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Abstract

Prox1, an early specific marker for developing liver and pancreas in foregut endoderm has recently
been shown to interact with a-fetoprotein transcription factor (FTF) and repress cholesterol 7a-
hydroxylase (CYP7AL1) gene transcription. Using yeast two-hybrid assay, we found that Prox1
strongly and specifically interacted with HNF4a, an important transactivator of the human CYP7A1
gene in bile acid synthesis and phosphoenolpyruvate carboxykinase (PEPCK) gene in
gluconeogenesis. Real time PCR assay detected Prox1 mRNA expression in human primary
hepatocytes and HepG2 cells. Reporter assay, GST pull-down, co-immunoprecipitation and yeast
two-hybrid assays identified a specific interaction between the N-terminal LXXLL motif of Prox1
and the activation function 2 domain of HNF4a. Prox1 strongly inhibited HNF4a and peroxisome
proliferators-activated receptor y coactivator-1a (PGC-1a) co-activation of the CYP7AL and PEPCK
genes. Knock-down of the endogenous Prox1 by small interfering RNA (siRNA) resulted in
significant increase of CYP7AL and PEPCK mRNA expression and the rate of bile acid synthesis in
HepG2 cells. These results suggest that Prox1 is a novel co-regulator of HNF4a that may play a key
role in the regulation of bile acid synthesis and gluconeogenesis in the liver.

CYP7AL catalyzes the first and rate-limiting step in the conversion of cholesterol to bile acids
and plays an important role in maintaining whole body lipid homeostasis (1). Bile acids are
physiological detergents that facilitate absorption, transport and distribution of sterols and lipid
soluble vitamins, and disposal of toxic metabolites and xenobiotics. Bile acid synthesis and
CYP7AL gene transcription is feedback inhibited by bile acids returning to the liver via
enterohepatic circulation of bile (1). Recent studies have identified farnesoid X receptor (FXR,
NR1H4) as a bile acid-activated receptor that induces an atypical nuclear receptor small
heterodimer partner (SHP, NROB2), which interacts with FTF (NR5A2) and HNF4a (NR2A1)
bound to an overlapping sequence located in the bile acid response element 11 (-144/-126) and
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represses CYP7A1 gene transcription (2). However, the molecular mechanism by which FTF
and HNF4a regulate the CYP7A1 gene is not completely understood.

HNF4a is the most abundant nuclear receptor expressed in the liver and is involved in early
liver development (3). Conditional knockout of the HNF4a. gene in mouse liver caused
accumulation of lipids in the liver, markedly reduced serum cholesterol and triglycerides and
increased serum bile acids (4). CYP7AL, Na*taurocholate co-transport peptide, organic anion
transporter 1, apolipoprotein B100, and scavenger receptor B-1 expression are reduced in these
mice (4). It appears that HNF4a is a key regulator of bile acid and lipoprotein metabolism, and
plays a central role in lipid homeostasis (5). HNF4a is involved in diabetes; mutation of the
HNF40 gene causes maturity onset diabetes of the young type 1 (MODY1) (6). HNF4o.
regulates the HNF1a gene, a MODY 3 gene (7).

The transcriptional activities of nuclear receptors are largely dependent on ligand-binding and
activation. Nuclear receptors interact with co-regulators and regulate their target genes in a
tissue and gene-specific manner (8). Upon ligand binding, the helix 12 of nuclear receptor is
exposed and binds to the co-activators and activates nuclear receptor activity. Recently,
PGC-1a has been identified as a co-activator of HNF4a (9). PGC-1a is highly induced during
starvation by glucocorticoids and glucagon to induce PEPCK, a rate-limiting enzyme in
gluconeogenesis (10). It has been reported that PGC-1a co-activates HNF4a and induces
CYP7A1 gene transcription during starvation in mice (11). It has been suggested that bile acid
synthesis and gluconeogenesis may be coordinately regulated in fasted -to-fed cycle (12). Our
recent study shows that glucagon and cAMP inhibit CYP7AL by inducing phosphorylation of
HNF4a (13).

Prox1 has recently been identified as a co-repressor of FTF/LRH-1 by yeast two-hybrid
screening (14,15). Prox1 was originally cloned by homology to the Drosophila melanogaster
gene prospero (16). Prox1 is expressed in lens, heart, liver, kidney, skeletal muscle, pancreas,
and central nervous system (16,17). Earlier studies have linked Prox1 function to lens and
lymphatic system development (18,19). More recent studies indicate that Prox1 is required for
hepatocyte migration in developing liver and pancreas in the mammalian foregut endoderm
(20,21). Prox1 interacts with the NR5 subfamily of nuclear receptors including Fflb (NR5A4),
a zebra fish homologue of nuclear receptor, steroidogenic factor 1 (SF-1, NR5A1) (22), and
FTF (14,15), and represses their transactivation activity. We hypothesized that Prox1 may
interact with HNF4a and suppressed CYP7AL gene transcription. To test this hypothesis, we
used yeast two-hybrid assay to study the interaction between Prox1 and HNF4a and studied
the effect of Prox1 on the HNF4a transactivation of the human CYP7AL gene. Our findings
provide a novel molecular mechanism for Prox1 inhibition of bile acid synthesis and
gluconeogenesis.

Experimental procedures

Cell culture - Primary human hepatocytes were isolated from human donors (HH1201, 69 yr
male; HH1205, 45 yr male; HH1209 50 yr female; HH1234, 56 yr male; HH1247, 3 yr male;
HH1248, 42 yr female) and were obtained from the Liver Tissue Procurement and Distribution
System of National Institute of Health (S. Strom, University of Pittsburgh, PA). The HepG2

cells were obtained from the American Type Culture Collection (Manassas, VA). Cells were
maintained as described previously (13).

Plasmids - The mammalian expression plasmids for HNF4a, Nur77, PGC-1a, Flag-Prox1,
Gal4-HNF4a, pHNF4a-tk-Luc reporter, NurRE-Luc, 5X UAS-Luc and human CYP7A1
promoter luciferase reporters were as described previously (14,23,24). Human PEPCK
promoter luciferase reporter was generously provided by Dr. Richard Hanson (Case Western
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Reserve University, Cleveland, OH). The various deletion constructs of Prox1 [Prox1-NT-WT,
amino acid (a. a.) 1-312; Prox1-NT-MT, a.a. 1-312, alanine mutations were introduced to
convert LRKLL (a.a. 70-74) to ARKAL; Prox1-Homeo (a.a. 313-736)] and HNF4a (HNF4a-
NT, a.a. 1-128; HNF4a-LBD, a.a. 129-455; HNF4o-AAF2, a.a. 1-352) were made by PCR
with suitable restriction endonucleases and inserted into the pcDNA3-HA or the yeast LexA
or B42 expression vector (CLONTECH Laboratories, Inc., Palo Alto, CA). For bacterial
expression, GST-fused Prox1 was constructed by inserting EcoRI-Xhol fragments of Prox1
from B42-Prox1 into pGEXA4T-1 vector (Amersham Bioscience, Inc). All the clones were
confirmed by sequencing analysis.

GST-pull down assay - [3°S] Methionine-labeled proteins were prepared by in vitro translation
using the TNT-coupled transcriptional translation system with conditions as described by the
manufacturer (Promega, Madison, WI). GST fused Prox1 (GSTProx1) was expressed in the
E. coli BL21 (DE3) strain and purified using glutathione-Sepharose 4B beads (Pharmacia,
Piscataway, NJ). In vitro protein-protein interaction assays were carried out as described
(23).

Coimmunoprecipitation assay - The cell extracts of human primary hepatocytes were pre-
cleared with whole rabbit serum adsorbed on Protein A-Sepharose beads (Amersham
Biosciences, Piscataway, NJ) and subsequently subjected to immunoprecipitation with 10 ug
of anti-HNF4a or non-immune serum (IgG) for overnight at 4 °C. The beads were washed
several times with ice-cold modified radioimmunoprecipitation assay buffer (50 mM Tris-HCI,
pH 7.4, 1% Nonidet P-40, 0.25% Na+-deoxycholate, 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, 1 mM ethylendiamine tetraacetic acid, 1 mM sodium
orthovanadate, 1 mM NaF), and the immune-complexes were subjected to electrophoresis on
a 10% SDS-polyacrylamide gel and then transferred to a nitrocellulose membrane (Amersham
Biosciences). Enhanced chemiluminescence Western blotting (Amersham Biosciences) was
performed according to the manufacturer’s instructions. Prox1 and HNF4a proteins were
detected by incubation of blots with an anti-Prox1 antibody (1:2000 dilution; Upstate, Lake
Placid, NY) and anti-HNF4o antibody (1:2,000 dilution; Santa Cruz Biotechnology, Santa
Cruz, CA), respectively.

Yeast two-hybrid assay - For the yeast two-hybrid system, LexA and B42 fusion plasmids for
nuclear receptors or co-activators were co-transformed into Saccharomyces cerevisiae EGY48
strain containing the LacZ reporter plasmid (p80p-lac Z) under the control of the LexA binding
site. B-galactosidase activity expressed on the plates was assayed as described previously
(23). For assay of thyroid hormone receptor (TR), glucocorticoid receptor (GR), retinoid X
receptor (RXR) and retinoic acid receptor (RAR), 100 pl of 1 uM stock solution of appropriate
ligands (T3, dexamethasone, all-trans retinoic acid and 9-cis retinoid) was added before plating
to test the effect of ligand activation on interaction. Assays were repeated at least three times.

Transient transfection and Luciferase reporter assay - For luciferase reporter assay, HepG2
cells were plated in 24-well plates 24 h before transfection with reporter or expression plasmids
using LipofectAMINE 2000 reagent (Life Technologies, Inc., Gaithersburg, MD) according
to the manufacturer’s instructions. Total DNA used in each transfection was adjusted by adding
the appropriate amount of pcDNAg vector. Luciferase activities are expressed as relative
luciferase unit (RLU)/B-galactosidase activity as described previously (23).

Small Interfering RNA (siRNA) Experiments The SMART pool siRNAs for human Prox1
were purchased from Dharmacon Research (Lafayette, Co) and transfected into HepG2 cells
using LipofectAMINE 2000 reagent (Life Technologies, Inc., Gaithersburg, MD) according
to the manufacturer’s instructions. Forty-eight hours after transfection, cells were extracted
and analyzed. The SMART pool is a mixture of four sequences located at different regions of
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mRNA. Two of them were tested to be effective in knockdown Prox1 in HepG2 cells. The
SiRNA sequences are: SiRNA#1, nt 1009-1027; GGGCCAAACTCCTTACAAC, siRNA#2 nt
2096-2114; GCAAAGATGTTGATCCTTC. The control siRNA probe is a scrambled siRNA
that was designed to have the same G-C content as the sSiRNA#2 but did not display sequence
identity with Prox1: GATCGTGTGTAGTTCATAACC.

RNA isolation and Real-time Quantitative PCR (Q-PCR) - HepG2 cells was transfected with
synthesized siRNA of human Prox1 and total RNA was isolated using Tri-reagent (Sigma, St.
Louis, MO) according to the manufacturer’s instruction. Reverse-transcription and Q-PCR
were performed to detect Prox1, CYP7A1L, PEPCK, HNF4q, and cyclophilin B mMRNAs as
described previously (13).

Chromatin immunoprecipitation assay (Ch1P) ChlIP assays were performed using a ChIP
Assay kit (Upstate Cell Signaling Solutions, Lake Placid, NY) according to the manufacturer’s
instructions. HepG2 were transfected with pcDNAgz empty vector or Flag-Prox1 and chromatin
was cross-linked in 1% formaldehyde and sonicated as reported previously (24). Cell lysate
solution (5%) in ChIP dilution buffer was kept aside as “input”. Ten ng HNF4a antibody (Santa
Cruz Biotechnology) or anti-Flag antibody (Sigma) was added to precipitate DNA-protein
complexes and non-immune 1gG was used as a control. A 391-bp DNA fragment (-432 to -41)
containing the BARE-I and BARE-II of the CYP7AL promoter was PCR amplified for 30
cycles using 5 ul of the DNA as template and analyzed on a 1.5% agarose gel. PCR primers
for amplification were as follows: 5-ATCACCGTCTCTCTGGCAAAGCAC-3'; reverse
primer: 5-CCATTAACTTGAGCTTGGTTGACAAAG-3'.

Bile Acid analysis - The siRNA for human Prox1 and control siRNA were transfected into
HepG2 cells using Lipofect AMINE 2000 reagent (Life Technologies, Inc., Gaithersburg, MD)
according to the manufacturer’s instructions. Forty-eight hours after transfection, cells were
washed and then incubated with serum-free media for a period of time from 3 to 24 h. The
medium was collected at indicated time points and frozen at -80 °C for later analysis of bile
acids. At the end of the incubation, the cells were harvested and stored at -80 °C until use. A
Sep-Pak C18 reversed phase cartridge (Waters Associates, Inc., Milford, MA) was used for
bile acid extraction from media as described previously (25). Total bile acid concentration was
analyzed by enzymatic 3a-hydroxysteroid dehydrogenase method using total bile acid assay
kit (Bio-quant Inc., San Diego, CA) according to the manufacturer’s instruction.

Prox1 interacts with HNF4a in vivo and in vitro

The nuclear receptors that have been identified to interact with Prox1 all belong to the NR5A
subfamily (14,15,22). To identify other potential interaction partners of Prox1, we performed
yeast two-hybrid protein interaction assays using Lex A and B42 constructs available in our
laboratory. Table 1 shows that Prox1 interacted with HNF4a. This interaction is stronger than
Prox1 interaction with SF-1. On the other hand, Prox1 did not interact with TRa, TR, RXR,
RAR, GR, SHP, dosage-sensitive sex reversal, AHC critical region on the X chromosome,
gene 1 (DAX-1), and Nur77 regardless of the presence or absence of their respective ligands
(Table 1). Transcriptional repressors N-CoR and SMRT did not interact with Prox1. These
results showed that Prox1 interacts with HNF4a and NR5A family nuclear receptors.

To further confirm the results of yeast two-hybrid assay, we performed in vitro GST pull-down
assays to study Prox1 and HNF4a interaction. Consistent with yeast two-hybrid assay results,
GST-Prox1 interacted with HNF4a, but not RXR and RAR (Fig. 1A). The physical interaction
between GST-Prox1 and 35S-labeled FTF was used as a positive control (Fig. 1A). To further
verify the interaction between Prox1 and HNF4a, we performed a co-immunoprecipitation
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assay using human primary hepatocyte extracts. Cell extracts were immunoprecipitated with
an anti-HNF4a antibody. The immunoprecipitated complexes were then analyzed on an
immunoblot with anti-Prox1 antibody. As shown in Fig. 1B, anti-Prox1 antibody detected
Prox1 in the immunoprecipitates, while non-immune IgG did not. These results indicated that
Prox1 interacted with HNF4a in primary human hepatocytes, consistent with the results from
yeast two-hybrid assay and GST pull-down assay.

Mapping of the interaction regions of Prox1 and HNF4a

Co-regulators have conserved LXXLL motifs that are known to interact with the ligand binding
domain (LBD) of nuclear receptors. Prox1 has two LXXLL motifs located in the N-terminus
and another motif located in the C-terminus region. It has been reported that the N-terminal
nuclear receptor box 1 (NR1, LRKLL) is critical for interaction with FTF/LRH-1, whereas
NR2 (ISQLL) and NR3 are not essential for interaction (14,15,22). Yeast two-hybrid assay
revealed that the full-length and N-terminal amino acid residues from 1 to 312 (Prox1-NT-
WT) interacted with HNF4a (Fig. 2A). However, the C-terminal homeo and prospero domains
(Prox1-Homeo) did not interact with HNF4a. When the LRKLL sequence (NR1) was mutated
to ARKAL (Prox-NT-MT), this mutant did not interact with HNF4a. These results
demonstrated that the N-terminal region of Prox1 interacted with HNF4c and the LRKLL motif
is critical for Prox1 to interact with HNF4aq.

We then investigated which region of HNF4a was required for interaction with Prox1. A series
of deletion constructs of HNF4a were used to map the HNF4o interaction domain in yeast-two
hybrid assay. Fig. 2B shows that the full-length HNF4a (HNF4a-full) and LBD which contains
activation function 2 (AF2) domain (HNF4o-LBD) interacted with Prox1. However, the N-
terminal DBD region and a construct without AF2 (HNF4a- AAF2) did not interact with Prox1.
These results indicate that HNF4a interacts with Prox1 through the AF2 domain of HNF4a.

Prox1 is expressed in human hepatocytes

Although it has been reported that Prox1 is highly expressed in liver and pancreas (14), the
expression of Prox1 in human hepatocytes has not been reported before. Using real time
quantitative PCR, we were able to detect the mRNA expressions of CYP7A1, Prox1,
PGC-1a and several nuclear receptors that are known to regulate CYP7AL in five donor human
primary hepatocytes and HepG2 cells. Table 2 shows Ct, the threshold cycle number, for each
MRNA transcripts assayed in these hepatocytes. The mRNA expression levels were normalized
to internal reference gene UBC and the ACt values and standard deviations are shown in the
Table 2. The expression patterns of these mMRNA transcripts are similar in five donor
hepatocytes and HepG2 cells. The Ct and ACt values of CYP7AL and PGC-1a are high
reflecting low levels of MRNA expression. Those values for Prox1, HNF4o and SHP are low
indicating relatively abundant expression of these three mRNA transcripts.

Prox1 is atranscriptional repressor of HNF4a

We then studied the transcriptional activity of Prox1 in reporter assays in HepG2 cells. As
shown in Fig. 3A, ectopic expression of HNF4a increased a heterologous HNF4a-tk-luciferase
reporter activity. Addition of Prox1 substantially repressed HNF4o, transactivation activity in
a dose-dependent manner. As a negative control, a reporter construct containing 3 copies of
Nur77 response element (NurRE-Luc) was not affected by Prox1 (Fig. 3B). Since the N-
terminal domain that contains an NR1 motif is important for Prox1 to interact with HNF4a,
we performed transfection assays to test the effect of wild type and mutant Prox1 constructs
on HNF4a reporter activity. Fig. 3C shows that wild-type Prox1-Full and Prox1-NT-WT
represses HNF4a-mediated transactivation but Prox-1-NT-MT failed to repress the activity
suggesting that the N-terminal region of the LXXLL motif of Prox1 is involved in the
interaction and repression of HNF4a transactivation activity.
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Prox1 suppresses HNF4a transactivation of the human CYP7A1 gene

Recent studies have provided substantial evidences that HNF4a is an important transcription
factor that regulates liver-specific expression of CYP7A1 (4). HNF4a is the only nuclear
receptor that activates the human CYP7AL gene in transfection assays in HepG2 cells (24,
26). We thus investigated the effect of Prox1 on CYP7AL transcription. As shown in Fig. 4A,
ectopically expressed HNF4a modestly induced CYP7A1 reporter activity in HepG2 cells.
This may be due to inhibition of HNF4a transactivation of CYP7A1 activity by endogenous
Prox1. Co-expression of increasing amounts of Prox1 expression vectors caused marked
repression of human CYP7AL promoter reporter activity to a level below the basal activity.
This suggests that exogenous Prox1 could suppress CYP7A1 basal reporter activity induced
by endogenous HNF4a.

To further confirm the involvement of HNF4a in transactivation of CYP7A1 and its inhibition
by Prox1, we studied the effect of Prox1 on a reporter with a mutation in the HNF4a. binding
site (MHNF4-hCYP7A1-Luc). This reporter has a basal activity that is about 1,000-fold lower
than the wild-type reporter. Prox1 only slightly inhibited the HNF4a. site mutant reporter (Fig.
4B). Taken together, these results suggest that Prox1 interacts with HNF4a and represses
HNF4a-mediated human CYP7A1 gene expression.

Prox1 blocks HNF4a recruitment of PGC-1a to CYP7A1 chromatin

To investigate the molecular mechanism of Prox1 inhibition of HNF4q transactivation of
CYP7AL, we first performed an in vivo ChIP assay to study the effect of Prox1 on the
HNF4a binding to CYP7A1 chromatin. HepG2 cells were transfected with pcDNA3 or Flag-
Prox1 plasmid and DNA/protein complex were immunoprecipitated with an anti-Flag or anti-
HNF40 antibody as indicated for PCR amplification of the CYP7A1 promoter sequence from
-432 to -41, which contains an HNF4a binding site. Fig. 5A shows that over-expressing Prox1
in HepG2 cells does not affect HNF4a, binding to CYP7A1 chromatin (lane 2 vs Lane 3).
CYP7A1 chromatin was also detected by PCR when anti-Flag antibody was used to
immunoprecipitaed Flag-Prox1 (lane4). Since Prox1 does not bind to DNA, Prox1 must be
recruited to CYP7AL chromatin by HNF4a. This data is consistent with the results in Fig. 1.
No promoter sequence was amplified in control experiments using none-immune rabbit 19G
(lane 1). The negative control sequence from +860 to +1160 of hCYP7A1 was not amplified
by immunoprecipitation with anti-HNF4a antibody (data not shown). These results suggested
that Prox1 was associated with hCYP7A1 promoter via interaction with HNF4a and that Prox1
did not affect HNF4a binding to the CYP7A1 chromatin.

Previously we have reported that HNF4a recruits PGC-10 to CYP7AL chromatin (24). We
thus studied the effect of Prox1 on HNF4a recruitment of PGC-1a to CYP7AL chromatin.
HepG2 cells were co-transfected with HA-PGC-1o and Flag-Prox1 or pcDNA3 empty vector
(negative control) for ChlP assay using an antibody against HA. Fig. 5B shows that
HAPGC-1a was recruited to CYP7A1 chromatin (land 2) via interaction with HNF4a because
PGC-1a does not bind to DNA. Co-expression of Flag-Prox1 together with HA-PGC-1a
markedly reduced the DNA fragment immunoprecipitated with anti-HA antibody (lane 3)
indicating that Flag-Prox1 blocked HNF4a, recruitment of HAPGC-1a to CYP7A1 chromatin.
These data suggested that Prox-1 and PGC-1a might compete for binding to HNF4a. in
CYP7AL chromatin.

Prox1 and PGC-1a compete for interaction with HNF4a and regulate CYP7A1 and PEPCK
genes

We then performed transfection assay to study the effect of Prox1 on HNF4a and PGC-1a co-
activation of a heterologous reporter, 5XUASLuc and native human CYP7A1-luc and PEPCK-
Luc reporters. As shown in Fig. 6A, Gal4-HNF4a alone slightly stimulates Gal4 reporter
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activity. Addition of PGC-1a drastically stimulated Gal4 reporter activity. Addition of Prox1
dose-dependently inhibited Gal4 reporter activity. These results suggest that Prox1 strongly
inhibited HNF4a and PGC-1a transactivation activity. Fig. 6B shows that the Prox1 inhibition
of HNF4a-mediated hCYP7A1-Luc reporter activity could be reversed by expression of
PGC-1a in a dose-dependent manner. The PEPCK gene is known to be induced by HNF4a
and PGC-1a (9). We thus performed similar experiments to study effect of Prox1 on PEPCK-
Luc reporter activity. Fig. 6C shows that HNF4a stimulation of PEPCK-Luc reporter activity
was repressed by Prox1 and increasing amounts of PGC-1a reversed the repressive effect of
Prox1. These results further support that direct interaction between Prox1 and HNF4a
prevented the recruitment of co-activator, PGC-1a to stimulate HNF4a transactivation of the
CYP7AL and PEPCK genes.

Knock-down of Prox1 increase CYP7ALl and PEPCK expression in HepG2 cells

To further confirm the role of endogenous Prox1 in HNF4a function, we examined the mRNA
expression of HNF4a target genes (CYP7AL and PEPCK) in HepG2 cells upon knock-down
of Prox1 using Prox1 siRNA. We transfected Prox1 oligonucleotide siRNA in HepG2 cells
and analyzed protein and mRNA expression of the Prox1, and the effect on CYP7A1 and
PEPCK mRNA expression levels by real-time PCR. Among four different regions of human
Prox1 siRNA we have tested, sSiRNA against the N-terminal region (nt 1009-1027;
GGGCCAAACTCCTTACAAC) and the C-terminal region (nt
2096-2114,GCAAAGATGTTGATCCTTC) were found to efficiently knock-down Prox1
protein expression in HepG2 cells as shown by Western blot analysis (Fig. 7A). A control
siRNA, which has the same G-C content but different sequence from the siRNA probe #2 did
not affect Prox1 protein expression. Real time PCR assay shows that the siRNA #1 and #2
decreased Prox1 mRNA expression by about 50%, but increased CYP7AL expression by 2.53-
and 2.59-fold, and PEPCK expression by 1.75- and 2.28-fold, respectively (Fig. 7B). Prox1
siRNA had no effect on HNF4a and cyclophilin BmRNA expression levels. These data support
that Prox1 siRNA specifically knockdown Prox1 expression and results in induction of the
HNF4q target genes CYP7AL and PEPCK in HepG2 cells.

Knock-down of Prox1 increases the rate of bile acid synthesis

To confirm whether knock-down of Prox1 expression affects the rate of bile acid synthesis,
we analyzed the total bile acid synthesized in HepG2 cells. Knock-down of Prox1 mRNA
expression levels resulted in increasing total bile acid synthesis by about 50% in Prox1 knock-
down cells compared to control cells (Fig. 8), indicating that Prox1 negatively regulated bile
acid synthesis in hepatocytes.

Discussion

Bile acid synthesis is tightly regulated under physiological conditions to protect the liver from
accumulation of highly toxic bile acids. Under normal physiological conditions, expression of
CYP7A1 must be suppressed by various factors including insulin, glucagon, bile acids and
cholesterol in the human (13). Nuclear receptors and co-regulators apparently play important
roles in regulation of CYP7AL gene transcription (27). Prox1 is constitutively expressed at
high levels in adult livers and may be the major repressor of CYP7AL1 gene transcription in
human hepatocytes.

This study revealed a strong and specific interaction between Prox1 and HNF4a. by yeast two-
hybrid assay, in vivo coimmunoprecipitation assay using human primary hepatocytes, and in
vitro GST pull-down assay. Our results indicate that Prox1 directly interacts with HNF4a via
the N-terminal LXXLL motif of Prox1 and C-terminal AF2 domain of HNF4a. Co-regulators
are known to interact with nuclear receptors via interaction of the LXXLL motif of co-
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regulators and the AF2 domain of nuclear receptor (8,28). However, the interaction of Prox1
with FTF also requires helices 2 and 10 of the LBD of FTF (15). Thus, it is likely that the
interaction domain of Prox1 might be quite diverse compared with other nuclear receptors to
allow interaction with various co-regulators such as SHP (29,30). It is noted that Prox1 may
inhibit HNF4o and FTF by somewhat different mechanisms. Prox1 impairs the FTF binding
to DNA (15) while our data show that Prox1 does not affect HNF4a binding to CYP7A1
chromatin as demonstrated by ChIP assays (Fig. 5). Our results suggest that Prox1 competes
with PGC-1a for interaction with HNF4a and thus counteracts PGC-1a co-activating activity.
This is because both Prox1 and PGC-1a interacts with the AF2 domain of HNF4a. Competition
for binding and squelching of the limited co-activators could be a common mechanism for the
negative regulation of gene transcription by nuclear receptors. In accordance with this scenario,
increasing the amounts of PGC-1a could counteract Prox1-mediated repression of HNF4a
activity. Conversely, increasing the amounts of Prox1 may interfere with PGC-1a co-activation
of HNF4a activity. Thus, our finding that Prox1 interferes with the co-activator recruitment of
HNF4a provides a novel mechanism for Prox1 repression of CYP7A1 gene transcription.
Moreover, knockdown of Prox1 expression in a hepatocyte cell line increased CYP7A1 mRNA
expression and a corresponding increase in bile acid synthesis (Fig.7 and 8). This study reveals
a new biological function of Prox1, which has previously been shown to play an essential role
for lymphatic system (19,31) and lens (18) development, in hepatocytes.

Itis believed that FTF is an activator of gene transcription. More recent studies support that
FTF is a negative transcription factor in vivo because ablation of one FTF allele strongly
induced CYP7AL and CYP8B1 mRNA expression in mouse liver (32). Reporter assays in
HepG2 cells also suggest that FTF is a repressor of the human CYP7A1 gene (26). The repressor
function of FTF can now be explained by the presence of high levels of Prox1 and low levels
of PGC-1a in hepatocytes. It is noteworthy that the tissue expression patterns of Prox1 (14),
FTF (14) and HNF4a (5) are similar. They all express very early in embryogenesis and
expression in liver and pancreas is conserved throughout the vertebrates suggesting the spatial
and temporal correlation of Prox1, FTF and HNF4a in regulation of development and function
of the liver and pancreas. Prox1, PGC-1a, FTF and HNF4o. play central roles in regulation of
the CYP7Aland CYP8BL in bile acid synthesis, and PEPCK in gluconeogenesis. These factors
play critical roles in regulating a variety of metabolic pathways that are involved in
pathogenesis of diabetes (33). It is interesting that the putative endogenous ligands for FTF
and HNF4a are phospholipids and fatty acids, respectively (34-36). The relative expression
levels of these nuclear receptors as well as their co-regulators Prox1 and PGC-1a may regulate
lipid homeostasis. A recent report suggests that Prox1 may play a role in adult-onset obesity
(37). PGC-1a is greatly induced in the liver of streptozotocin-injected mice, a model of type
1 diabetes of insulin deficiency (9), and in ob/ob mice, a model of type 2 diabetes of insulin
resistance (38). PGC-1a and HNF4a induce PEPCK, the rate-limiting enzyme in
gluconeogenesis, to prevent hypoglycemia during starvation (9). On the other hand, Prox1
interaction with HNF4o may down regulate PEPCK gene expression to prevent hyperglycemia
during the postprandial period. Thus, regulation of PEPCK gene expression by HNF4a and its
co-activators and co-repressors may play a critical role in obesity and diabetes in humans.

In conclusion, here we provide direct experimental evidences that Prox1 acts as a novel co-
repressor of nuclear receptor HNF4a. Prox1-mediated repression of HNF4a transactivation
may play an important role in the regulation of HNF4a target genes. The intricate regulatory
circuitry of Prox1, PGC-1a, HNF4a, SHP and FTF may maintain lipid and glucose homeostasis
and prevent diabetes and obesity.
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MODY1
maturity onset diabetes of the young type 1
SRC-1
steroid receptor co-activator 1
Chip
Chromatin immunoprecipitation
Q-PCR
Real-time Quantitative PCR
AF2
activation function 2
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WB: anfi Prexl

WB: anti-HI e,

GST pull-down and co-immunoprecipitation assays of Prox1 interaction with HNF4a. A. GST
pull-down assay. Purified GST alone (negative control) or GST-Prox1 bound to glutathione-
Sepharose beads were incubated with 35S-labeled HNF40, RXR, RAR, and FTF (positive
control). The reactions were analyzed by SDS-polyacrylamide gel electrophoresis and bound
proteins were visualized by autoradiography. The input represents 10% of the labeled proteins
used for the pull-down assay. B. Co-immunoprecipitation assay. Protein extracts were prepared
from human primary hepatocytes and immunoprecipitated with anti-HNF4o antibody or non-
immune serum (1gG, as control). Immunoprecipitated proteins were resolved on SDS-
polyacrylamide gel and analyzed by immunoblotting with anti-Prox1 and anti-HNF4a
antibodies. Data represent one of three separate experiments.
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Fig. 2.

Mapping of interaction domains between Prox1 and HNF4a. A. Prox1 N-terminal LRKLL
motif (NR1) of Prox1 is required for HNF4a interaction. Various LexA-Prox1 constructs, as
indicated in the upper panel, were co-transformed with B42 (-) or B42-HNF4a. (+) into EGY48
yeast cells. B. The ligand binding domain of HNF4a interacts with Prox1. LexA (-) or LexA-
Prox1 (+) and various B42-HNF4a constructs, as indicated upper panel were co-transformed
into EGY48 yeast cells. Transformants were selected on plates with appropriate selection
marker, and the B-galactosidase activity was measured. The results shown are the mean of p-
galactosidase value from five independent transformant colonies. DBD, DNA-binding domain;
LBD, ligand-binding domain; AF2, activation function 2.
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Fig. 3.

Prox1 abrogates HNF4a-mediated transactivation. A. HepG2 cells were co-transfected with
the pHNF4a-tk-Luc reporter (200 ng) along with the HNF4a expression plasmid (200 ng) and
increasing amount of Prox1 expression plasmid (10, 50 and 100 ng). B. HepG2 cells were
cotransfected with the Nur77 response element-Luc reporter (NurRE-Luc reporter, 200 ng)
along with the Nur77 plasmid (100 ng) and increasing amount of Prox1 plasmid (10, 50 and
100 ng). C. HepG2 cells were co-transfected with the pHNF4a-tk-Luc reporter (200 ng) along
with the HNF4a plasmid (200 ng) and increasing amount of Prox1-Full, Prox1-NT-WT (aa
1-312), Prox1-NT-MT (aa 1-312, mutations that convert LRKLL (aa70-74) to ARKAL)
expression plasmids (10, 50 and 100 ng). Luciferase activity was normalized to f-galactosidase
activity. All experiments were done in duplicates and data represent the mean + SD of three
individual experiments.
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Fig. 4.

Prox1 represses CYP7AL promoter activity through the HNF4o. response element. A. HepG2
cells were co-transfected with the human CYP7A1 promoter reporter (h\CYP7A1-Luc, 200 ng)
along with the HNF4o plasmid (200 ng) and increasing amounts of Prox1 plasmid (10, 50 and
100 ng). B. HepG2 cells were transfected with a human CYP7AL promoter reporter with
HNF4a-binding site mutation (MHNF4-hCYP7A1-Luc, 200 ng) and increasing amounts of
Prox1 plasmid (10, 50 and 100 ng). Luciferase activity was normalized to -galactosidase
activity. All experiments were done in duplicates and data represent the mean = SD of three
individual experiments.
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Chromatin immunoprecipitation assays of Prox1, HNF4a and PGC-1a binding to the human
CYP7A1 gene. A. HepG2 cells were transfected with pcDNA3 empty vector (negative control)
or Flag-Prox1 expression plasmid and subjected to formaldehyde cross-linking. Chromatin
fragments were prepared by sonication and immunoprecipitated (IP) with anti-HNF4a or anti-
Flag antibody, and promoter sequence containing HNF4a binding element was analyzed by
PCR using primer sets specific for the CYP7AL promoter. Cell lysate solution (5%) in ChIP
dilution buffer was kept aside as “Input”. B. HepG2 cells were transfected with HA-PGC-1a
alone or HA-PGC-1a together with Flag-Prox1 expression plasmid. Chromatin was
immunoprecipitated with anti-HA antibody and DNA sequence containing HNF4a binding
element was analyzed by PCR. Data represent one of three separate experiments.
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Fig. 6.

Effects of Prox1 on HNF4a and PGC-1a co-activation of gene transcription. A. pGAL4-
HNF4a (200 ng) was co-transfected with PGC-1a (100 ng) and increasing amounts of Prox1
plasmid (50 and 100 ng) into HepG2 cells as indicated. B. HepG2 cells were co-transfected
with a human CYP7A1 promoter reporter (h\CYP7A1-Luc) and increasing amounts of Prox1
plasmid (10, 50 and 100 ng; +, 50 ng) or PGC-1a plasmid (50, 100, and 200 ng) as indicated.
C. HepG2 cells were transfected with a human PEPCK promoter reporter (PEPCK-Luc) (200
ng) along with the HNF4a plasmid (200 ng) and increasing amounts of Prox1 plasmid (10, 50
and 100 ng; +, 50 ng) or PGC-1a (50, 100 and 200 ng) as indicated. Luciferase activity was
normalized to B-galactosidase activity. All experiments were done in duplicates and data
represent the mean + SD of three individual experiments.
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Fig. 7.

The siRNA knockdown of Prox1 increases the expression of CYP7AL and PEPCK mRNA in
HepG2 cells. A. HepG cells were transfected with the Prox1 siRNA #1, #2 and control siRNA.
The effects of sSiRNAs on the Prox1 expression were measured by Western blot analysis. Actin
expression was used as a loading control. Data represent one of three separate experiments,
varies from 35 to 88% reduction of protein expression. B. HepG cells were transfected with
the Prox1 siRNA #1, #2 and control siRNA. Total RNA was isolated for real-time quantitative
PCR analysis of Prox1, CYP7A1, PEPCK, HNF4a and Cyclophilin B (CycB) mRNA levels.
Data show relative mRNA expression of Prox1 siRNA treated to the control siRNA treated
samples. Data represent the mean + SD of at least three individual experiments.
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Fig. 8.

Knock-down of Prox1 increases the rate of bile acid synthesis. HepG2 cells were transfected
with Prox1 siRNA and control siRNA and total bile acid were extracted from the media at the
indicated times. The amount of total bile acid was determined by enzymatic 3a-hydroxysteroid
dehydrogenase method and expressed as nmol/ug protein. The data represent one of three
independent experiments.
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TABLE 1
Interaction of Prox1 with nuclear receptors in yeast two-hybrid interaction assay
LexA B42 Interaction!
Prox1 - -
- Prox1 -
TRa Prox1 -
TRP Prox1 -
GR Prox1 -
RAR Prox1 -
RXR Prox1 -
SHP Prox1 -
DAX-1 Prox1 -
N-CoR Prox1 -
SMRT Prox1 -
Prox1 Nur77 -
Prox1 SF-1 +++
Prox1 HNF4a e
SHP HNF4a et

“-” Indicates no interaction; number of “+” indicates strength of interaction.
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Quantitative real time PCR analysis of mMRNA expression levels of CYP7A1, nuclear receptors and co-regulators
in human primary hepatocytes and HepG2 cells.

HH1201 HH1205 HH1209 HH1247 HH1248 HepG2

UBC Ct£SD¢, 20.6x0.3 19.8+0.3 19.9+0.05 22.7+0.03 21.6+0.08 20.9+0.07
CYP7A1 Ct+SD. 30.4+0.09 25.0£0.19 29.2+0.05 35.9+0.49 35.5+0.31 31.2+0.03
ACt+SD ¢ 9.7+0.31 4.9+0.36 9.3+0.07 13.1+0.49 13.4+0.32 10.2+0.076

t
PGC-1a Ct+SD¢, 27.7+0.09 24.4+0.01 27.4+0.02 28.2+0.02 28.3+0.03 27.8+0.09
ACt£SD )¢ 7.0+0.31 4.3+0.3 7.5+0.05 5.5+0.04 6.7+0.09 6.8+0.11

t
FXR: Ct+SD¢, 26.1+0.4 22.8+0.4 23.3+0.07 26.1+0.05 24.8+0.04 27.8+0.3
ACt+SD \¢ 5.5+0.5 2.7+0.5 3.4+0.07 3.4+0.06 3.2+0.09 6.7+0.3

t
FTF Ct+SD¢, 24.4+0.03 24.2+0.5 24.2+0.03 27.2+0.03 06.3+0.08 25.8+0.08
ACt£SD \c 3.7+0.3 4.1+0.58 4.3+0.06 4.5+0.04 4.7£0.11 4.9+0.11

t
PROX1 Ct£SD¢, 24.8+0.23 23.9+0.2 24.2+0.08 26.1+0.08 25.3+0.08 24.1+0.03
ACt£SD ¢ 4.2+0.38 3.8+0.36 4.3+0.09 3.4+0.09 3.7+0.11 3.1+0.08

t
HNF4a Ct+SD¢, 24.6+0.01 21.4+0.08 21.9+0.01 25.2+0.02 23.4+0.04 23.8+0.05
ACt£SD \¢ 3.9+0.3 1.3+0.31 2.0+0.05 2.5+0.04 1.8+0.09 2.8+0.08

t
SHP Ct£SD¢, 24.4%+0.03 21.7+0.4 23.4+0.1 25.7+0.07 23.9+0.14 21.8+0.07
ACt£SD ¢ 3.7+0.3 1.6£0.5 3.5+0.11 3.0+0.08 2.3+0.16 0.9+0.10

t

Five donor liver hepatocytes (HH1201, HH1205, HH1209, HH1247, HH1248) and HepG2 cells were analyzed for mMRNA expression levels as described
under material and methods. ACt was calculated by subtracting Ct of ubiquintin C (UBC) from Ct of target genes. ACt: Ct of target - Ct of UBC;

SDACt : Square Root [(SD of Ct of UBC)2 +(SD of target)z]
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