
1521-0111/88/4/746–757$25.00 http://dx.doi.org/10.1124/mol.115.099341
MOLECULAR PHARMACOLOGY Mol Pharmacol 88:746–757, October 2015
U.S. Government work not protected by U.S. copyright

Pregnane X Receptor Represses HNF4a Gene to Induce
Insulin-Like Growth Factor–Binding Protein IGFBP1 that Alters
Morphology of and Migrates HepG2 Cells s

Susumu Kodama,1 Yuichi Yamazaki,2 and Masahiko Negishi
Pharmacogenetics Section, Reproductive and Developmental Biology Laboratory, National Institute of Environmental Health
Sciences, National Institutes of Health, Research Triangle Park, North Carolina

Received April 16, 2015; accepted July 23, 2015

ABSTRACT
Upon treatment with the pregnane X receptor (PXR) activator
rifampicin (RIF), human hepatocellular carcinomaHepG2-derived
ShP51 cells that stably express PXR showed epithelial-
mesenchymal transition (EMT)–like morphological changes and
migration. Our recent DNA microarrays have identified hepato-
cyte nuclear factor (HNF) 4a and insulin-like growth factor-
binding protein (IGFBP) 1 mRNAs to be downregulated and
upregulated, respectively, in RIF-treated ShP51 cells, and these
regulations were confirmed by the subsequent real-time poly-
merase chain reaction andWestern blot analyses. Using this cell
system, we demonstrated here that the PXR-HNF4a-IGFBP1
pathway is an essential signal for PXR-induced morphological
changes and migration. First, we characterized the molecular
mechanism underlying the PXR-mediated repression of the
HNF4a gene. Chromatin conformation capture and chromatin
immunoprecipitation (ChIP) assays revealed that PXR activa-
tion by RIF disrupted enhancer-promoter communication and

prompted deacetylation of histone H3 in the HNF4a P1 pro-
moter. Cell-based reporter and ChIP assays showed that PXR
targeted the distal enhancer of the HNF4a P1 promoter and
stimulated dissociation of HNF3b from the distal enhancer.
Subsequently, small interfering RNA knockdown of HNF4a
connected PXR-mediated gene regulation with the PXR-
induced cellular responses, showing that the knockdown
resulted in the upregulation of IGFBP1 and EMT-like morpho-
logical changes without RIF treatment. Moreover, recombinant
IGFBP1 augmented migration, whereas an anti-IGFBP1 anti-
body attenuated both PXR-induced morphological changes
and migration in ShP51 cells. PXR indirectly activated the
IGFBP1 gene by repressing the HNF4a gene, thus enabling
upregulation of IGFBP1 to change the morphology of ShP51
cells and cause migration. These results provide new insights
into PXR-mediated cellular responses toward xenobiotics in-
cluding therapeutics.

Introduction
Pregnane X receptor (PXR, NR1I2), an orphan member of

the nuclear steroid/thyroid receptor superfamily, is charac-
teristically activated in response to numerous xenobiotics,
including therapeutics (Kliewer et al., 1998). Upon activation,
PXR regulates transcription of its target genes, playing roles
in various liver functions from metabolism and excretion of
therapeutics to energy metabolism (i.e., gluconeogenesis,

lipogenesis, b-oxidation, and ketogenesis) (Kodama et al.,
2004; Kodama et al., 2007; Nakamura et al., 2007). Through
these regulations, PXR acts as a regulatory factor for various
diseases, such as nonalcoholic steatohepatitis and fatty and
cholestatic livers (Staudinger et al., 2001; Kakizaki et al.,
2008; Konno et al., 2008; Wada et al., 2009; Zhou et al., 2009).
In addition to these roles in metabolism, recent studies have
indicated the regulation of cellular signals by PXR in various
physiological and pathophysiological conditions. Treatment of
pregnenolone 16a-carbonitrile, a potent rodent PXR activator,
has been known to induce hepatocyte proliferation in rodents
(Staudinger et al., 2001; Shizu et al., 2013). Drug-activated
PXR has been shown to protect human and rat primary
hepatocytes from drug-induced apoptosis (Zucchini et al.,
2005). It has also been reported that PXR could alter both
proliferative and apoptotic signal pathways in a cell type–
specific manner in human colon cancer cell lines (Zhou et al.,
2008; Ouyang et al., 2010). Meanwhile, studies using in vivo
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mouse models of inflammatory diseases and human samples
have reported that PXRhas anti-inflammatory activity wherein
activated PXR interacts with nuclear factor kB–mediated
inflammatory signals and suppresses expression of nuclear
factor-kB target genes (Zhou et al., 2006; Shah et al., 2007b).
Despite accumulating information, however, little is still
known about PXR-mediated regulation of cellular signals.
Hepatocyte nuclear factor 4a (HNF4a, NR2A1), a member

of the nuclear steroid/thyroid receptor superfamily, is one of
the liver-enriched transcription factors (Sladek et al., 1990).
HNF4a plays important roles in liver development and reg-
ulates various liver functions, cooperating with other hepato-
cyte nuclear factors such as HNF1 and HNF3 (Li et al., 2000;
Hayhurst et al., 2001; Kyrmizi et al., 2006). Importantly,
HNF4a plays a critical role in the development of liver cancer,
such that the loss of HNF4a leads to increased cancer
malignancy (Lazarevich and Alpern, 2008; Ning et al., 2010).
Moreover, its cross-talk with PXR has been studied in the
regulation of xenobiotic metabolism and energymetabolism in
the liver (Tirona et al., 2003; Bhalla et al., 2004; Hwang-
Verslues and Sladek, 2010). Whereas both HNF4a and PXR
coordinately activate a number of genes in xenobiotic metab-
olism, recent findings have demonstrated that PXR could
interfere with HNF4a-mediated expression of the key hepatic
gluconeogenic genes (Bhalla et al., 2004; Kodama et al., 2007).
Our recent study has demonstrated that drug activation of

PXR activates the immediate stress responsive growth arrest
and DNA damage-inducible 45b (GADD45b) gene to elicit the
p38 mitogen-activated protein kinase (MAPK) signaling path-
ways, resulting in epithelial-mesenchymal transition (EMT)–
like morphological changes and migration in HepG2 cells that
stably express human PXR (called ShP51 cells) (Kodama and
Negishi, 2011). In the study, DNA microarray analyses were
carried out to characterize gene expression in the cells during
the PXR-induced cellular responses and identified GADD45b
as one gene responsible for those cellular responses. There
remains a possibility that PXR elicits cellular signals by activat-
ing additional unidentified genes that encode signaling mole-
cules. OurDNAmicroarray analyses also identifiedHNF4a and
insulin-like growth factor-binding protein (IGFBP) 1 as genes
that are responsive to activation of PXR, with HNF4a being
downregulated and IGFBP1 being upregulated.
Here, we characterized the PXR-HNF4a-IGFBP1 pathway

as an additional cellular signal that facilitates morphological
changes and causes migration of ShP51 cells after activation
of PXR. First, we attempted to explore the molecular mecha-
nism underlying the PXR-mediated repression of the HNF4a
gene. Upon activation by a therapeutic rifampicin (RIF), PXR
targeted the distal enhancer region and caused repressive
changes in the chromatin structure of the HNF4a P1 pro-
moter. After the elucidation of the molecular mechanism, we
identified IGFBP1 to be another PXR-regulated signaling
molecule that was upregulated as a consequence of the PXR-
mediated downregulation of HNF4a and investigated the role
of IGFBP1 in the PXR-inducedEMT-likemorphological changes
and migration of ShP51 cells. Importantly, treatment with
recombinant IGFBP1 augmented cell migration, whereas an
anti-IGFBP1 antibody attenuated both induced EMT-like mor-
phological changes and migration. As both IGFBP1 and
GADD45b are known to regulate various cellular signals,
PXR might enable cells to generate diverse cellular signals in
response to xenobiotics, including therapeutics.

Materials and Methods
Rifampicin, SR12813 [[3,5-bis(1,1-dimethylethyl)-4-hydroxyphenyl]

ethenylidene]bisphosphonic acid tetraethyl ester], phorbol 12-myristate
13-acetate (PMA), FLAG-M2 agarose beads, and anti–FLAG-M2 an-
tibodywere purchased fromSigma-Aldrich (St. Louis,MO); restriction
endonucleases and DNA-modifying enzymes from New England
Biolabs, Inc. (Ipswich, MA); mouse monoclonal antibodies to human
PXR (H4417) and HNF4a (K9218 and H6939) from Perseus Proteo-
mics Inc. (Tokyo, Japan); andmouse, goat, and rabbit normal IgGs and
antibodies to HNF3b (M-20), HNF4a (H-171), retinoid X receptor a

(C-20), IGFBP1 (H-5), IGFBP3 (C-19), and b-actin (C4) from Santa
Cruz Biotechnology (Santa Cruz, CA); antibody to acetyl-histone H3
(K9/K14) from Merck Millipore (Billerica, MA); a recombinant IGFBP1
from R&D Systems (Minneapolis, MN); and ON-TARGETplus SMART
pool HNF4a or ON-TARGETplus siCONTROL nontargeting pool from
Thermo Fisher Scientific Inc. (Waltham, MA).

Vectors. pCR3/hPXR, pCR3/FLAGhPXR, pcDNA3.1/hHNF3b,
XREM-3A4-Luc, adeno-hPXR, and adeno-b-gal were described pre-
viously (Kodama et al., 2007, 2011; Kodama andNegishi, 2011). pCR3/
hPXRDAF2 and pCR3/FLAGhPXRDAF2 were, respectively, generated
from pCR3/hPXR and pCR3/FLAGhPXR by site-directedmutagenesis
using a QuickChange mutagenesis kit (Agilent Technologies, Inc.,
Santa Clara, CA) and proper pairs of mutagenic oligonuleotides.
Human PXRDAF2 cDNA, digested from pCR3/hPXRDAF2, was inserted
into a pAdtrackCMV vector (American Type Culture Collection,
Manassas, VA) to produce adeno-hPXRDAF2. Human HNF4a P1
promoter containing the 27 kb/167 bp region in a pGL3-basic vector
(Promega, Madison, WI) was kindly provided by Dr. Iannis Talianidis
(Biomedical Sciences Research Center Alexander Fleming, Greece),
and we denoted it pGL3/7kb-hHNF4a-P1 in the present study. A
series of mutants of the human HNF4a P1 promoter were generated
by site-directedmutagenesis with the followingmutagenic oligonuleotides:
Denhancer region, 59-ACCGAGCTCTTACGCGGGTCTTAATCAGGC
TAAGG-39; HNF3 site, 59-CCTTTATCTCTCTTTGGTAACGAGATC
AATTTGCTCAGGACCCAGC-39; DR1 site, 59-GGGGGAACAAGCA
GACTATGTCGACTTGAGCAAAGCCTCTTC-39; C/EBP site, 59-GGA
GGCCAGCGGCCTGGATCCTAACCCTGGAGGCCTG-39; HNF1 site,
59-CGCAAACTCATGCCCAGTCTAGATTGGAAGGCAAAATCAACAGGC-39.

Cell Culture, Drug Treatment, Transfection, and Infection.
Human hepatocellular carcinoma (HCC) HepG2 cells were maintained
in minimum essential medium (MEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, penicillin (100 U/ml), and
streptomycin (100 mg/ml) in an atmosphere of 5% CO2 at 37°C. ShP51,
a stable cell line that expresses human PXR, was produced and
established by transfection of HepG2 with pCR3/hPXR (Kodama and
Negishi, 2011). Cells were seeded at a density of 3� 105 cells per well of
a six-well plate 48 hours before drug treatment. For real-time polymer-
ase chain reaction (PCR) andWestern blotting, respectively, total RNAs
and whole-cell lysates were prepared from cells treated with 10 mMRIF
in FBS-free MEM for a given time. For Luc reporter assays, cells were
seeded at a density of 6 � 104 cells per well of a 24-well plate. After
24 hours, cells were transiently transfected with human HNF4a P1
promoter-firefly luciferase with or without a combination of expression
plasmid as described in the figure legends, using FuGene6 (Roche,
Indianapolis, IN). pRL-CMV for Renilla luciferase (Promega) was
included in all transfection as a control. Luciferase reporter assays were
performed as previously described (Kodama et al., 2004). For adenoviral
infection, cells were seeded at a density of 3 � 105 cells per well of a six-
well plate and cultured inMEMmedium containing adeno-b-gal, adeno-
hPXR, or adeno-hPXRDAF2 at amultiplicity of infection of 10 for 30hours.
After being washed with FBS-free MEM, these cells were treated with
10mMRIF inFBS-freeMEM for a given time. For small interferingRNA
(siRNA) knockdown, trypsinized cells (1.5 � 105 cells/well of a 12-well
plate) were reverse-transfected with siRNA (50 pmol) in MEMmedium,
using Lipofectamine 2000 (Life Technologies, Carlsbad, CA). After
48 hours of incubation, total RNAs and whole-cell lysates were prepared
for real-time PCR and Western blotting, respectively.
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Western Blotting. Cells were lysed and denatured in a fixed
volume of NuPAGELDS sample buffer (Life Technologies) and a fixed
volume of the lysed cells was separated on a 10% SDS-PAGE gel and
then transferred onto PVDF membrane. This membrane was blocked
with 5%milk in tris-buffered salinewith 0.05% (v/v) Tween 20 (TBS-T)
for 1 hour at room temperature and then incubated with a given
primary antibody in TBS-T containing 5% (w/v) bovine serumalbumin
for additional 16 hours at 4°C prior to incubation with secondary
antibody in TBS-T with 5% milk for 1 hour at room temperature.
Immunoreactive bands were visualized using ECL plus Western
Blotting Detection Reagents (GE Healthcare, Piscataway, NJ).

Real-Time PCR. Total RNAs were extracted using TRIZOL
reagent (Life Technologies) to synthesize cDNAusing aHigh Capacity
cDNA Reverse Transcription Kit (Life Technologies). Real-time PCR
was performed with an ABI Prism 7700 sequence detection system
(Life Technologies). Assays-on-Demand probes (Life Technologies)
were used for PCR with the TaqMAN PCR Master Mix (Life
Technologies): Hs00430021_m1 for the human cytochrome P450
3A4 (CYP3A4) gene; Hs00230853_m1 for the human HNF4a gene;
Hs00604431_m1 for the P1 promoter-driven human HNF4a gene;
Hs01025522_m1 for the P2 promoter-driven human HNF4a
gene. SYBR Green PCRMaster Mix (Life Technologies) was also used
for PCR using the following sets of primers: for the human IGFBP1
gene, 59-GCCCTGCCGAATAGAACTCTAC-39 and 59-TCCATGGATG
TCTCACACTGTCT-39; for the human IGFBP3 gene, 59-CGCCAGCTC
CAGGAAATG-39, and TGCCCTTTCTTGATGATGATTATC-39; for
the human heparin-binding epidermal growth factor–like growth factor
(HB-EGF) gene, 59-TCTGGACCTTTTGAGAGTCACTTTATC-39 and
59-CGTGCTCCTCCTTGTTTGGT-39. The TaqMAN human b-actin
control2 regents (Life Technologies) were used as the internal control.

Chromosome Conformation Capture Assays. The chromo-
some confirmation capture (3C) assays were performed as previously
described but with minor modifications (Hatzis et al., 2006; Saramaki
et al., 2009; Kodama et al., 2011). Cells were seeded at a density of
1.2� 106 cells on a 100-mm dish 48 hours before treatments. The cells
were washed with FBS-free MEM, treated with RIF, dimethylsulf-
oxide (DMSO), or PMA for the indicated time in FBS-free MEM, and
cross-linked by adding formaldehyde (final 2% (v/v)) for 10 minutes at
room temperature. After being washed with ice-cold phosphate-
buffered saline (PBS), the cells were incubated in the SDS lysis
buffer for chromatin immunoprecipitation (ChIP) assays on ice for
10 minutes and then briefly sonicated on wet ice with intent to just
disrupt the cellularmembrane. After centrifugation, the supernatants
were collected and diluted in restriction enzyme buffer 3 containing
1.8% (v/v) Triton X-100. After incubation at 37°C for 1 hour, aliquots
containing approximate 1 � 106 nuclei were incubated with 500 U of
BglII and 600 U of BclI at 37°C. Sixteen hours later, fresh enzymes
were added to the reaction tubes and the digestion reaction was
continued for another 4 hours. The reaction was terminated by adding
SDS to a final concentration of 1.6% (v/v) and incubating for 20minutes
at 65°C. The digestion efficiency was confirmed by gel electrophoresis
on a 2.0% agarose gel. An aliquot of digested chromatin was diluted
with T4 DNA ligase buffer to 1% (v/v) final concentration Triton X-100
and 2.5 ng/ml of DNAand incubated at 37°C for 1 hour. TheDNAswere
ligated by using 1600 cohesive end units of T4 ligase for 4 hours at 16°C
followed by 30 minutes at room temperature. Proteinase K, NaCl,
and EDTA were added to the ligation mixture to final concentrations
of 40 mg/ml, 0.2 M, and 1 mM, respectively. These mixtures were
incubated at 65°C for 16 hours to reverse cross-linking and then
treated with RNase A at 37°C for 30 minutes. The DNA was then
purified by phenol extraction and ethanol precipitation. From the
purified DNAs, ligated and control fragments were amplified by PCR
using specific pairs of primers and resolved on a 2.0% (w/v) agarose gel.
The PCR amplifications were quantified by densitometry, and the
values were normalized by amplification of control products in each
sample. The following primers were used for 3C assays: for the li-
gated fragment, 59-CCAGCAGTTGTAATTAGCACC-39 and 59-TTAA
CTTCCAGGGTTGTCATG-39 (Hatzis et al., 2006); for the control

fragment, 59-CGCTTCCCATCCCTGTTTGGA-39 and 59-CTCCAGGGT
TATGCAAGAGGCC-39.

ChIP Assays. The ChIP assay was performed using a ChIP assay
kit (Merck Millipore). Cells were seeded at a density of 2.5 � 106 cells
on a 100-mm dish 48 hours before drug treatment. With the
adenovirus infection, 24 hours after seeding, the cells were incubated
for 30 hours with adenovirus at a multiplicity of infection of 10. These
cells were then washed with FBS-free MEM and treated with
RIF in FBS-free MEM for 6 hours, cross-linked by directly adding
formaldehyde (final concentration, 1%) in medium, and incubated
for 10 minutes at room temperature. After being washed with cold
PBS, pellets of these cross-linked cells were sonicated to shear DNA in
the SDS lysis buffer on wet ice. After being precleared by shaking with
protein A or G, these lysates were incubated with 4 mg of antibodies or
normal IgG at 4°C for 16 hours. The immunoprecipitated DNA was
purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA)
according to the manufacture’s instruction. The purified DNA was
used as a template for semiquantitative and real-time PCRs with
specific pairs of primers. The amplicon was resolved on a 2.0% (w/v)
agarose gel. The following primers were used for ChIP assays: for
the HNF4a-enhancer, 59-CGCTTCCCATCCCTGTTTGGA-39 and 59-
CTCCAGGGTTATGCAAGAGGCC-39; for the HNF4a-proximal, 59-
TGAGTCATGATGCCTGCCTTGTAC-39 and 59-CCTTCCTTTCAAAC
CGTCCTCTG-39; for CYP3A4-XREM, 59-ACTCATGTCCCAATTAAA
GGTC-39 and 59-TGTTCTTGTCAGAAGTTCAGC-39.

Immunoprecipitation Assays. TrypsinizedHepG2cells (2.5� 106)
were reverse-transfected with expression plasmid as described in the
figure legends, using FuGene6. After incubation for 30 hours, the cells
werewashedwith FBS-freeMEMand treatedwith 10mMRIF in FBS-
free MEM for 2 hours. Then, the cells were lysed in cold immunopre-
cipitation buffer (1% (v/v) TritonX-100, 150mMNaCl, 10mMTris (pH
7.4), 1 mM EDTA, 1 mM EGTA (pH 8.0), 0.2 mM sodium ortho-
vanadate, 0.2 mMPMSF, 0.5%NP-40, and 0.1%DMSO or 20 mMRIF)
containing phosphatase inhibitor cocktail 1 and 2 (Sigma-Aldrich) for
20 minutes at 4°C. After centrifugation, the whole cell lysates were
used for immunoprecipitation with FLAG-M2 agarose beads. After
incubation for 2 hours at 4°C, the agarose beads were washed with
immunoprecipitation buffer and subjected to Western blotting.

Cell Morphology and Migration. Cells (48 hours after seeding;
1� 105 cells/well in a 12-well plate) were incubated in FBS-free MEM
with RIF for another 48 hours. These cells were fixed in PBS
containing 5% (v/v) formaldehyde, followed by staining with a 0.1%
(w/v) crystal violet solution. For siRNA knockdown, trypsinized cells
were reverse-transfected with 40 mM of siRNA in MEM medium for
24 hours using Lipofectamine 2000 (Life Technologies). These cells
were then maintained in FBS-free MEM for 48 hours before crystal
violet staining. For antibody inhibition assays, control normal mouse
IgG (1 mg/ml, Sigma-Aldrich), an anti-IGFBP1 (1 mg/ml), or an anti-
IGFBP3 (1 mg/ml) antibody was added with RIF. Migration assays
were performed using a 24-well transwell migration insert (Corning
Incorporated, Corning, NY). For migration-stimulating and -inhibi-
tory assays, a recombinant IGFBP1 (1 or 10 nM) and antibodies
(normal mouse IgG, 1 mg/ml; anti-IGFBP1 antibody, 1 mg/ml; anti-
IGFBP3 antibody, 1 mg/ml) were added toMEM in the lower chamber,
respectively, in the presence of RIF or DMSO for 48 hours before
crystal violet staining. PBS (1% (v/v)) was added in the corresponding
control migrations.

Data Analysis. All data are presented as mean 6 S.D. Statistical
analysis was performed by one-tailed Student’s t test or one-way
analysis of variance followed by either Dunnett’s test or Tukey-
Kramer’s test. A value of P , 0.05 was considered significant.

Results
Drug Activation of PXR Repressed the Expression of

the HNF4a gene in HepG2 Cells. Based on our previous
DNA microarray analysis using the human HCC HepG2 cells
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and its clone that stably expresses humanPXR, named ShP51,
we had identified HNF4a as a gene that is downregulated by
PXR under treatment with PXR activators (Kodama and
Negishi, 2011). In the present study, we investigated the
molecular mechanism for downregulation of the HNF4a gene
by PXR. First, to confirm the DNA microarray data, we
performed a time course analysis of the expression of the
HNF4a gene in both parental HepG2 and ShP51 cells under
RIF treatment by real-time PCR. As shown in Fig. 1A,
a significant decrease in HNF4a mRNA was first observed
at 4 hours after RIF treatment only in ShP51 cells. The levels
of HNF4a mRNA gradually decreased for the duration of RIF
treatment up to 24 hours. On the other hand, a typical PXR
target CYP3A4 mRNA continuously increased for the dura-
tion of RIF treatment. SR12813, another human PXR activa-
tor we tested, was confirmed to decrease the levels of HNF4a
mRNA and increase those of CYP3A4 mRNA in a PXR-
dependent manner (unpublished data). We also tested other
independent clones that stably express human PXR and
obtained results similar to those obtained with ShP51 cells
(unpublished data).
The HNF4a gene is transcribed from either of two distinct

promoters, P1 and P2 (Lazarevich and Alpern, 2008). The
HNF4a P1 promoter regulates the expression of splicing
variants 126 in the liver, kidney, and intestine/colon, and
theHNF4a P2 promoter dictates that of splicing variants 729
in the intestine/colon, stomach, and pancreatic b cells and is
also active in the fetal liver. The transcripts of the HNF4a
gene derived from both promoters are reported to be expressed
in several human HCC cells, including HepG2 cells. To assess
which promoter is downregulated by PXR in HepG2 cells,
we measured the levels of transcripts derived from both

promoters by real-time PCR using probes specific to each
promoter (Fig. 1B). In HepG2 cells, the HNF4a P1 promoter
was predominantly active and the levels of HNF4a P2
promoter-derived transcripts were less than 10% of those
of the HNF4a P1 promoter. In ShP51 cells, RIF treatment
significantly decreased the levels of both promoter-derived
transcripts (P1, about 80%; P2, about 55%) after 24 hours.
These decreases were well correlated with the results of
Western blotting using antibodies that specifically recognize
the promoter-derived isoforms of HNF4a. In particular, the
levels of the HNF4a P1–derived isoforms were dramatically
decreased to the same extent as those of total HNF4a in
ShP51 cells after treatment with RIF for 24 hours (Fig. 1C).
We also found that ectopic PXR downregulated the tran-
scription driven by the HNF4a P1 promoter in the human
HCC cell line Huh7, which expresses human PXR adenovir-
ally (unpublished data). Therefore, we next focused on the
molecular mechanism of PXR-mediated downregulation of
the HNF4a P1 promoter.
PXR Disrupts a Long-Range Interaction between the

Distal Enhancer and Proximal Promoter Regions of
the HNF4a P1 Promoter. The HNF4a P1 promoter con-
sists of the distal enhancer region extending around 26.5 kb
from the transcription starting site and the proximal promoter
region (Ladias et al., 1992; Parviz et al., 2003; Hatzis et al.,
2006). A previous report demonstrated that the distal en-
hancer region stays close to the proximal promoter region by
taking a looping structure to upregulate transcription from
theHNF4a P1 promoter inHepG2 cells (Hatzis and Talianidis,
2001). To characterize the molecular mechanism by which
PXR downregulates transcription from the HNF4a P1 pro-
moter, we first performed 3C assays to determine whether

Fig. 1. PXR downregulates transcription
of the HNF4a gene in HepG2 cells. (A)
Parental HepG2 and ShP51 cells were
harvested at each time point after RIF
treatment, and then total RNAs were pre-
pared and subjected to real-time PCR. The
levels of the total HNF4a and CYP3A4
mRNAs are expressed by taking their
levels in the DMSO-treated parental
HepG2 cells as one. Columns represent
the mean 6 S.D. from three independent
experiments in triplicate. *P, 0.05 versus
DMSO (Student’s t test); **P, 0.01 versus
DMSO (Student’s t test). (B) Twenty-four
hours after RIF treatment, total RNAs
were prepared from cells and subjected to
real-time PCR using specific probes for
transcripts derived from the HNF4a P1
and P1 promoters. The levels of HNF4a
transcripts are expressed by taking the
HNF4a P1 promoter-derived transcripts
in the DMSO-treated parental HepG2 cells
as one.Columns represent themean6S.D.
from three independent experiments
in triplicate. *P , 0.05 versus DMSO
(Student’s t test); **P , 0.01 versus
DMSO (Student’s t test). (C) At time
points of 12 and 24 hours after treat-
ment with DMSO or RIF, whole-cell
lysates were prepared and subjected to
Western blotting using the following
antibodies: total HNF4a, HNF4a-P1,
HNF4a-P2, and actin. One representa-
tive of three independent experiments is
shown. DM, DMSO.
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PXR modulates the communication between the distal
enhancer region and the proximal promoter region. After
the previous report (Hatzis et al., 2006), we used the re-
striction enzymes BglII and BclI to digest the HNF4a P1
promoter. We amplified a 224-bp DNA fragment to assess
intramolecular ligation of the BglII site located at245 bp and
the BclI site located at 27562 bp from the transcriptional
starting site (Fig. 2A). RIF treatment significantly decreased
PCR amplification by about 70% compared with DMSO
treatment in ShP51 cells. On the other hand, no significant
difference between the treatments was detected in parental
HepG2 cells (Fig. 2B). The PMA-mediated MAPK activation
has been reported to disrupt a loop between the distal
enhancer region and the proximal promoter region to down-
regulate the HNF4a P1 promoter-derived HNF4a isoforms
(Hatzis et al., 2006). As a quality control, cells were also
treated with protein kinase C activator PMA, a potent
inducer of the Ras-Raf-MEK-ERK signal, and subjected to

3C assays. As expected, PCR amplification was significantly
decreased in both parental HepG2 and ShP51 cells after PMA
treatment (Fig. 2B).
Subsequently, we performed ChIP assays to assess the

levels of histone H3 acetylation in two regions of the HNF4a
P1 promoter. In response to RIF treatment, acetylation at
lysine 9 and lysine 14 was significantly reduced in both
regions in ShP51 cells but not in parental HepG2 cells (Fig.
2C). Interestingly, a previous study reported that PMA
treatment does not change the levels of acetylation of histones
H3 and H4 in those two regions (Hatzis et al., 2006). On the
other hand, the levels of histone H3 acetylation were signif-
icantly increased in the distal enhancer of the CYP3A4
promoter in RIF-treated ShP51 cells (Fig. 2C). Moreover,
similar results were obtained from Huh7 cells that express
PXR adenovirally (unpublished data). Based on these results,
PXR appears to bring about changes in chromatin structure to
downregulate the transcription from theHNF4a P1 promoter.

Fig. 2. PXR disrupts a long-range interaction between the distal enhancer and proximal promoter regions of the HNF4a P1 promoter. (A) A schematic
representation of the 3C assay for the P1 promoter of the HNF4a gene. Numbers indicate positions relative to the transcription starting site; arrows
indicate the positions of the PCR primers. (B) Eight hours after treatment with DMSO or RIF, parental HepG2 and ShP51 cells were cross-linked by
CH2O treatment, and then nuclei were prepared and subjected to 3C assays as described inMaterials andMethods. From purified DNAs, formation of the
3C ligated fragment was detected by PCR amplification using TP1 and TP2 primers. A control fragment was also amplified using CP1 andCP2 primers to
verify the quantity and quality of the DNA. The intensity of PCR amplification was quantified by densitometry, and the values were normalized by
amplification of a control product in each sample and are expressed by taking the levels in the cells with DMSO treatment as one. Columns represent the
mean6 S.D. from at least three independent experiments. *P, 0.05 (Dunnett’s test). DM, DMSO; nd, not detected. (C) Eight hours after treatment with
DMSO or RIF, parental HepG2 and ShP51 cells were cross-linked by CH2O treatment and subjected to ChIP assays with normal IgG or anti–acetyl-histone
H3 (K9/K14) antibody as described inMaterials andMethods. The relative enrichment of the distal enhancer and proximal promoter regions of theHNF4a
P1promoter in the immunoprecipitatedDNA fragmentswith anti–acetyl-histoneH3antibodywas determined by real-timePCR. TheXREMof theCYP3A4
promoter was also analyzed as a gene that PXRupregulates. Values are normalized by amplification of sample inputs and expressed by taking the values in
theDMSO-treated parentalHepG2 cells as one. Columns represent themean6 S.D. from three independent experiments. *P, 0.05 (Tukey-Kramer’s test);
**P , 0.01 (Tukey-Kramer’s test).
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PXR Targets the Distal Enhancer Region to Repress
Transcription from the HNF4a P1 Promoter. Next, we
performed cell-based Luc reporter assays using a 7 kb DNA
fragment of the HNF4a P1 promoter (Hatzis and Talianidis,
2001) (Fig. 3A). RIF treatment repressed the activity of 7-kb
HNF4a P1 promoter constructs by approximately 60% in
ShP51 cells, but not in parental HepG2 cells. A deletion of the
distal enhancer region (Δ27/26.4 kb) decreased the activity of
the 7-kb construct in both parental HepG2 and ShP51 cells
and abrogated the response to RIF treatment in ShP51 cells.
XREM-3A4-Luc reporter, a control for PXR activation, was
strongly activated only in ShP51 cells in the presence of RIF.
Similar results were obtained with Huh7 cells after cotrans-
fecting the expression plasmid of PXR under the assay condi-
tions (unpublished data). These results suggest that PXR
targets the distal enhancer region to repress transcription
from the HNF4a P1 promoter.
Previous studies have identified binding sites for HNF3b,

HNF4a, C/EBPa, and HNF1a in the distal enhancer region of

the HNF4a P1 promoter (Bailly et al., 2001; Hatzis and
Talianidis, 2002; Hatzis et al., 2006).To identify the factor(s)
responsible for the response to PXR activation, we constructed
and used a series of 7-kb constructs harboring point mutations
in each binding site for the transcription factors (Fig. 3B). Only
a mutation introduced at the HNF3b-binding site strongly
diminished the response to RIF treatment in ShP51 cells.
Given the results of Luc reporter assays, we performedChIP

assays to assess the occupation of the distal enhancer of the
HNF4a P1 promoter by HNF3b (Fig. 3C). As reported pre-
viously, HNF3b occupancy was strongly detected in both
parental HepG2 and ShP51 cells (Hatzis et al., 2006). RIF
treatment significantly reduced the signal of HNF3b occu-
pancy only in ShP51 cells (by about 60%), not in parental
HepG2 cells. On the other hand, ChIP assays showed re-
cruitment of PXR to the distal enhancer of the HNF4a P1
promoter (Fig. 3C), but not to the proximal promoter in RIF-
treated ShP51 cells (unpublished data). As expected, RIF
treatment significantly increased PXR occupancy in the

Fig. 3. PXR targets HNF3b on the distal enhancer of the HNF4a P1 promoter. (A and B) Twenty-four hours after transfection, cells were treated with
DMSOorRIF for another 24 hours in FBS-freeMEM. pRL-TKwas included in all transfections as a control. Relative Luc activitywas calculated by taking
the activity of the cells transfected with pGL3-Basic and treated with DMSO as one. Columns represent the mean 6 S.D. from three independent
experiments in triplicate. *P, 0.05 versus DMSO (Student’s t test); **P, 0.01 versus DMSO (Student’s t test). (A) Parental HepG2 and ShP51cells were
transiently transfected with pGL3-basic, pGL3/7kb-hHNF4a-P1, pGL3/7kb-hHNF4a-P1-Δ, or XREM-3A4-Luc reporter constructs. (B) ShP51cells
were transiently transfected with pGL3-basic, pGL3/7kb-hHNF4a-P1, or the indicated mutant reporter constructs. (C) Parental HepG2 and ShP51 cells
were treated with RIF or DMSO for 6 hours in FBS-free MEM and subjected to ChIP assays with normal IgG, an anti-HNF3b antibody, or an anti-PXR
antibody using real-time PCR. Values are normalized by amplification of sample inputs and expressed by taking the values in theDMSO-treated parental
HepG2 cells as one. Columns represent the mean 6 S.D. from three independent experiments. *P , 0.05 (Tukey-Kramer’s test); **P , 0.01 (Tukey-
Kramer’s test).
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CYP3A4 promoter. We obtained similar results from Huh7
cells that express PXR adenovirally, observing reduced HNF3b
occupancy and recruitment of PXR in the distal enhancer
(unpublished data). Further immunoprecipitation assays
showed that PXR interacted with HNF3b in a ligand-
dependent manner (Supplemental Fig. 1). Moreover, we
confirmed that neither ectopic PXR nor RIF treatment had
any effect on the levels of HNF3b protein for the duration of
the assays (unpublished data). These results suggest that,
upon activation by RIF, PXR targets the distal enhancer
region of the HNF4a P1 promoter and stimulates dissocia-
tion of HNF3b from its binding site.
The Activation Function 2 Domain Determines the

Repression Activity of PXR in the HNF4a P1 Pro-
moter. The activation function 2 (AF2) domain is essential
for the ligand-dependent properties of nuclear receptors
through interaction with coregulators. We constructed
a PXR mutant in which helix 12 of the AF2 domain was
deleted and used it for further analyses. First, we transduced
HepG2 cells with adenoviruses expressing wild-type PXR and
the AF2 mutant. Real-time PCR analyses showed that RIF
treatment decreased the levels of HNF4a mRNA in HepG2
cells expressing wild-type PXR, but not the AF2 mutant
(Fig. 4A). As expected, the wild-type PXR increased levels of
CYP3A4 mRNA after RIF treatment and the AF2 mutant did
not. Next, immunoprecipitation assays revealed functional
defects caused by deletion of the AF2 domain (Supplemental

Fig. 2). The AF2 mutant lost its ligand dependency for inter-
action with HNF3b, even though a weak interaction was
maintained. We then conducted ChIP assays to further exam-
ine functional defects of the AF2 mutant in this repression. We
found that the AF2 mutant was recruited to neither the distal
enhancer of the HNF4a P1 promoter nor that of the CYP3A4
promoter under RIF treatment (Fig. 4B). These results indicate
that the AF2 domain plays pivotal roles in this repression
mechanism via interaction with HNF3b.
PXR Downregulates HNF4a to Change Character-

istics of HepG2 Cells. ShP51 cells and HepG2 cells that
express PXR adenovirally underwent EMT-likemorphological
changes and migrated when they were treated with RIF
(Kodama and Negishi, 2011). Normally, ShP51 cells form an
islet-like cell cluster and are indistinguishable from parental
HepG2 cells. With RIF treatment, ShP51 cells became
scattered and flattened (Fig. 5A). Our recent work demon-
strated that PXR elicits the p38MAPK signaling pathways by
activating the GADD45b gene to lead HepG2 cells to change
morphology and migrate (Kodama and Negishi, 2011). Given
that HNF4a is a key regulator of hepatic gene expression and
determines characteristics of hepatic cells (Parviz et al., 2003),
we wondered about the consequence of loss of HNF4a on the
morphological appearance of HepG2 cells. siRNA knockdown
of HNF4a induced parental HepG2 cells to undergo morpho-
logical changes similar to those observed in ShP51 cells with
RIF treatment (Fig. 5B). Likewise, the previous report showed

Fig. 4. The AF2 domain determines the repression activity of PXR in the HNF4a P1 promoter. (A) HepG2 cells were infected with adeno-b-gal, adeno-
hPXR, or adeno-hPXRΔAF2 for 30 hours and treated with DMSO or RIF for an additional 24 hours in FBS-free MEM. From those cells, total RNAs and
whole-cell lysates were prepared and subjected to real-time PCR and Western blotting. The levels of total HNF4a, HNF4a P1 promoter-driven, and
CYP3A4 mRNAs are expressed by taking the levels in the HepG2 cells infected with adeno-b-gal and treated with DMSO as one. Columns represent the
mean6 S.D. from three independent experiments in triplicate. *P, 0.05 versus DMSO (Student’s t test); **P, 0.01 versus DMSO (Student’s t test). (B)
After infection with the indicated adenovirus, HepG2 cells were treated with DMSO or RIF for 6 hours in FBS-free MEM and then subjected to ChIP
assays with normal IgG or an anti-human PXR antibody as described inMaterials andMethods. The relative enrichment of distal enhancer region of the
HNF4a P1 promoter in the immunoprecipitated DNA fragments was determined by real-time PCR. The XREM of the CYP3A4 promoter was also
analyzed as a gene that PXR upregulates. Values are normalized by amplification of sample inputs and expressed by taking the values in the HepG2 cells
infected with adeno-b-gal and treated with DMSO as one. Columns represent the mean6 S.D. from three independent experiments. *P , 0.05 (Tukey-
Kramer’s test); **P , 0.01 (Tukey-Kramer’s test).
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that siRNA knockdown of HNF4a in HepG2 caused similar
changes (Takagi et al., 2010). Taken together, these observa-
tions raise a possibility that, besides eliciting the p38 MAPK
signaling pathways, PXR downregulates HNF4a to change
the characteristics of HepG2 cells.
PXR-Mediated Loss of HNF4a Is Responsible for

IGFBP1 Induction. Considering that HNF4a orchestrates
the expression of a large number of genes to determine the
characteristics of hepatic cells (Li et al., 2000; Hayhurst et al.,
2001; Rhee et al., 2003; Kyrmizi et al., 2006; Lazarevich and
Alpern, 2008), we hypothesized that PXR-mediated loss of
HNF4a leads to broad changes in gene expression, so that PXR
causesEMT-likemorphological changes.OurDNAmicroarrays
indicated that IGFBP1, IGFBP3, and HB-EGF mRNAs in-
crease in RIF-treated ShP51 cells (Kodama and Negishi, 2011).
Thus, real-time PCR was performed for confirmation. All
three mRNAs were increased by RIF treatment in ShP51 cells
but not in parental HepG2 cells, as observed with CYP3A4
mRNA (Fig. 6A). Several studies have demonstrated that
these secreted proteins are either positively or negatively
associatedwith cellmigration in various cell lines (Jones et al.,
1993; Madarame et al., 2003; Caceres et al., 2008; Chesik
et al., 2010; Lin et al., 2011). Therefore, we used siRNA to
examinewhether the downregulation of HNF4awas the cause
of their upregulation (Fig. 6A). Transfection of HNF4a siRNA

decreased the levels of HNF4amRNA to 50% of that of control
siRNA in both parental HepG2 cells and ShP51 cells. Knock-
down of HNF4a significantly increased mRNA levels of
IGFBP1 and IGFBP3, but not HB-EGF, in both cell lines,
and cotreatment with RIF further increased their mRNA
levels only in ShP51 cells (Fig. 6A). As controls, we also
confirmed that knockdown of HNF4a decreasedmRNA levels
of apolipoprotein C3 (APOC3) and sulfotranserase 1E1
(SULT1E1) in both cell lines and that RIF treatment further
decreased their mRNA levels only in ShP51 cells (unpub-
lished data). HNF4a has been reported to directly activate
both the APOC3 and the SULT1E1 promoters (Ladias et al.,
1992; Kodama et al., 2011).
Subsequently, we used Western blotting to determine the

protein levels of IGFBP1 and HNF4a. IGFBP1 protein,
which was expressed at low levels in ShP51 cells before RIF
treatment, greatly increased after RIF treatment, whereas this
protein was not detectable in HepG2 cells either before or
after RIF treatment (Fig. 6B). Consistent with the increase in
its mRNA, the IGFBP1 protein was significantly increased
after knockdown of HNF4a in ShP51 cells without RIF
treatment (Fig. 6C). On the other hand, the protein levels
of IGFBP3 and HB-EGF appeared to be low and were not
affected by RIF treatment and HNF4a knockdown (unpub-
lished data). Therefore, IGFBP1 was selected for further
investigation.
IGFBP1 Is Responsible for Cell Morphology and

Migration. As mentioned, ShP51 cells, but not parental
HepG2 cells, underwent EMT-like morphological changes
and migrated when they were treated with RIF. To examine
whether IGFBP1 played any role in the RIF-induced mor-
phological changes and migration, we carried out immune-
neutralizing assays by cotreating RIF with normal IgG, an
anti-IGFBP1 antibody, or an anti-IGFBP3 antibody. As
expected, cotreatment with normal IgG caused the same
morphological changes, as observed in our recentwork (Kodama
and Negishi, 2011). Treatment with an anti-IGFBP1 antibody,
on the other hand, inhibited the morphological changes (Fig.
7A). No such inhibition was observed with an anti-IGFBP3
antibody.
Using the Boyden chamber technique, we examined IGFBP1

for its effects on the RIF-induced migration of ShP51 cells. The
number of staining cells that migrated to the bottom surface of
the chambers decreased after cotreatment with an anti-
IGFBP1 antibody compared with those that migrated after
cotreatment with normal IgG or an anti-IGFBP3 antibody (Fig.
7B). RIF treatment increasedmigration approximately 4-fold in
the presence of a normal IgG. Cotreatment with an anti-
IGFBP1 antibody reduced this increase to approximately
2-fold, whereas an anti-IGFBP3 antibody did not reduce it.
RIF, at concentrations greater than 100 mg/ml, has been
reported to inhibit growth in various human cancer cells
(Shichiri et al., 2009). No significant differences in cell growth
were observed during treatments and cotreatments in our pres-
ent experiments (unpublished data). Thus, an anti-IGFBP1
antibody inhibited the RIF-induced migration of ShP51 cells.
Conversely, treatment of ShP51 cells with a recombinant
IGFBP1 protein increased cell migration in a dose-dependent
manner, with 50 and 100% increases at 1 and 10 nM IGFBP1,
respectively (Fig. 7 C). No cell growth occurred after the
IGFBP1 treatment (unpublished data). These results indi-
cate that IGFBP1 is a PXR-induced factor responsible for cell

Fig. 5. Loss of HNF4a induces morphological changes in HepG2 cells.
(A) Parental HepG2 and ShP51 cells were treated with DMSO or RIF for
48 hours in FBS-free MEM and then stained with a crystal violet solution
as described in Materials and Methods. Scale bar, 100 mm. One represen-
tative out of three independent experiments is shown. (B) Parental HepG2
cells were reverse-transfected with control or HNF4a siRNAs for 30 hours,
treated with RIF or DMSO for another 48 hours in FBS-free MEM, and
stained with a crystal violet solution. Scale bar, 100 mm. Whole cell
extracts were also prepared and subjected to western blotting using anti-
HNF4a or anti-actin antibodies. One representative out of three in-
dependent experiments is shown. cont, control.
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morphological changes and migration in RIF-treated ShP51
cells, in which PXR represses the HNF4a gene, derepressing
the IGFBP1 gene and leading the cells to induce IGFBP1.

Discussion
Xenobiotic exposure leads to diverse physiological conse-

quences in the body through direct and indirect interactions
with genes. PXR has been well characterized as a keymediator
of xenobiotic action that interacts directly with a broad range
of xenobiotics, including therapeutics, resulting in changes to
gene regulation in the liver (Zhou et al., 2009). In particular,
PXR is known to play the important roles in the various
metabolic pathways in the liver. On the other hand, its roles in
regulation of cellular signals are still far from being fully
elucidated. Our recent study demonstrated that, upon activa-
tion by RIF, PXR activates theGADD45b gene to elicit the p38
MAPK-mediated cell migration signals in HCC HepG2 cells
that stably express human PXR (called ShP51) (Kodama and
Negishi, 2011). In the present study, IGFBP1 was demon-
strated to be a PXR-regulated factor responsible for the RIF-
induced EMT-like morphological changes and migration of
ShP51 cells. PXR repressed the HNF4a gene by disrupting
enhancer-promoter communication in the HNF4a P1 pro-
moter and deacetylating histone H3. PXR-mediated down-
regulation of HNF4a resulted in upregulation of IGFBP1.
Treatment with a recombinant IGFBP1 augmentedmigration
of ShP51 cells, whereas an anti-IGFBP1 antibody attenuated

the RIF-induced cell migration. The antibody treatment also
inhibited the RIF-induced morphological changes. Thus, RIF
activates the PXR-HNF4a-IGFBP1 pathway, signaling ShP51
cells to change morphology and migrate.
HNF4a, a member of the nuclear steroid/thyroid receptor

superfamily, is an essential factor for the proper development
and function of the liver (Sladek et al., 1990). Attenuation of
HNF4a activity causes an EMT in human hepatocytes and
promotes the progression of HCC (Lazarevich et al., 2004;
Ning et al., 2010). Therefore, the repression of HNF4a by PXR
may have serious implications in drug-induced liver injuries
and tumor development andmetastasis; for example, frequent
intrahepatic recurrence andmetastasis are considered critical
reasons for poor prognosis of patients with liver cancer
(Imamura et al., 2003; Llovet et al., 2003; Shah et al.,
2007a). The present study has identified an upstream PXR
response enhancer region within the HNF4a gene and has
delineated the chromatin structure-based mechanism by
which PXR represses transcription of the HNF4a gene. Not
much is known about the direct HNF4a targets involved in
EMT and/or migration at present; the Snail gene is the one
that was characterized as the direct target of HNF4a to cause
EMT (Cicchini et al., 2006). Therefore, IGFBP1 provides an
alternative opportunity for further insight into the molecular
mechanism of drug-induced EMT and cell migration via the
nuclear xenobiotic receptor PXR.
Relatively limited information is available on the tran-

scriptional regulation of the HNF4a gene compared with its

Fig. 6. PXR-mediated loss of HNF4a
results in upregulation of IGFBP1. (A)
Parental HepG2 and ShP51 cells were
reverse-transfected with control orHNF4a
siRNAs for 30 hours and were subse-
quently treated with DMSO or RIF for
another 24 hours in FBS-free MEM. From
those cells, total RNAs were prepared and
subjected to real-time PCR using ade-
quate PCR primers for each gene tested.
The mRNA levels of the tested genes are
expressed by taking the levels in the cells
transfected with control siRNA and treat-
ed with DMSO as one. Columns represent
the mean 6 S.D. from three independent
experiments in triplicate. **P , 0.01
(Tukey-Kramer’s test). (B and C) Forty-
eight hours after treatment, whole-cell
lysates were prepared and subjected to
Western blotting using the following anti-
bodies: IGFBP1, total HNF4a, and actin.
(B) Parental HepG2 and ShP51 cells were
treated with RIF or DMSO for 24 hours in
FBS-free MEM. DM, DMSO. (C) ShP51
cells were reverse-transfected with con-
trol siRNA or HNF4a siRNA for 30 hours,
and were subsequently treated with
DMSO for another 24 hours in FBS-free
MEM.One representative of three indepen-
dent experiments is shown. cont, control.
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physiological importance elucidated by in vivo studies using
mouse models. Structurally, the HNF4a P1 promoter can be
divided into two major components: the distal enhancer region
and the proximal promoter region. Previous work has demon-
strated that the distal enhancer region and proximal promoter
region form a complex to trigger a critical nucleosome remodel-
ing at the transcription start site to initiate activation of the
HNF4a gene (Hatzis and Talianidis, 2002). In the present
study, we found that, upon activation by RIF, PXR specifically
targeted the distal enhancer to induce repressive changes in
the chromatin structure of the HNF4a P1 promoter, such as
disruption of enhancer-promoter communication and deacety-
lation of histone H3, so that PXR downregulated HNF4a in
ShP51 cells. In this mechanism, HNF3b is considered a key
molecule because a functional mutation at the HNF3-binding
site in the distal enhancer significantly lowered the promoter
activity and diminished the response to RIF treatment (Hatzis
andTalianidis, 2002; Hatzis et al., 2006). PXRwas also found to
interact with HNF3b in a ligand-dependent manner, and
deletion of the AF2 domain resulted in a weakened intensity
of the interaction and loss of ligand-dependency. Our ChIP

assays supported this hypothesis, showing that RIF treatment
caused recruitment of PXR and dissociation of HNF3b at the
distal enhancer region. Moreover, the AF2 mutant could no
longer target the distal enhancer and repress the transcrip-
tion of HNF4a gene under RIF treatment. However, the key
questions remain unclear: what specifically targets PXR to
the distal enhancer, in which no apparent PXR-binding
sequence was found, and what enables PXR to dissociate
HNF3b from the distal enhancer? Posttranslational modifi-
cations, including phosphorylation and acetylation, are known
to regulate nuclear localization of HNF3b and its DNA binding
activity (Wolfrum et al., 2003; van der Heide and Smidt, 2005;
Howell and Stoffel, 2009; Kohler and Cirillo, 2010). The RIF-
dependent PXR-HNF3b complex might be susceptible to these
post-translational modifications and the resulting HNF3b
dissociation might destabilize the active chromatin structure
in theHNF4a P1 promoter. It will be of interest for us to define
the molecular mechanisms that underline this PXR-mediated
gene repression.
IGFBP1 is one of sixmembers within the IGFBP family that

bind to insulin-like growth factor 1 and 2 (IGF1 and 2) and

Fig. 7. IGFBP1 is responsible for cell morphology and migration. (A) ShP51 cells were cotreated with normal IgG, an anti-IGFBP1 antibody, or an anti-
IGFBP3 antibody andDMSO or RIF for 48 hours in FBS-freeMEMand then stainedwith a crystal violet solution, as described inMaterials andMethods.
Scale bar, 100 mm. One representative out of three independent experiments is shown. (B and C) ShP51 cells were grown on themembrane of a transwell
Boyden chamber and treated with the indicated stimuli for 48 hours in FBS-free MEM as described in Materials and Methods. Scale bar, 100 mm. The
migrated cells were stained with a crystal violet solution and counted. Columns represent the mean6 S.D. from at least three independent experiments
in triplicate. (B) Cells were cotreated with a normal IgG, an anti-IGFBP1 antibody, or an anti-IGFBP3 antibody andDMSO or RIF. **P, 0.01 (Dunnett’s
test). (C) Cells were treated with PBS or a recombinant IGFBP1 protein at concentrations of 1 and 10 nM. **P, 0.01 (Dunnett’s test). rec, recombinant.
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modulate various insulin-like growth factor (IGF) actions such
as IGF-dependent cell growth (Shimasaki and Ling, 1991;
Jones and Clemmons, 1995; Valentinis et al., 1995). In addi-
tion, IGFBPs can exhibit IGF-independent functions (Gleeson
et al., 2001). IGFBP1 contains an integrin recognition motif
(Arg-Gly-Asp) and binds to the a5b1 integrin receptor, stim-
ulating cell migration in the absence of IGF activity (Jones
et al., 1993; Chesik et al., 2010). During our cell morphology
andmigration assays, FBSwas removed so that the conditions
resembled the absence of IGF activity. Therefore, what we
observed with IGFBP1 in RIF-treated ShP51 cells is consis-
tent with the role of IGFBP1 in cell migration. In our recent
work, we characterized a PXR-GADD45b-p38MAPK pathway
for the cellular signals that trigger morphological changes as
well as migration of ShP51 cells (Kodama and Negishi, 2011).
By identifying IGFBP1 as a PXR-regulated factor, we charac-
terized the PXR-HNF4a-IGFBP1 pathway to be a second
signal that regulates cell morphological changes and migra-
tion. The PXR-GADD45b-p38 MAPK pathway appears to act
as an intracellular signal to stimulate cell migration, whereas
the PXR-HNF4a-IGFBP1 pathway can be considered an
autocrine/paracrine signal because IGFBP1 is a secreted pro-
tein (Jones et al., 1993; Chesik et al., 2010). The simultaneous
activation of both signaling pathwaysmay result in amaximal
cellular response. However, whether and how these two
signaling pathways are linked remain important questions
for future investigation into understanding PXR-mediated
morphological changes and migration of ShP51 cells.
In conclusion, PXR, which is expressed in various cancers—

such as colon, ovary, breast, endometrial, and prostate
cancers—has been suggested to be involved in tumor
progression and drug resistance by inducing enzymes such
as CYP3A4, thereby metabolizing therapeutics as well as
steroid hormones such as estrogens (Masuyama et al., 2003;
Chen et al., 2007; Gupta et al., 2008). PXR has been reported
to specifically activate the fibroblast growth factor 19 signal
only in colon tumor cells, but not in normal intestinal cells,
thereby enhancing their neoplastic characteristics (Wang
et al., 2011). Our recent study has demonstrated that PXR
immediately elicits the p38 MAPK signaling pathways after
ligand treatment to stimulate morphological changes and
migration in well differentiated HepG2 cells. It is not
understood, however, whether PXR activation initiates
and/or promotes hepatocellular carcinoma development in
either normal or injured livers. The PXR-HNF4a-IGFBP1
pathway can be activated by numerous xenobiotics, includ-
ing therapeutics, providing an alternative mechanism by
which PXR may become a risk factor for cancer development
and treatment. Activation of this pathway may have diverse
consequences in regulating cellular functions and fates,
depending on the type and pathophysiological conditions of
cells, such as drug toxicity and drug-drug interactions.
Further work is needed to dissect the in vivo relevance of
PXR activation in cancers, what the consequences of PXR
activation are, and how PXR causes them.
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