co-activators and inhibited by corepressors. Recent
studies have revealed that HNF4a plays a central role in regulation of bile acid metabolism in the
liver. Bile acids are required for biliary excretion of cholesterol and metabolites, and intestinal
absorption of fat, nutrients, drug and xenobiotics for transport and distribution to liver and other
tissues. Bile acids are signaling molecules that activate nuclear receptors to control lipids and drug
metabolism in the liver and intestine. Therefore, HNF4a plays a central role in coordinated
regulation of bile acid and xenobiotics metabolism. Drugs that specifically activate HNF4a could
be developed for treating metabolic diseases such as diabetes, dyslipidemia and cholestasis, as
well as drug metabolism and detoxification.
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1. Introduction

The hepatocyte nuclear factor 4a (HNF4a) is a liver-enriched transcription factor that
belongs to the NR2A subfamily of the nuclear receptor superfamily, which has 48 genes in
the human genome and 49 in the mouse genome [1]. There are two mammalian members in
the NR2A family, HNF4a (NR2A1) and HNF4y (NR2A2) [1]. HNF4a was originally
identified in rat liver extracts that bind to the promoter sequences of transthyretin and
apolipoprotein CIII (apoClll) genes [2]. HNF4a is the most abundant nuclear receptor
expressed in the liver [3]. It has been reported that fatty acyl-CoA thioesters are endogenous
ligands of HNF4a [4,5]. Recent studies of the crystal structure of the ligand-binding domain
of HNF4a reveal that the ligand-binding pocket contains a mixture of saturated and c¢is-
monounsaturated C14 — 18 fatty acids [6,7]. However, the bound fatty acids do not readily
exchange with exogenously radioisotope-labeled fatty acids and attempts to remove fatty
acids without denaturing the proteins have failed. It is thought that fatty acids may bind to
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the ligand-binding domain of HNF4a as cofactors rather than ligands. Therefore, HNF4a is
still considered an orphan nuclear receptor.

HNF4a target genes are involved in lipid transport, fatty acid oxidation, bile acid synthesis
and transport, lipoprotein metabolism, steroid metabolism, glucose metabolism, amino acid
metabolism, blood coagulation and viral genome replication [8]. A recent chromatin
immunoprecipitation combined with promoter microarray (ChiP-on-chip) analysis has
revealed that HNF4a binds to about 12% of human liver genes (1555) and 11% of human
pancreatic islets gene represented on the Hu13K DNA microarray [9]. About 42% of the
genes (1262) occupied by RNA polymerase Il are also bound by HNF4a in hepatocytes.
These results are consistent with the findings that HNF4a is an abundantly expressed
transcription factor that is highly active in transcriptional regulation of various metabolic
pathways in the liver and pancreatic islet.

There are two recent reviews on HNF4a.. Readers are referred to a book chapter on a
comprehensive review of the HNF4a structure, functions and human diseases by Sladek in
2002 [8] and a 2008 review of the role of HNF4a in gene transcription by Gonzalez [10].
This review briefly overviews HNF4a expression and regulation, followed by a summary of
recent advances in understanding the roles of HNF4a in coordinated regulation of CYPs
involved in bile acid synthesis and drug metabolism.

2. Regulation of HNF4a expression

Expression of HNF4a is a marker of early liver development and is essential for liver
morphogenesis [11-13], differentiation [14] and metabolism [8,10]. HNF4a expression is
synergistically regulated by several liver-enriched transcription factors, including HNF4a,
HNF1s (pou-homeodomain transcription factors), HNF3s (forkhead transcription factors)
and HNF6 (one-cut homeodomain transcription factor) [15,16]. It has been proposed that
HNF4a is in the center of a transcription factor regulatory circuitry including HNF1s,
HNF3s and GATASs. These transcription factors cooperatively regulate gene transcription
during development and differentiation of the liver and pancreas [8,9,17].

2.1 HNF4a expression

Nine HNF4a isoforms may exist in mammalian livers [8]. These isoforms are derived from
alternative splicing events and/or alternative promoter usage. The HNF4a gene is located in
human chromosome 20q13.1 — 13.2 [3], and has 13 exons spanning about 70 kb of the
human genome. The HNF4a gene has two promoters, which are differentially utilized in
hepatocytes and islets [17]. The promoter 1 (P1 promoter) initiates transcription of the
‘adult’ isoforms containing exon 1A (HNF4al — a.6) in liver cells, whereas P2 promoter
initiates transcription of the ‘embryonic’ isoforms containing exon 1D (HNF4a7 — a9) in
pancreatic cells [17,18]. HNF4a2 and a8 are the alternative spliced variants of a1l and a7,
respectively. The expression levels of these isoforms vary with development and
differentiation stages in different tissues. In early liver development, HNF4a7 is transcribed
from the P2 promoter. In adult liver, the P1 promoter actively transcribes HNF4al and
HNF4a7 expression is very low. In pancreatic islets, the P2 promoter is preferentially
utilized to transcribe HNF4a.7 and HNF4a8 [19]. HNF4a.7 and HNF4a.8 have much lower
trans-activating activity than HNF4a1 and HNF4a.2.

Ablation of the Hnf4a gene is embryonic lethal [20]. Studies of tissue specific deletion of
the Hnf4a gene in mice have provided valuable information on the physiological functions
of HNF4a in different tissues. Liver-specific deletion of the /Anf4a gene in adult mice
reveals phenotypes of increased serum cholesterol, triglycerides and bile acids, and
accumulation of lipids in mouse livers suggesting that HNF4a plays a critical role in
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maintaining lipid homeostasis [21,22]. In hepatocyte-specific /nf4a null mice, hepatic
gluconeogenesis is impaired during fasting [23]. Expression of a dominant negative HNF4a
mutant in pancreatic cells impaired insulin secretion and altered insulin, glucose transporter
2, L-pyruvate kinase and other genes involved in glucose metabolism [24]. Pancreatic-
specific Hnf4a null mice have impaired insulin secretion and maturity on-set diabetes of the
young type 1 (MODY-1) phenotypes [25,26].

A recent study of intestine epithelial cell-specific Hnf4a null mice has discovered the
phenotypes of inflammatory bowel disease (IBD) [27]. HNF4a expression is reduced in
dextran sulfate sodium-induced IBD and in intestine biopsies of Crohn’s disease and
ulcerative colitis patients [27]. These observations suggest that HNF4a may be involved in
the expression of mucins and aquaporins in epithelial cells. Impairment of mucosal integrity
may increase intestine inflammation by xenobiotics and endotoxins. It is not known whether
Crohn’s disease and IBD patients have HNF4a gene mutations or HNF4a is inactivated by
inflammation in epithelial cells.

Heterozygous mutations of the H#NF4a gene cause MODY1, which has impaired glucose
regulation of insulin secretion due to dysfunction of the pancreatic p-cells [28,29].
Heterozygous mutations in various domains of HNF4a and the gene promoter have been
identified in MODY1 patients [18,30,31]. Mutations of the DNA binding and dimerization
domains of the HNF4a gene cause impaired DNA-binding, protein stability, frans-activation
activity or nuclear localization [29,32-35]. Haploinsufficiency of HNF4a reduces serum
levels of ApoAll, ApoClll and triglyceride levels in MODY'-1 patients [36].

2.2 HNF4a co-activators

The Class | steroid hormone receptors interact with the ubiquitous corepressors, silencing
mediator of retinoid acid and thyroid hormone receptors and nuclear receptor corepressor 1
in the absence of a ligand, and are inactivate. On ligand binding, corepressors are released to
allow co-activator binding to stimulate transcriptional activity. HNF4a is a member of the
Class 11 orphan nuclear receptors that are constitutively active. HNF4a is located
predominantly in the nucleus. Unlike most Class Il receptors, HNF4a forms homodimers
that bind to a direct repeat of the AGGTCA-like hormone response element with one-base
spacing (DR1) (Figure 1) [37]. The trans-activating activity of HNF4a is stimulated by co-
activators through interaction with the activation function domain 1 (AF-1) and activation
function domain 2 (AF-2) domains (Figure 1). The HNF4a co-activators include p160
family co-activators, steroid receptor co-activator-1 (SRC-1), SRC-2 and SRC-3, and p300/
CBP (cAMP response element binding protein) family co-activators [38-40]. The AF-1 of
HNF4al also interacts with nuclear receptor co-activator 6 [41]. The AF-2 domain has
repressive activity that inhibits HNF4a interaction with co-activators. The 10-amino acid
insert in the F domain of HNF4a.2 abrogates such interaction [38]. CBP is a histone
acetyltransferase that acetylates lysine residues in the histone tails to allow transcription
factors to bind to chromatin and stimulates RNA polymerase 1 activity. The N- and C-
terminals of CBP interact with AF-1 and AF-2 of HNF4a., respectively [39]. HNF4a
interacts with peroxisome proliferator-activated receptor -y co-activator 1-a (PGC-1a.)
[23,42], which is a versatile nuclear receptor co-activator induced during fasting to stimulate
gluconeogenesis, lipoprotein, triglyceride, energy and drug metabolism [23,42-48]. PGC-1a
expression levels may determine HNF4a target gene expression in hepatocytes. It has been
reported that HNF4a interacts with a co-activator PC4 and induces the inducible nitric oxide
synthase expression during oxidative stress in hepatocytes [49].
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2.3 HNF4 corepressors

The transcriptional activity of HNF4a is inhibited by ubiquitous nuclear receptor
corepressors, silencing mediator of retinoid acid and thyroid hormone receptors and nuclear
receptor corepressor 1 [50]. Several novel transcription factors have been shown to inhibit
HNF4a activity. Small heterodimer partner (SHP), an orphan nuclear receptor lacking a
DNA binding domain, interacts with HNF4a and inhibits HNF4a target gene transcription
[51,52]. Another orphan receptor chicken ovalbumin upstream transcription factor Il has
been shown to inhibit HA/F4a gene transcription and activity by competing for binding to
the DR1 sequence in the HNF4a and targets genes [53-57]. SHP is known to inhibit
HNF4a by three distinct mechanisms: interaction with HNF4a and to directly inhibit
HNF4a activity, interaction with HNF4a to prevent its binding to DNA, and interaction
with HNF4a to block its recruitment of PGC-1a [51]. Interestingly, chicken ovalbumin
upstream transcription factor 11 also can function as a transcriptional activator [56,58,59].

It has been reported recently that TGFp1-activated transcription factors Smad3 and Smad4
specifically interact with HNF4a and inhibit HNF4a #rans-activating activity [60,61]. The
AF1 and C-terminal F domain of HNF4a. interact with the Mad homology 1 domains of
both Smad2 and Smad3. In contrast, TGFpB1/Smads signaling crosstalks with HNF4a and
activates ApoClI gene transcription [61]. The ligand-binding domain of HNF4a interacts
with a tumor suppressor p53 and recruits histone deacetylase to inhibit target gene
transcription [62,63]. Inhibition of HNF4a expression by p53 may be a response to liver
injury to inhibit liver gene expression and differentiation. Several studies show that Foxol
interacts with HNF4a and inhibits HNF4a trans-activating activity [64—66]. Foxol mediates
insulin signaling and regulates gluconeogenesis. Insulin signaling phosphorylates FoxO1
and excludes FoxO1 from the nucleus for degradation in proteosomes [67]. Another recent
study reports that HNF4a is inhibited by GPS2, which is a component of the repressor
complex [68].

2.4 Post-translational regulation of HNF4a

The trans-activating activity of HNF4a may be regulated by post-translational
modifications. There are 13 potential serine/threonine phosphorylation sites on HNF4a [8].
Phosphorylation of HNF4a by protein kinase A [69,70], mitogen-activated protein kinases
p38 [70] or INK/cJun reduces DNA binding activity [49,70-72]. AMP kinase reduced
HNF4a dimerization and protein stability [73] and reduces ApoClII expression [71].
Phosphorylation of Serine78 by protein kinase C causes nuclear exclusion and degradation
[74]. Tyrosine phosphorylation of the HNF4a affects its intranuclear compartmentation and
DNA binding activity [75]. Furthermore, CBP acetylates HNF4a at a lysine residue causing
HNF4a nuclear retention and increasing DNA binding and #rans-activating activity [76,77].
These post-translational regulations have not been verified by an /n vivo study, and thus the
physiological relevance of HNF4a phosphorylation is not clear.

3. HNF4a regulation of bile acid metabolism

HNF4a plays a central role in regulation of bile acid synthesis. Bile acids are physiological
detergents that facilitate biliary excretion of cholesterol and xenobiotic metabolites, and
intestinal absorption of fats, steroids, nutrients, drug and xenobiotics [78]. Bile acids also are
signaling molecules and inflammatory agents that activate the nuclear receptors and
signaling pathways involved in lipid and glucose metabolism [79].

3.1 Bile acid synthesis

Bile acids are the end products of cholesterol catabolism. The bile acid biosynthetic
pathways involve 15 enzyme-catalyzed reactions including steroid ring modifications, side
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chain oxidation and cleavage, and conjugation [80]. Figure 2 only shows known HNF4a
regulated genes involved in bile acid synthesis in the liver [79,80]. Cholesterol 7a.-
hydroxylase (CYP7AL) initiates the classic bile acid biosynthetic pathway leading to
formation of two primary bile acids, cholic acid (CA, 3a, 7a, 12a)) and chenodeoxycholic
acid (CDCA, 3a, 12a) (Figure 2). CYP7AL is the only rate-limiting enzyme in the classic
bile acid biosynthetic pathway. Sterol 12a.-hydroxylase (CYP8BL) is required for the
synthesis of CA. After modification of the sterol ring, the mitochondrial sterol 27-
hydroxylase (CYP27A1) catalyzes the sterol side chain oxidation. CYP27A1 also can
directly hydroxylate cholesterol to 27-hydroxycholesterol in liver and extrahepatic tissues.
Bile acid—CoA synthase (BACS) then conjugates a Coenzyme-A to the C27-cholestanoic
acids for cleavage of a propionyl group in peroxisomes to form C24-bile acids. To increase
solubility of bile acids (bile salts), bile acid CoA:amino acid N-acyltransferase (BAT)
conjugates a glycine or taurine to CA and CDCA to form glyco- or tauro-conjugated CA or
CDCA. Conjugated-CA and CDCA are secreted into the bile through canalicular bile salt
export pump (BSEP, or ABCB11). Bile acids form mixed micelles with phosphatidylcholine
and cholesterol, and are stored in the gallbladder.

3.2 Regulation of bile acid synthesis

Bile acids stored in the gallbladder are released into the intestinal tract after each meal. In
the intestine some CA and CDCA are converted to deoxycholic acid (DCA) and lithocholic
acid (LCA), respectively, by 7-dehydoxylase in bacterial flora. CA, CDCA and DCA are
quantitatively (95%) re-absorbed in the ileum by apical sodium-dependent bile salt
transporter, and excreted into portal circulation through basolateral organic solute
transporter a/B and organic anion transporting peptides (OATPs). Bile acids circulated to
the liver are taken up by basolateral sodium-dependent taurocholate transporting peptide
(NTCP). Bile acids inhibit bile acid synthesis by inhibiting CYP7A1and CYP8BI gene
transcription [80].

3.2.1 Regulation by HNF4a—Several studies have implicated HNF4a as a critical
transcriptional regulator of the CYP7A1 gene [79-81]. Chiang and Stroup first identified a
putative HNF4a binding site (DR1) in the rat Cyp7al gene promoter [82]. Subsequent
studies confirmed that the DR1 sequence bound HNF4a and was critical for basal and bile
acid regulated transcription of the CYP7A1 gene [57,59,83]. The human CYP8B1 and
CYP27A1 gene promoters also have HNF4a binding sites [52,84,85]. Conditional liver-
specific knockout of the Anf4a gene in mice markedly reduced expression of CYP7A1 and
CYP8BL1, which confirmed the /n vitro promoter study [21,22]. In mice lacking hepatic
HNF4a, the BACS and BAT expression levels were reduced, and un-conjugated and
glycine-conjugated bile acids are accumulated in the gallbladder [86]. The HNF4a binding
sites have been identified in the BACS and BAT gene promoters. These studies support the
discovery that HNF4a plays a central role in bile acid synthesis and conjugation
[22,52,57,84,86].

3.2.2 Regulation by bile acid receptors—Bile acid synthesis is feedback inhibited by
bile acids returning to the liver through enterohepatic circulation of bile acids [79]. Recent
studies have discovered that bile acids are able to activate a nuclear receptor farnesoid X
receptor (FXR), which plays a critical role in the regulation of bile acid metabolism and
lipid homeostasis [59,79]. Among all bile acids tested, CDCA is the most efficacious
endogenous FXR ligand [87]. Two FXR-mediated pathways have been proposed to inhibit
CYP7A1 gene transcription. In the liver, bile acid-activated FXR induces SHP, which then
inhibits #rans-activation activity of HNF4a or orphan receptor liver-related homologue-1,
and results in inhibiting CYP7A1and CYP8B1 gene transcription [87,88]. The FXR-SHP
pathway also inhibits A/7TCP gene transcription [89]. Deletion of the Fxrgene in mice
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impairs bile acid and lipid homeostasis supporting the critical role of FXR in the regulation
of bile acid synthesis, transport and secretion [90]. In the intestine, FXR induces an intestine
hormone, fibroblast growth factors 15 (or human orthologue FGF19) [91,92]. FGF15/FGF19
is transported to the liver to activate FGF receptor 4 signaling, which inhibits CYP7A1 gene
transcription through an unknown mechanism [92].

On the other hand, FXR stimulates bile acid secretion into bile by inducing BSEP expression
in the bile canalicular membrane. FXR also induces BACS and BAT gene expression by
binding to FXR response elements located in the promoter of the BACS and intron 1 of the
BAT gene [93]. Therefore, FXR regulates enterohepatic circulation of bile acids by
inhibiting hepatic bile acid synthesis and uptake into hepatocytes, and stimulating bile acid
excretion into bile, thus maintaining bile acid homeostasis.

Another bile acid-activated nuclear receptor PXR is also involved in regulation of bile acid
homeostasis. LCA is a potent PXR ligand [94]. PXR inhibits CYP7AL1 by interacting with
HNF4a and preventing HNF4a from interacting with PGC-1a [95,96]. A recent study
reports that feeding CA or a FXR agonist GW4064 induces PXR expression in mice
suggesting that FXR binds to the Pxrpromoter and induces Pxr gene transcription [97]. LCA
also activates vitamin D receptor (VDR), which may protect against colon cancer promoted
by bile acids [87,98].

4. HNF4a regulation of drug metabolism

Enterohepatic circulation of bile acids plays a critical role in biliary excretion and intestinal
absorption of drugs and xenobiotics. There is a coordinated regulation of bile acid synthesis
and drug metabolism [99]. HNF4a plays a key role in liver and intestine expression of CYP
enzymes in drug metabolism.

4.1 Drug metabolizing CYPs in human hepatocytes

CYP superfamily enzymes play important roles in metabolism and detoxification of
xenobiotics (drugs, carcinogens) and endobiotics (fatty acids, steroids) in the liver and other
tissues. There are 12 drug metabolizing CYPs in the human liver: CYP1A1, CYP1A2,
CYP1B1, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2EL, CYP2F1
and CYP3A4 [100].

HNF4a binding sites were first identified in the CYP2C genes [101]. A recent study using
adenovirus-mediated antisense RNA to inhibit HNF4a. mRNA expression in human
hepatocytes has revealed that mMRNA expression of CYP3A4, CYP3AS (variant of
CYP3A4) and CYP2A6, CYP2B6, CYP2C9 and CYP2D6 are downregulated suggesting
that HNF4a plays a key role in basal expression of these major drug metabolizing CYPs in
human hepatocytes [102]. HNF4a binding sites have been identified in the gene promoters
of CYP2B6, CYP2C9, CYP2D6 and CYP3A4 [103-105]. CYP3A4 is the most abundant
CYP expressed in the liver and intestine, and metabolizes > 50% of prescription drugs [106].
CYP3A4 is highly regulated by PXR, VDR and constitutive androstane receptor (CAR)
[107-110].

4.2 HNF4a coordinates xenobiotic receptor regulation of drug metabolism

HNF4a, PXR, CAR and VDR crosstalk and regulate expression of CYP2B, CYP2C and
CYP3A4 in liver and intestine [110,111]. Xenobiotic receptors PXR and CAR play critical
roles in drug metabolism [111-113]. Human PXR is activated by 50% of drugs prescribed to
humans and may be responsible for drug—drug interaction. CAR is induced by
phenobarbital. PXR and CAR induce Phase | drug metabolizing enzymes CYP3A, CYP2B
and CYP2C, Phase Il drug conjugation enzymes glucuronosyltransferase (UGT1 and UGT?2
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family) and sulfotransferase 2A1 (SULT2A1), and Phase |11 drug transporters multi-drug
resistant related proteins 2 (MRP2, or ABCC2/4, apical efflux transporter of glutathione,
glucuronide, and sulfate conjugated bile acids, bilirubin) and MRP4 (basolateral efflux
transporter of bile acids and conjugates), and multi-drug resistant protein 1 [108,114-118].
HNF4a is a key regulator of PXR expression during fetal liver development and in-
activation of HNF4a in mice suppressed CYP3A11 and PXR expression [104]. Conditional
deletion of the Hnf4a gene in fetal and adult mouse liver reduces CYP3AL11 expression
[105]. Subsequently, studies have revealed that HNF4a is involved in PXR and CAR
induction of CYP3a4 in hepatocytes [45,105]. In human hepatocytes HNF4a and PXR
interact and synergistically induce CYP3A4 in response to rifampicin, a potent PXR agonist
[45]. Similarly, HNF4a synergizes with CAR and PXR to induce CYP2C9 and SULT2A1
expression [119,120]. HNF4a also controls CAR expression by binding to HNF4a response
elements located in the CAR gene promoter [46]. HNF4a and PGC-1a interact to induce
CAR and its target genes, CYP 2b10, UGT1al, Oatp2 and Sult2al in mouse livers during
fasting.

Interestingly, a recent analysis of mMRNA expression levels of several nuclear receptors, co-
regulators and CYPs has revealed that HNF4a mRNA expression levels show the highest
colinearity to mRNA expression levels of CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, MRP2, OATP2, cytochrome P450 reductase and UGT1AL in human liver [121].
These investigators suggest that HNF4a is probably a dominant regulator of basal
xenobiotic metabolism in human livers. Their analysis also identified CAR as a regulator of
basal expression of CYPs, MRP2, OATP2, UGT1A1 and cytochrome P450 reductase in
human livers. It seems that a hierarchy of HNF4a.,, PXR and CAR determines the expression
of xenobiotic metabolism. Figure 3 shows the hierarchy of HNF4a in drug metabolism.
HNF4a regulates bile acid synthesis to produce primary bile acids CDCA and CA, which
activate FXR to activate Phase Il and 111 drug metabolism. The secondary bile acid LCA
activates VDR and PXR. VDR induces CYPs in Phase | drug metabolism, whereas PXR
induces all three phases of drug metabolism. HNF4a directly induces PXR, which induces
all three phases of drug metabolism. HNF4a directly induces CAR to regulate Phase 11 and
I11 drug metabolism. Therefore, HNF4a plays a predominant role in the coordinated
regulation of drug metabolism, conjugation and secretion.

5. Expert opinion

HNF4a plays a critical role not only in liver development but also in liver metabolism.
Because HNF4a regulates the key genes involved in lipid, glucose and drug metabolism, the
expression levels of HNF4a in individuals may be critical in determining liver metabolic
functions. To further understand the physiological functions of HNF4a in liver metabolism,
the endogenous ligands of HNF4a need to be identified. Nuclear receptors are ideal targets
for drug development [122-127]. The crystallographic structure of the ligand-binding
domain of HNF4a provides critical information for designing specific and efficacious
HNF4a agonists, which could be developed for treating metabolic diseases such as diabetes,
dyslipidemia and cholestasis. Modulation of HNF4a activity may also regulate drug
metabolism and detoxification in humans.
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Figure 1. The structure of HNF4a

The domain structure of a typical nuclear receptor is illustrated. HNF4a homodimer binds to
a direct repeat of AGGTCA sequence separated by one base (DR1) in the gene promoter.
The ligand-independent AF-1 is located in the N-terminus region (A/B). The DNA binding
domain (C domain) has two cysteine-coordinated Zn2* fingers and is directly involved in
specific binding of nuclear receptors to the response element in the gene promoter. The
hinge region (D) has an NLS. The ligand-binding domain is located in the E region, which
contains the ligand-binding pocket and co-activator interacting sequences, and is also
involved in dimerization of nuclear receptors. The endogenous ligand of HNF4a is not
known. The ligand-dependent AF-2 is located within the ligand-binding domain and near the
C-terminus. Co-activators interact with HNF4a through the C-terminal region and enhance
trans-activating activity, whereas corepressors inhibit HNF4a activity.

AF-1: Activation function domain 1; HNF4a.: Hepatocyte nuclear factor 4a; NLS: Nuclear
localization sequence; TF: Transcription factor.
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Figure 2. HNF4a regulation of bile acid synthesis

Bile acids are the end products of cholesterol catabolism. The classic pathway is the major
pathway in human liver. There are 15 enzyme-catalyzed reactions in the pathways. Only
HNF4a regulated enzymes are shown. CYP7AL1 is the first and rate-limiting enzyme of the
classic pathway. CYP8BL1 is involved in the synthesis of CA. Mitochondrial CYP27A1
catalyzes sterol side chain oxidation and also initiates the alternative pathway. CA and
CDCA are two primary bile acids synthesized in human liver. BACS and BAT are involved
in conjugation of glycine and taurine to bile acids. Glyco- or tauro-conjugated CA and
CDCA are excreted into intestine, where bacterial 7a-dehydroxylase converts CA and
CDCA to the secondary bile acids, DCA and LCA, respectively. CA, CDCA and DCA are
re-circulated to the liver through portal blood to inhibit CYP7A1, CYP8B1 and CYP27ALl,
but stimulate BACS and BAT gene transcriptions.

BACS: Bile acid—CoA synthase; BAT: Bile acid CoA:amino acid A-acyltransferase; CA:
Cholic acid; CDCA: Chenodeoxycholic acid; CYP7AL: Cholesterol 7a-hydroxylase;
CYP8BL1: Sterol 12a-hydroxylase; CYP27Al: Sterol 27-hydroxylase; DCA: Deoxycholic
acid; ER: Endoplasmic reticulum; FXR: Farnesoid X receptor; HNF4a.: Hepatocyte nuclear
factor 4a; LCA: Lithocholic acid.
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Figure 3. The hierarchy of HNF4a regulation of drug metabolism

HNF4a either directly induces expression of CYPs in Phase I, UGTs and SULTS in Phase Il
drug conjugation, and MRP2 and MRP4 in Phase 111 drug transport, or through induction of
PXR and CAR. CDCA activates FXR, whereas LCA activates VDR and PXR. These bile
acid-activated receptors crosstalk with HNF4a and CAR to regulate Phase I, Phase Il and
Phase 11 drug metabolism as indicated by arrows.

CAR: Constitutive androstane receptor; CDCA: Chenodeoxycholic acid; FXR: Farnesoid X
receptor; HNF4a.: Hepatocyte nuclear factor 4a.; LCA: Lithocholic acid; MRP: Multi-drug
resistant related protein; PXR: Pregnane X receptor; SULT: Sulfotransferase; UGT: UDP-
glucuronosyltransferase; VDR: Vitamin D receptor.
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