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Abstract

CYP2C9 is an important human drug-metabolizing enzyme which is expressed
primarily in liver. Recent studies in our laboratory have shown that the nuclear receptor
PXR isimportant in the transcriptional activation of the CYP2C9 promoter by drugs such
asrifampicin, and that the essential element isa CAR/PXR site -1839 bp upstream of the
trandation start site. Both CAR and PXR transcriptionally upregulate the CYP2C9
promoter viathese elements. In the present study, we ask whether additional sitesin the
proximal promoter also play arolein thisinduction. We identify two proximal HNF4a
binding sites at -152 bp and -185 bp of the CYP2C9 promoter, both of which bind HNF4a
in gel-shift assays and transcriptionally upregulate this promoter in response to HNF4a in
HepG2 cells. HNF4a synergizes with CAR and with PXR in HepG2 cells treated with
rifampicin. The synergy only occurs when the CAR/PXR binding site at -1839 bp is
present. Mutation of the two HNF4a binding sites differentially prevented upregulation
of CYP2C9 promoter by both CAR as well as HNF4a, synergy between the two
receptors, and essentially abolished induction by rifampicin in HepG2 cells transfected
with PXR. These studies strongly support the hypothesis that thereis cross-talk between
distal CAR/PXR sites and HNF4a binding sites in the CYP2C9 promoter and that the

HNF4a sites are required for maximal induction of the CYP2C9 promoter.
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Introduction

CY P2C9, the magjor member of the CYP2C subfamily in human liver, metabolizes
more than 16% of clinically used drugs, including the hypoglycemic agents tolbutamide
and glipizide, the anticonvulsant phenytoin, the anticoagulant warfarin, numerous non-
steroidal anti-inflammatory drugs such as fluriprofen, diclofenac (Goldstein, 2001), as
well as some newly developed drugs such as the antihypertensive losartan and the
diuretic torsemide (Goldstein and de Morais, 1994; Goldstein, 2001). It also metabolizes
endogenous compounds such as arachidonic acid. It iswell known that the presence of
genetic polymorphismsin the CYP2C9 gene resultsin individual variability in the
metabolism of CY P2C9 substrates in humans (Sullivan-Klose et al., 1996; Goldstein,
2001; Blaisdell et al., 2002).

Another potential source of variation in the metabolism of CYP2C9 substrates is
induction by previous exposure to drugs, which may result in tolerance or therapeutic
failure. Previous clinical reports have shown that the clearance of typical substrates of
CYP2C9 are increased in humans after the administration of certain drugs, such as
rifampicin, phenobarbital, and the herbal medicine St. John’s Wort (Zilly et al., 1975;
Kay et a., 1985; Williamson et al., 1998; Henderson et al., 2002). In vitro studies in
human primary hepatocytes have also demonstrated that CY P2C9 is induced at the level
of mMRNA, protein, and catalytic activity by drugs such as rifampicin, hyperforin (the
active constitute in St John’s Wort), phenobarbital, and the glucocorticoid dexamethasone
(Chang et a., 1997; Gerbal-Chaloin et al., 2001; Raucy et al., 2002; Madan et al., 2003;
Komoroski et al., 2004). Promoter studies have revealed two constitutive androstane

receptor binding elements (CAR-RES) within the CYP2C9 promoter (at -2898 and -1839
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bp from the trandation start site) and one glucocorticoid responsive element (GRE) at -
1697 bp (Ferguson et al., 2002; Gerbal-Chaloin et al., 2002; Chen et al., 2004). These
sites bind CAR/and pregnane X receptors (PXR) or glucocorticoid receptors (GR)
respectively to mediate the induction of CYP2C9 by various drugs including rifampicin,
phenobarbital, hyerforin and dexamethasone.

CYP2C9 ispreferentially expressed in the liver and appears to be regulated by
various hepatic transcriptional factors such as HNF4a and HNF3y (Ibeanu and Goldstein,
1995; Jover et al., 2001; Bort et al., 2004). HNF4a, one nuclear receptor expressed
mainly in the liver, intestine, kidney and pancreas, activates the transcription of target
genes either through its recognition of a direct repeat DR1 motif or its recruitment of
chromatin remodeling systems (Sladek and Darnell, 1992; Hu and Perlmutter, 1999). In
liver, HNF4q, sustains the congtitutive expression of alarge number of hepatic genes,
including P450s such as CYP2A6, 2B6, 2D6, 3A, 7A1l, aswell as the glucuronyl
transferase UGT1A1, certain hepatic transporters and even regulatory factors such as
PXR and HNFlo (Watt et al., 2003). Importantly, HNF4a isinvolved in the
transcriptional responses of hepatic genes to endogenous compounds or xenobiaotics, such
as induction of several major enzymes involved in gluconeogenesis (PEPCK, Glc6Pase,
and L-CPT1) by glucagon or glucocorticoid (Stafford et al., 2001; Louet et a., 2002;
Gautier-Stein et al., 2005), drug induction of the P450 gene CYP3A (Tironaet al., 2003)
and inhibition of CYP7AL by rifampicin (Li and Chiang, 2004). Moreover, inactivation
of HNF4a results in suppression of PXR and CYP3A expression in fetal hepatocytes
(Hayhurst et al., 2001) and the hepatic fasting response mediated by PGC-1a in adult

liver (Rhee et al., 2003).

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 7

HNF4o has been shown to increase endogenous CY P2C9 mRNA expression when
overexpressed in HepG2 cells (Jover et al., 2001). One putative HNF4a binding site has
been reported in the CYP2C9 basal promoter region by our laboratory (Ibeanu and
Goldstein, 1995). In the present study we ask whether HNF4a hasarolein the
transcriptional regulation of CYP2C9. We used reporter assays, mutagenesis, and EMSA
to identify and functionally characterize two HNF4a sites in the CYP2C9 promoter. We
then examined whether these proximal HNF4a sites have arole in the regulation of
CYP2C9 by CAR and PXR. We show herein that these proximal HNF4a binding sites
are required for the optimal activation of the CYP2C9 promoter by both CAR and PXR
probably through cross talk between HNF4a and CAR/PXR. Importantly, this study
shows evidence for cross-talk between HNF4o and CAR/PXR involving both distal

CAR/PXR sites and proximal HNF4a elements in the CYP2C9 promoter.

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 8

Methods
Chemicals:

DM SO, rifampicin, dexamethasone, and other common reagents were purchased from
SigmaAldrich (St. Louis, MO). Rifampicin and dexamethasone were dissolved in
DMSO. Cdll culture media was purchased from Invitrogen (Carlsbad, CA). Desalted
oligonucleotides were purchased from Genosys, Inc. (The Woodlands, TX). Restriction
enzymes were purchased from New England Biolabs (Beverly, MA). All other reagents
were of the highest grade available.

Transient transfection constructs

The wild type CYP2C9-3k/pGL3 Basic, and three mutants (CYP2C9-3k/-2898m,
CYP2C9-3k/-1839m and CYP2C-3k/dmut) were as described previously (Chen, et al.
2004). All of these constructs start at -2920 to -1 upstream the translation start site. For
the subsequent promoter deletion constructs, CYP2C9-1874/pGL3 Basic construct
(previoudy named CYP2C9-1.9k/pGL3 Basic) (Chen et al., 2004) was first cleaved by
EcoRlI, incubated with Klenow Fragment (New England Biolabs, Beverly, TX) to blunt
the two ends, and then further digested by EcoRV. Gel purified large fragments were
sdf-ligated to produce one deletion construct CYP2C9-1874/A-1358/-362. Another
deletion construct CYP2C9-1874/A-250/-114, was produced by digesting CYP2C9-
1874/pGL3 _Basic with Avrll, followed by a gd purification of the large fragment and
religation. To produce the chimeric construct CYP2C9/SV40, 1416 bp of the CYP2C9
promoter fragment from plasmid CYP2C9-1874 was digested through double digestion
with EcCORV and Sacl, then inserted into a SV40 promoter driven luciferase vector

pGL3_Promoter linealized by Sacl and Smal.
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pSG5-hPXR was kindly provided by Steve Kliewer (GlaxoSmithKline) (Kliewer et
a., 1998). (XREM)-3A4-362/+53 was obtained from Brian Goodwin (Goodwin et al.,
1999). pCR3-hGR was described previously (Chen, et al. 2003). The cDNAs of hHNF4a
was amplified from total RNA of human primary hepatocytes with forward primer: 5'-
CTCGTCGACATGGACATGGCCGACTACE and reverse primer: 5
GGCTTGCTAGATAACTTCCTGCTTGGT 3 (underlined are the start codon and stop
codon, respectively). Gel purified PCR amplicons were cloned into TOPO-pCR2.1
(Invitrogen, Carlsbad, CA) and then sequenced. Mutations in PCR products were
corrected through quick-change mutagenesis (QuickChange Site-directed mutagenesis,
Stratagene, La Jolla, CA). The corrected cDNAs of hHNF4a were excised from pCR2.1
by Hindlll and Xbal, and then inserted into the same restriction enzyme sites of
expression vector pCR3.
Cell culture and transfection

HepG2 cells were maintained in the Eagle’ s minimal essential medium supplemented
with 10% fetal bovine serum and penicillin-streptomycin at 37°C under 5% CO,,
Luciferase constructs and receptor constructs (or empty vectors, 100 ng of each) were
combined with 2 ng of internal control pRL-TK, then mixed with Effectene transfection
reagent (QIAGEN, Valencia, CA), and transfected into HepG2 cells 12-24 hours after
seeding into 24-well plates (1-1.5 x 10° cells per well). Twenty-four hours later, medium
was replaced, and drugs were added at the appropriate concentrations (0.1% of DM SO,
10 uM of rifampicin and 100 nM of dexamethasone). Drugs were incubated with the

cells for 24 hr, followed by dual luciferase assays (Promega, Madison, WI). Firefly
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luciferase activities were normalized against Renilla luciferase readings of the internal
control plasmids to calculate promoter activity.
Site-directed mutagenesis

The promoter construct CYP2C9-1874/pGL3 B was used as the template to mutate
HPF1 sites in four CYP2C9 promoter mutants. CYP2C9-1874/-152m1, CYP2C9-1874/-
152m2, CYP2C9-1874/-185m and CYP2C9-1874/pdmut, respectively, through using
QuickChange Site-directed mutagenesis kits (Stratagene, La Jolla, CA). The forward
primers utilized for mutagenesis are as follows (hexamer half-sites are indicated by bold
capital letters, mutated nucleotides are underlined and deletions are indicated by dots):
-152 mutl, 5 CTGTATCAGTCCCTCAAAGTCCTTTC 3;

-152 mut2, 5 GTATCAGTGGGTCT..GTCCTTTCAGAAG 3';

-185 mut, 5 GAACAAGACCT..GGACATTTTATTTTTATC 3.

CYP2C9 promoter DNA fragments containing expected mutations were verified by
DNA sequencing, and then subcloned into the fresh pGL3_B vector.
Gel shift assays

Human hHNF4a was synthesized in vitro using the TNT Quick-Coupled In Vitro
Transcription Trandation System (Promega, Madison, WI), following the manufacturer’s
protocol. Empty vector pCR3 was also used as the template in parallel synthesis reactions
to prepare the control. Nuclear extracts were attained from HepG2 cells following the
standard approach in Current Protocols in Molecular Biology. Klenow Fragment (New
England Biolabs, Beverly, MA) was employed to incorporate *P-dCTP at the 5' ends of
the double-stranded oligonucleotides. Approximately 50,000 cpm of labeled probe was

incubated with 2 ul of the synthesized nuclear receptors or approximately 1 ug of nuclear

10
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extracts in a 10 ul binding reaction containing 10 mM Tris- HCI, pH 7.5, 1 mM MgCl.,
0.5 mM EDTA, 0.5 mM dithiothreitol, 4% (v/v) glycerol, 50 mM NaCl and 1 ug of non-
specific competitor poly (dI-dC) (Sigma, St. Louis, MO). In parallel reactions, specific
cold competitors or specific h(HNF4a antibody (Santa Cruz Biotechnology Inc., Santa
Cruz, CA) were added to the mixture before the addition of proteins. After 20 min
incubation at room temperature, 9.5 ul of the reaction mixture was loaded onto a 5% non-
denaturing polyacrylamide gdl for electrophoresis in 0.5X TBE buffer for 2 hours at
150V. The gdls were dried and exposed to film. The following are the sequences of the
oligonucleotides used as probes, wild type or mutated specific cold competitors (hexamer
half-sites are indicated by bold capital |etters and mutated nucleotides are underlined and
deletions are indicated by dots):

-152 wt: 5'-ctagCTGTATCAGTGGGTCAAAGTCCTTTC -3

-152 mutl: 5 CTGTATCAGTCCCTCAAAGTCCTTTC 3

-152 mut2: 5 GTATCAGTGGGTCTI..GTCCTTTCAGAAG 3

-185wt: 5 ctagAACAAGACCAAAGGACATTTTAT 3

-185 mut: 5 GAACAAGACCT..GGACATTTTATTTTTATC 3
APF1 wt: 5’ ctagGCGCTGGGCAAAGGTCACCTGC 3
APF1 mut: 5 GCGCTGGCGAAAGGAGACCTGC
Statistical analysis

One-way analysis of variance (ANOV A) was followed by bootstrapped multiple
comparisons (Westfall and Y oung, 1993) to compare across constructs or receptors, with
the following exceptions. Two-way ANOV A with interaction was utilized to test for

synergism. For thefirst experiment, ANOV A was followed by the Bonferri test.

11
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Supplemental two-sample t-tests were used for specific comparisons of two groupsin a

few cases as noted.

12
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Results
hHNF4a activates the human CYP2C9 promoter in HepG2 cellsand syner gizes with
the nuclear receptor hCAR

To determine whether HNF4o activates the CYP2C9 promoter and whether it
influences the activation by the nuclear receptor hCAR, expression plasmids containing
hCAR and hHNF4a were cotransfected into HepG2 cells individually or in combination
with a 1874bp CYP2C9 luciferase promoter construct, the empty vector pGL3 B or a
positive control 3A4-XREM-362/+53, respectively. As shown in Fig. 1, both CAR and
HNF4a significantly upregulated CYP2C9-1874 (3.5- and 5.4- fold, p of <0.05), while
the empty vector was not upregulated by CAR or HNF4a. When both nuclear receptors
were cotransfected smultaneously activation was synergistic rather than additive (24-fold
rather than 9-fold). This synergy was statistically significant, p<0.001. The (XREM)-3A4-
362/+53 positive control was activated either by CAR or HNF4a as expected, but there
was only aweak synergism (p=0.037) after cotransfection with both receptors.

We then investigated the location and contribution of possible HNF4a responsive
elements to the synergistic upregulation of the promoter by CAR and HNF4a using
various deletion congtructs. A chimeric construct CYP2C9/SV40, in which the proximal
1356 bp of the CYP2C9 promoter region was replaced by the SV40 promoter, was
activated by CAR (p<0.001) but not by HNF4a, and there was no synergism between
CAR and HNF4a (Fig. 2). The CAR activation and HNF4a activation were significantly
decreased compared to that of the wild-type CYP2C9-1874 promoter. In contrast, when
the promoter region from -1358bp to -362bp was deleted, the activation of the resulting

CYP2C9A-1358 /-362 by CAR and HNF4a (p<0.001) was comparable to that of the full

13
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CYP2C9-1874 construct, and the synergy between the two receptors was still observed
(p<0.001). We finally deleted a very small region (-250 bp to -114 bp) within the
CYP2C9-1874 construct surrounding containing the putative HPF1 site (Venepally et al.,
1992). CAR activation was decreased from 4-fold to 2- fold (P<0.001), and the HNF4a
activation and synergistic transactivation by HNF4a and CAR were abolished (Fig. 2).
These data clearly suggest the presence of HNF4a binding site(s) localized within the
basal promoter of CYP2C9 (-250 bp to -114 bp), which are required for the synergistic
activation by CAR and HNF4a.
| dentification of two HNF4a binding steswhich arerequired for full activation of
CYP2C9 by CAR and HNF4a

Within this region between -250 bp to -114 bp, one putative HPF1 site has been
reported at —152 bp from the trandation start site (Ilbeanu and Goldstein, 1995). To
confirm that this putative HPF1 site binds HNF4a, gd shift assays were first performed
with nuclear extracts from HepG2 cells and a *?P labeled oligonucleotide probe 2C9-wt
containing this sequence (as shown in Fig. 3B, left panel). A strong complex was formed,
which was essentially eliminated by competition with 5X or 50X excess of wild type cold
competitors 2C9-wt, while 50X excess of two cold competitors containing a mutated
HPF1 site (shown in Fig. 3A) competed only weakly for the formation of the complex.
Antibody against HNF4a retarded the mobility of the complex and produced a
supershifted band at the top, further suggesting the existence of HNF4a in this complex.
Finally, we examined the binding of this probe to in vitro transcribed HNF4a.
Transcribed products from the expression plasmid pCR3-hHNF4a formed a strong

complex with the probe, while products from the empty pCR3 vector did not produce any
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bands. All of the wild type cold competitors 2C9-wt, 2C19-wt and a positive control
HNF4a binding oligonucleotide APF1-wt from the human APOCIII gene (Jiang and
Sladek, 1997) strongly suppressed the formation of this complex. Mutated
oligonucleotides competed less effectively. When antibodies against HNF4a were
included in the binding reaction, there was marked supershifting of the band (Fig. 3B,
right panel).

To verify whether the HPF1 site at —152 bp plays a functional role in the activation of
CYP2C9 by CAR and HNF4a, mutations were introduced into the CYP2C9-1874
construct, and constructs were examined with transient transfection assays in HepG2 cells
(Fig. 4A). Two different mutations of the -152 HPF1 site significantly decreased CAR
activation (p<0.001), but the HNF4a activation was only decreased dlightly by the -152
mutl mutant (p>0.05) and the -152 mut2 mutant (p=0.03). Synergistic activation by CAR
and HNF4a was still observed with both mutants (p<0.001). These results suggest that
while cross-talk may occur between the HPF1 site at —152 bp and the proximal CAR-RE
for full CAR activation, other HNF4a binding sites may be involved in full activation by
HNF4o and for the synergistic response between HNF4a and CAR.

Using a HPF1 consensus motif (RRRNCAAAGKNCAYY, see Venepaly et a.,
1992), we searched the CYP2C9 basal promoter region for additional HNF4a binding
sites and found another putative site -185 bp from the trandation start codon. To
determine whether HNF4a also binds this new site, new gel shift assays were performed.
A series of complexes were produced by the incubation of nuclear extracts of HepG2
cells and radiolabeled oligonucleotides containing the new site (lane 2 in Fig. 5, left

panel). The denser complex with lesser mobility indicated by the arrow was eliminated

15
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by competition with excess of the wild type competitors but to a lesser extent by
unlabeled mutated -185 wt oligo-nucleotides. Since the mutated cold competitors also
competed for the complexes with greater mobility, these may be nonspecific products.
Another wild type HNF4a binding oligonucleotide (APF1-wt) essentially eliminated
complexes with lower mobility (indicated by arrow) by competition but had less effect on
the complexes with greater mobility. Specific HNF4a antibodies decreased the intensity
of the two complexes with lower mobility (and perhaps the complex with the greatest
mobility), while a supershifted band appeared at the top (Lane 11 in Fig. 5, left pandl),
indicating that HNF4a is involved in these complexes. Importantly, when in vitro
synthesized HNF4a was incubated with labeled probes (left pandl), a single band was
observed for HNF4a proteins but not for empty pCR3. All wild type cold competitors
including an oligonucleotide from a known HNF4a binding site APFL strongly inhibited
the formation of this complex, while two mutated oligonucleotides did not. Antibodies
against HNF4a effectively abolished this complex, providing further support that the -
185 HPF1 siteisa HNF4a binding site (Fig. 5, right pane!).

Mutagenesis of both the new -185 HPF1 site and the -152 HPF1 site was performed
singly or together in CYP2C9-1874 to functionally evaluate their roles in transactivation
of CYP2C9 promoter by CAR and HNF4a. (Fig. 6A). As shown in Fig. 6B, the -185
HPF1 mutation decreased CAR activation from 4.5-fold for wild type construct to 2.9-
fold (p<0.001), but this change was smaller than that produced by the -152 HPF1
mutation (to 1.8-fold, P<0.001). However, the decrease in HNF4a activation produced by
the -185 mutant (from 8.6-fold for wild-type to 1.8-fold, p<0.001) was greater than that

of the -152 mutant (from 8.6-fold to 3.4-fold, p<0.001). The synergistic activation by
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CAR and HNF4a of the -152 HPF1 mutant (P<0.001) was amost comparable to that of
the wild type construct, but the synergism was dramatically decreased for the -185 HPF1
mutant. When both sites were mutated, activation by CAR and HNF4a and their
synergistic effects were essentially abolished, clearly showing a cooperative contribution
of both HPF1 sitesto CAR activation of the CYP2C9 promoter.
Two HPF1 stesarerequired for PXR-mediated rifampicin but not hGR-mediated
dexamethasone induction of CYP2C9 in HepG2

Earlier studies have shown that the CAR-REs of CYP2C9 also interact with hPXR
which mediates induction of CYP2C9 by rifampicin (Gerbal-Chaloin et a., 2002; Chen et
a., 2004). To examine whether the two HNF4a binding sites of the basa CYP2C9
promoter region are also involved in the activation of the induction of the CYP2C9 gene
by PXR and rifampicin and activation by PXR, we performed cotransfection assays in
HepG2 cells with CYP2C9 promoter constructs and nuclear receptor expression plasmids
for PXR and HNF4a. HNF4a appeared to be very important in the induction of
CYP2C9-1874 congtruct by rifampicin and PXR (Fig. 7A). PXR and HNF4a activated
this construct (1.6- and 3.8- fold respectively) when transfected into cells individually,
and an additive 6-activation fold was seen when cells were cotransfected with both
receptors. Rifampicin caused 3-fold induction in cells cotransfected with PXR (p<0.001).
When HNF4a and PXR were coexpressed in rifampicin treated HepG2 cells, activation
was synergistic (p<0.001) rather than additive (21-fold). Mutation of the -152 HNF4a site
significantly decreased rifampicin induction of the CYP2C9 promoter construct (p<0.001)
in cels cotransfected with PXR (from 3-fold to 1.5-fold), but did not prevent the

synergistic response with HNF4a. Mutation of the -185 HNF4a site did not decrease the
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PXR-mediated induction by rifampicin, but essentially abolished HNF4a activation in
DMSO treated cells as well as the synergistic response to HNF4a and PXR in cells
treated with rifampicin. A double mutation of both HNF4a sites aimost completely
eliminated activation by PXR or HNF4a and almost abolished the induction by
rifampicin. These data indicate that HNF4o and two proximate HNF4a Sites are involved
in the activation of the CYP2C9 promoter by CAR, and the optimum induction of
CYP2C9 by rifampicin via PXR. HNF4a thus synergizes with both CAR and PXR.

Due to the location of both HNF4a, binding sites in the very basal promoter region, it
seemed possible that the mutations of the two HNF4a binding sites could exert an effect
on basal promoter structure which affects CAR and PXR activation indirectly. In this
case, these mutations should presumably affect other drug responses nonspecifically,
such as the activation by dexamethasone which acts through interaction with a
glucocorticoid receptor with a GRE at -1697 bp. To investigate this possibility, the
effects of single and double mutations of the two HNF4a binding sites on dexamethasone
induction were examined. Though CYP2C9-1874 was strongly activated by
dexamethasone (60-fold); the -152 mutation did not affect this response. The construct
with the -185 mutation and the double mutation exhibited comparable or even dightly
higher induction (90-fold) compared to the DMSO vehicle (Fig. 7B). In summary, it
appears that the HNF4a site mutants do not alter the CYP2C9 basal promoter structure
nonspecifically, and the cooperativity of HNF4o and its two binding sites appears to be
specific for activation of the CYP2C9 promoter by PXR and CAR.

The synergistic activation of the CYP2C9 promoter by CAR and HNF4a requiresan

intact CAR/PXR-RE
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CAR and PXR have been shown to activate the CYP2C9 promoter acting through two
CAR/PXR-REs located at -2898 bp and -1839 bp upstream of the trandation start site
respectively (Ferguson et al., 2002; Gerbal-Chaloin et al., 2002; Chen et al., 2004). The
proximal site has been shown to be essential for CAR activation and PXR mediated
induction. To determine whether these elements were required for the synergistic
activation of CYP2C9 promoter by CAR and HNF4a, CAR and HNF4a were transiently
transfected into HepG2 cells along with the wild type CYP2C9-3k promoter construct,
and mutants in which the two CAR/PXR-REs were mutated either individually or in
combination (Fig. 8A). Results shown in Fig. 8B revealed that all constructs could be
significantly activated by HNF4a (p<0.001) athough mutation of the proximal
CAR/PXR-RE decreased HNF40, activation by ~50% (p<0.01), again suggesting possible
cross talk between the CAR/PXR-RE and the HNF4a responsive element(s). Moreover,
mutation of the proximal CAR/PXR-RE at -1839 bp, either alone or together with the
mutation of the distal CAR-RE at -2898 bp, prevented the synergy between CAR and
HNF4a indicating that the proximal CAR site is necessary for the synergy between CAR

and HNF4a.
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Discussion

The present study identifies two proxima HNF4a binding sites which mediate
transactivation of the CYP2C9 promoter. These sites are located -185 and -152 bp from
the trandation start site respectively. HNF4a and CAR synergistically activated the
CYP2C9 promoter. A distal drug responsive dement CAR/PXR-RE at -1839/-1824 bp
and these two HNF4a binding sites were necessary for maximum activation by CAR as
well as PXR-mediated drug induction by rifampicin. HNF4a was previously shown to
transactivate the basal promoter of CYP2C9 (Ibeanu and Goldstein, 1995; Jover et al.,
2001) in HepG2 cells, and a putative HNF4a binding site was identified at -152 bp.
However, our present studies showed that mutation of this site produced only a 50%
decrease in HNF4a activation, which was considerably less than might be expected if this
were the principle HNF4a binding site. Moreover this site did not appear important for
the synergy between HNF4a and CAR.

In the present study, we identify and an additional DR1 site at -185 bp, which plays
an essential role in HNF4a activation of the CYP2C9 promoter. Mutation of the -185 site
abolished most of the HNF4a activation of the CYP2C9 promoter in HepG2 cells and
was more important in the synergy between CAR and HNF4a. Mutation of both HPF1
sites was necessary to completely abolish activation of CYP2C9 by HNF4a. These data
show that the two HNF4a binding sites function differently but collaboratively to
produce optimum transactivation of CYP2C9 promoter by HNF4a as well as maximal
activation by CAR.

Our studies also indicate that HNF4a appears to play arole in rifampicin induction of

CYP2C9. These observations add CYP2C9 to thelist of hepatic genes, such as PEPCK,
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CYP3A, and CYP7AL (Rheeet al., 2003; Tironaet al., 2003; Li and Chiang, 2004) which
need HNF4a for maximum stimulatory responses by other nuclear regulatory factors. In
these previously described studies, the crucial HNF4a sites that permit optimal response
are often in the vicinity of the second responsive elements. The adjacent localization of
HNF4a sites to other regulatory sites may facilitate the stability of DNA binding of
transcriptional factorsto their responsive elements and protein interactionsinvolved in
transactivation to produce maximum activation of certain genes (Stroup and Chiang,
2000; Stafford et al., 2001). Li and Chiang suggested an interaction between HNF4a
bound to abile acid responsive element || (BARE I1) which positively activates CYP7A1
promoter, and PXR bound to a second element approximately one hundred base pairs
away which negatively regulates the promoter after treatment with the ligand rifampicin
(Li and Chiang, 2004). However, in contrast to these previously reported studies, no
HNF4a binding site was discovered adjacent to either of the two CAR/PXR binding sites
in the CYP2C9 promoter. The critical HNF4a, binding sites of the CYP2C9 promoter
were >1500 base pairs downstream of the most proximal CAR/PXR binding site,
suggesting a more complex mechanism. Recently, Negishi and coworkers (Swales et al.,
2005) have found that maximal induction of CYP2B6 by CAR involves a synergy
between the distal CAR binding site (PBREM, at -1732/-1685bp) and a proximal okadaic
acid responsive element (OARE, at -256/-233). This synergy involved association of
CAR with the proximal OARE.

Further studies are underway to investigate the mechanism of the cross-talk between
CAR/PXR and the HNF4a sites of CYP2C9. When CAR and RXR were added along

with HNF4a in gel shift assays of the -152 or -185 HNF4a sites, we were unable to
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demonstrate direct binding of CAR/PXR to either site (data not shown). Moreover
mutation of the essential CAR/PXR site prevented the synergy between CAR and
HNF4a, suggesting this site must be present for the synergy to occur. Possibly, other
hepatic protein cofactors or corepressors must be present for an interaction between
HNF4a and CAR or PXR. In our studies, coexpression of HNF4a and CAR with the
CYP2C9 promoter construct yielded synergistic effectsin HepG2 cells but not in HeLa
cdlls (data not shown) suggesting the possible involvement of liver-enriched factors,
while the synergistic activation of (XREM)-3A4-362/+53 by PXR and HNF4a was
reported to be greater in HeLa cells than in HepG2 cells (Tirona et al., 2003).

In summary, two proximal HNF4a binding sites were identified which mediate
transactivation of CYP2C9 promoter and synergize with CAR/PXR. We provide
evidence for a possible cooperative cross-talk between adistal CAR/PXR site and two
proximal HNF4a binding sites. HNF4a and CAR synergistically activated the CYP2C9
promoter. Both the distal CAR/PXR drug responsive element at -1839/1824 and the
proximal HNF4a binding sites are necessary for the maximum transcriptional activation
of the CYP2C9 promoter by CAR and PXR. HNF4a sitesin the proximal promoter
appear to be important in the PXR-mediated induction of CYP2C9 by drugs such as

rifampicin aswell asits upregulation by CAR.

22

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 23

Acknowledgements
We thank Dr. Stephen S. Ferguson, in our department for helpful discussions. We
thank Drs. Tatsuya Sueyoshi and Y ukio Yamamoto, NIEHS, for comments regarding the

manuscript.

23

20z ‘ST |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wiol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 24

References

Blaisdell J, Mohrenweiser H, Jackson J, Ferguson S, Coulter S, Chanas B, Xi T,
Ghanayem B and Goldstein JA (2002) Identification and functional
characterization of new potentially defective alleles of human CY P2C19.
Pharmacogenetics 12:703-711.

Bort R, Gomez-Lechon MJ, Castell JV and Jover R (2004) Role of hepatocyte nuclear
factor 3 gammain the expression of human CY P2C genes. Arch Biochem Biophys
426:63-72.

Chang TK, Yu L, Maurel P and Waxman DJ (1997) Enhanced cyclophosphamide and
ifosfamide activation in primary human hepatocyte cultures: response to
cytochrome P-450 inducers and autoinduction by oxazaphosphorines. Cancer Res
57:1946-1954.

Chen Y, Ferguson SS, Negishi M and Goldstein JA (2004) Induction of human CY P2C9
by rifampicin, hyperforin, and phenobarbital is mediated by the pregnane X
receptor. J Pharmacol Exp Ther 308:495-501.

Ferguson SS, LeCluyse EL, Negishi M and Goldstein JA (2002) Regulation of human
CY P2C9 by the constitutive androstane receptor: discovery of anew distal
binding site. Mol Pharmacol 62:737-746.

Gautier-Stein A, Mithieux G and Rajas F (2005) A distal region involving hepatocyte
nuclear factor 4alpha and CAAT/enhancer binding protein markedly potentiates
the protein kinase A stimulation of the glucose-6-phosphatase promoter. Mol

Endocrinol 19:163-174.

24

20z ‘ST |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wiol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 25

Gerbal-Chaloin S, Daujat M, Pascussi JM, Pichard-Garcia L, Vilarem MJ and Maurel P
(2002) Transcriptional regulation of CY P2C9 gene. Role of glucocorticoid
receptor and constitutive androstane receptor. J Biol Chem 277:209-217.

Gerbal-Chaloin S, Pascussi M, Pichard-Garcia L, Daujat M, Waechter F, Fabre JM,
Carrere N and Maurel P (2001) Induction of CY P2C genes in human hepatocytes
in primary culture. Drug Metab Dispos 29:242-251.

Goldstein JA (2001) Clinical relevance of genetic polymorphisms in the human CY P2C
subfamily. Br J Clin Pharmacol 52:349-355.

Goldstein JA and de Morais SM (1994) Biochemistry and molecular biology of the
human CY P2C subfamily. Pharmacogenetics 4:285-299.

Goodwin B, Hodgson E and Liddle C (1999) The orphan human pregnane X receptor
mediates the transcriptional activation of CY P3A4 by rifampicin through a distal
enhancer module. Mol Pharmacol 56:1329-1339.

Hayhurst GP, Lee YH, Lambert G, Ward JM and Gonzalez FJ (2001) Hepatocyte nuclear
factor 4alpha (nuclear receptor 2A1) is essential for maintenance of hepatic gene
expression and lipid homeostasis. Mol Cell Biol 21:1393-1403.

Henderson L, Yue QY, Bergquist C, Gerden B and Arlett P (2002) St John's wort
(Hypericum perforatum): drug interactions and clinical outcomes. Br J Clin
Pharmacol 54:349-356.

Hu C and Perlmutter DH (1999) Regulation of alphal-antitrypsin gene expression in
human intestinal epithelial cell line caco-2 by HNF-1alpha and HNF-4. AmJ

Physiol 276:G1181-1194.

25

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 26

Ibeanu GC and Goldstein JA (1995) Transcriptional regulation of human CY P2C genes:
functional comparison of CYP2C9 and CY P2C18 promoter regions. Biochemistry
34:8028-8036.

Jang G and Sladek FM (1997) The DNA binding domain of hepatocyte nuclear factor 4
mediates cooperative, specific binding to DNA and heterodi merization with the
retinoid X receptor alpha. J Biol Chem 272:1218-1225.

Jover R, Bort R, Gomez-Lechon MJ and Castell JV (2001) Cytochrome P450 regulation
by hepatocyte nuclear factor 4 in human hepatocytes. a study using adenovirus-
mediated anti sense targeting. Hepatology 33:668-675.

Kay L, Kampmann JP, Svendsen TL, Vergman B, Hansen JE, Skovsted L and Kristensen
M (1985) Influence of rifampicin and isoniazid on the kinetics of phenytoin. Br J
Clin Pharmacol 20:323-326.

Kliewer SA, Moore JT, Wade L, Staudinger JL, Watson MA, Jones SA, McKee DD,
Oliver BB, Willson TM, Zetterstrom RH, Perlmann T and Lehmann JM (1998)
An orphan nuclear receptor activated by pregnanes defines anovel steroid
signaling pathway. Cell 92:73-82.

Komoroski BJ, Zhang S, Cai H, Hutzler IM, Frye R, Tracy TS, Strom SC, Lehmann T,
Ang CY, Cui YY and Venkataramanan R (2004) Induction and inhibition of
cytochromes p450 by the St. John's wort constituent hyperforin in human
hepatocyte cultures. Drug Metab Dispos 32:512-518.

Li T and Chiang JY (2004) Mechanism of Rifampicin and Pregnane X Receptor (PXR)
inhibition of Human Cholesterol 7{ alpha}-Hydroxylase Gene (CYP7A1)

Transcription. Am J Physiol Gastrointest Liver Physiol.

26

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 27

Louet JF, Hayhurst G, Gonzalez FJ, Girard J and Decaux JF (2002) The coactivator
PGC-1 isinvolved in the regulation of the liver carnitine palmitoyltransferase |
gene expression by cAMP in combination with HNF4 alpha and cAMP-response
element-binding protein (CREB). J Biol Chem 277:37991-38000.

Madan A, Graham RA, Carroll KM, Mudra DR, Burton LA, Krueger LA, Downey AD,
Czerwinski M, Forster J, RibadeneiraMD, Gan LS, LeCluyse EL, Zech K,
Robertson P, Jr., Koch P, Antonian L, Wagner G, Yu L and Parkinson A (2003)
Effects of prototypical microsomal enzyme inducers on cytochrome P450
expression in cultured human hepatocytes. Drug Metab Dispos 31:421-431.

Raucy JL, Mudler L, Duan K, Allen SW, Strom S and Lasker M (2002) Expression and
induction of CY P2C P450 enzymes in primary cultures of human hepatocytes. J
Pharmacol Exp Ther 302:475-482.

Rhee J, Inoue Y, Yoon JC, Puigserver P, Fan M, Gonzalez FJ and Spiegelman BM
(2003) Regulation of hepatic fasting response by PPARgamma coactivator-1alpha
(PGC-1): requirement for hepatocyte nuclear factor 4alphain gluconeogenesis.
Proc Natl Acad Sci U SA 100:4012-4017.

Sladek FM and Darndll JE (1992) Mechanisms of liver-specific gene expression. Curr
Opin Genet Dev 2:256-2509.

Stafford IM, Wilkinson JC, Beechem JM and Granner DK (2001) Accessory factors
facilitate the binding of glucocorticoid receptor to the phosphoenolpyruvate
carboxykinase gene promoter. J Biol Chem 276:39885-39891.

Stroup D and Chiang JY (2000) HNF4 and COUP-TFII interact to modulate transcription

of the cholesterol 7alpha-hydroxylase gene (CYP7AL). J Lipid Res41:1-11.

27

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 28

Sullivan-Klose TH, Ghanayem BI, Bell DA, Zhang ZY, Kaminsky LS, Shenfield GM,
Miners JO, Birkett DJ and Goldstein JA (1996) Therole of the CYP2C9-Leu359
alelic variant in the tolbutamide polymorphism. Pharmacogenetics 6:341-349.

Swales K, Kakizaki S, Yamamoto Y, Inoue K, Kobayashi K and Negishi M (2005) Novel
CAR-mediated mechanism for synergistic activation of two distinct elements
within the human cytochrome P450 2B6 gene in HepG2 cells. J Biol Chem
280:3458-3466.

TironaRG, Lee W, Leake BF, Lan LB, Cline CB, LambaV, Parviz F, Duncan SA, Inoue
Y, Gonzalez FJ, Schuetz EG and Kim RB (2003) The orphan nuclear receptor
HNF4a pha determines PXR- and CAR-mediated xenobiotic induction of
CYP3A4. Nat Med 9:220-224.

Venepally P, Chen D and Kemper B (1992) Transcriptional regulatory elements for basal
expression of cytochrome P450I1C genes. J Biol Chem 267:17333-17338.

Watt AJ, Garrison WD and Duncan SA (2003) HNF4: a central regulator of hepatocyte
differentiation and function. Hepatology 37:1249-1253.

Westfall PH and Y oung SS (1993) Resampling-based multiple testing: Examplesand
methods for p-value adjustment. John Wiley & Sons, Inc., New Y ork.

Williamson KM, Patterson JH, McQueen RH, Adams KF, Jr. and Pieper JA (1998)
Effects of erythromycin or rifampin on losartan pharmacokinetics in healthy
volunteers. Clin Pharmacol Ther 63:316-323.

Zilly W, Breemer DD and Richter E (1975) Induction of drug metabolism in man after
rifampicin treatment measured by increased hexobarbital and tolbutamide

clearance. Eur J Clin Pharmacol 9:219-227.

28

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072

Footnotes
Address reprint requeststo: Dr. Joyce Goldstein, NIEHS, PO Box 12233, Research

Triangle Park, NC 27709

29

29

20z ‘ST |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wiol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 26, 2005 as DOI: 10.1124/jpet.105.087072
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #87072 30

L egendsfor Figures

Fig 1. HNF4a synergizes with the nuclear receptor CAR in transactivation of the
CYP2C9 promoter in HepG2 Cells. 1874bp of a CYP2C9 luciferase promoter was
cotranfected into HepG2 cells with an internal control pRL-TK, parallel to empty
luciferase vector constructs pGL3_B or a positive control (XREM)-3A4-362/+53
containing PXR/CAR binding elements of CYP3A4. The nuclear receptors hCAR and/or
hHNF4a were cotransfected into cells with promoter constructs either individually or in
combination. Cells were refreshed 24 hours after transfection and grown for another 24
hours, then assayed for luciferase activity. Values represent the means + standard
deviation (S.D.) of three independent transfections. CAR,HNF4a or a combination of
these two expression factors upregulate activity of the appropriate promoter construct
compared to the empty vector transfected control with p values of <0.05, <0.01, <0.001
respectively (ANOV A with Bonferri. When given in combination, the transactivation by
HNF4a and CAR was statistically synergistic, rather than additive, at 1p<0.05, T1p<0.01,

T11p<0.001 (two-way ANOV A with interaction).

Fig 2. The CYP2C9 basal promoter region isrequired for the activation of the
CYP2C9 promoter by HNF4a and the synergetic activation by CAR and HNF4a. A,
diagram of promoter constructs for transfection. EcCoRI and EcoRV sites were used for a
chimeric construct with the SV40 promoter and a 997bp fragment deletion in the
CYP2C9 promoter. Avrll was used to produce a short deletion in the basal promoter of
CYP2C9-1874 congruct. B, CYP2C9-1874 (wild type and two deleted) and one chimeric

promoter construct were transfected into HepG2 cells along with an internal control pRL-
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TK and nuclear receptor expression plasmids containing hCAR and hHNF4a. Medium
was refreshed on the second day and luciferase activities were analyzed on the third day.
Luciferase activities were normalized to the internal control pRL-TK and fold activation
were relative to the value of empty vector cotransfection. Values represent the means of
three independent transfections + standard deviation (S.D.). CAR or HNF4a
significantly upregulate promoter constructs when compared to the empty vector
transfected control at *p<0.05, **p<0.01, or *** p<0. 001 (ANOVA followed by
bootstrapped multiple comparisons). The F indicates that the response of the mutated
CYP2C9 promoter construct to HNF4a or CAR isless than that of the wild-type construct
at $p<0.05, $1p<0.01, or $31p<0.001. The T11 indicates synergistic rather than additive

response to HNF4a and hCAR at p<0.001 (ANOV A with interaction).

Fig 3. Electrophoutic mobility shift assays (EM SA) demonstrate the binding of the
putative HPF1 site of CYP2C9 at -152 bp to HNF4 a. A, sequences of the oligos used
for EMSA. Mutated nuclectides are underlined. B, *?P labeled probe containing the
putative HPF1 of CYP2C9 was incubated at room temperature for 20 min with either
nuclear extracts of HepG2 cells or h(HNF4a synthesized in vitro. 5X or 50X excess of
various cold competitors (CC) were added into binding reactions respectively for
competition analysis. Antibody against hHNF4a was included in the last lane showing a

supershifting. s, shifted complex; ss, supershifted band.

Fig 4. Mutation of the HPF1 site at -152 bp decr eases but does not abolish

transactivation of the CYP2C9 promoter by CAR or HNF4a and does not effect the
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synergistic activation by CAR and HNF4a. A, mutations of the -152 HPF1 site of
CYP2C9. Mutated nucleotides are as underlined. B, HepG2 cells were transfected with
wild type CYP2C9-1874 promoter constructs, two mutants, or the positive (XREM)-3A4-
362/+53 control, respectively. Expression plasmids for h\CAR or hLHNF4a were
cotranfected either alone or in combination. Luciferase activity was measured on the third
day and normalized to the internal control pRL-TK to calculate promoter activities. Fold
activation was based on the value of empty vector cotransfection. Values represent the
means + SD of three independent transfections. An * indicates significantly greater than
empty vector control at *p<0.05, **p<0.01, or ***p<0.001. The % indicates that the
response of the mutated CYP2C9 promoter construct to HNF4a or CAR isless than that
of the wild-type construct at $p<0.05, +$p<0.01, or $+1p<0.001 (ANOVA followed by
bootstrapped multiple comparisons). The T1t indicates that the response to HNF4a and

hCAR is synergistic rather than additive at p<0.001 (two-way ANOV A with interaction)

Fig 5. EM SA demonstratesthe binding of a new putative HPF1 site of CYP2C9 at -
185 bp to HNF4a. A, sequences of the oligos used for EMSA, are shown at the top.
Mutated nucleotides were marked as underlined. B, *P |abeled probe containing the new
putative HPF1 site of CYP2C9 was incubated with either nuclear extracts of HepG2 (left
panel) or h(HNF4a synthesized in vitro (right panel) at room temperature for 20 min.
Excess (56X or 50X) of various cold competitors (CC) were added into binding reactions
respectively for competition analysis. Antibody against h(HNF4a was included in the last

lane showing supershifting. s, shifted complex; ss, supershifted band.
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Fig 6. Compar ative effects of mutation of both HPF1 sites at -152 and/or -185 bp on
transactivation of CYP2C9 promoter by CAR or hHNF4a and the synergetic
activation from CAR and hHNF4a. A, diagram of constructs used in transfection assay.
B, HepG2 cells were transfected by the wild type and deleted CYP2C9-1874 promoter
constructs and three mutants respectively. Expression plasmids for h\CAR or hHNF4a
were cotranfected in parallel either alone or in combination. Luciferase activity was
measured on third day and normalized to the internal control pRL-TK to calculate
promoter activities. Fold activation was based on the value of empty vector
cotransfections. Values represent the means + SD of three independent transfections. An
* indicates that significant upregulation of promoter constructs at * p<0.05, **p<0.01, or
*** n<0.001 compared to the empty vector transfected control (ANOV A followed by
bootstrapped multiple comparisons). The f indicates that the response of the mutated
CYP2C9 promoter construct to HNF4a or CAR isless than that of the wild-type construct
at $p<0.05, $1p<0.01, or $+1p<0.001. The T11 indicates a synergistic rather than

additive response to HNF4a and hCAR at p<0.001 (ANOV A with interaction).

Fig 7. Mutation of thetwo HPF1 sites at -152 and -185 bp abolishes A) hPXR-
mediated rifampicin induction of CYP2C9 promoter B) but not hGR mediated
dexamethasone induction of CYP2C9. HepG2 cells were transfected with either the
wild type or deleted CYP2C9-1874 promoter constructs, or one of three mutant
constructs. Expression plasmids for various nuclear receptors were cotranfected into cells

alone or in combination. Twenty-four hours after transfection, cells were refreshed with
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new medium and treated with the appropriate drug for 24 hours. (A) Rifampicin (RIF)
was added to hPXR transfected cells at afinal concentration of 10 uM, Values for
rifampicin induction are expressed as “Fold” relative to the value obtained with empty
vector and the vehicle dimethylsulfoxide (DM SO) while values for dexamethasone
(DEX) are expressed relative to dimethylsulfoxide alone. Values represent the means +
S.D. of three independent transfections. An * indicates that the effect of rifampicin
treatment on a particular transfected construct is significantly greater than the vehicle
control *p<0.05, **p<0.01, or *** p<0.001 (ANOVA and paired t-tests). The 11
indicates that the induction response of the mutated CYP2C9 promoter construct isless
than that of the wild-type construct at p<0.001 (ANOVA followed by bootstrapped
multiple comparisons). The 111 indicates a synergistic induction rather than additive
response at p<0.001 (ANOV A with interaction).

(B) hGR transfected cells were treated with 100 nM dexamethasone . Luciferase activity
was measured on the third day and normalized to internal control pRL-TK to calculate
promoter activities. An* indicates that the effect of dexamethasone on a particular
CYP2C9 wild-type or mutated construct (containing a mutated HNF4a site) is
significantly greater than the vehicle control at *p<0.05, **p<0.01, or *** p<0.001

(ANOVA and paired t-tests).

Fig 8. The proximal but not the distal CYP2C9 CAR/PXR-RE isessential for the
synergetic transactivation of the CYP2C9 promoter by CAR and HNF4a aswell as
the full HNF4a activation of CYP2C9 in HepG2 cells. A, diagram of the promoter

constructs used in transfections. X represents a mutated CAR/PXR RE in the constructs.
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B, mutations in the proximal CAR/PXR RE abolished the synergy of CAR and HNF4a
and decreased the activation of the CYP2C9 promoter by HNF4a. HepG2 cells were
transfected with wild type CYP2C9-3k or the three mutants along with nuclear receptors
(etither with the empty vector, hHHNF4a or hCAR aone, or in combination). After 24
hours, medium was refreshed and cells grown for another day. Promoter activities were
determined by luciferase activity assays performed on the third day. Values represent the
means = SD of three independent transfections. An * indicates significantly greater than
empty vector control at *p<0.05, **p<0.01, or ***p<0.001 (ANOVA followed by
bootstrapped multiple comparisons). The 1 indicates that the response of the mutated
CYP2C9 promoter construct to HNF4a or CAR isless than that of the wild-type construct
at $p<0.05, $1p<0.01, or $¥1p<0.001. The t17 indicates that the response to HNF4a and

hCAR is synergistic rather than additive at P<0.001 (two way ANOV A with interaction).
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