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Prox1, an early specific marker for developing liver and pancreas
in foregut endoderm has recently been shown to interact with a-fe-
toprotein transcription factor and repress cholesterol 7a-hydroxy-
lase (CYP7A1) gene transcription. Using a yeast two-hybrid assay,
we found that Prox1 strongly and specifically interacted with hepa-
tocyte nuclear factor (HNF)4«, an important transactivator of the
human CYP7A1 gene in bile acid synthesis and phosphoenolpyru-
vate carboxykinase (PEPCK) gene in gluconeogenesis. A real time
PCR assay detected Prox]1 mRNA expression in human primary
hepatocytes and HepG2 cells. Reporter assay, GST pull-down, co-
immunoprecipitation, and yeast two-hybrid assays identified a spe-
cific interaction between the N-terminal LXXLL motif of Prox1 and
the activation function 2 domain of HNF4a. Prox1 strongly inhib-
ited HNF4a and peroxisome proliferators-activated receptor 7y
coactivator-la co-activation of the CYP7A1 and PEPCK genes.
Knock down of the endogenous Prox1 by small interfering RNA
resulted in significant increase of CYP7A1l 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 HNF4« that
may play a key role in the regulation of bile acid synthesis and glu-
coneogenesis in the liver.

CYP7A1” catalyzes the first and rate-limiting step in the conver-
sion of cholesterol to bile acids and plays an important role in main-
taining 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 CYP7A1 gene transcription
is feedback inhibited by bile acids returning to the liver via entero-
hepatic circulation of bile (1). Recent studies have identified farne-
soid X receptor (NR1H4) as a bile acid-activated receptor that
induces an atypical nuclear receptor small heterodimer partner
(SHP, NROB2), which interacts with FTF (NR5A2) and HNF4«
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(NR2A1) bound to an overlapping sequence located in the bile acid
response element IT (—144/—126) and represses CYP7A1 gene tran-
scription (2). However, the molecular mechanism by which FTF and
HNF4« 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 knock-out of
the HNF4«a gene in mouse liver caused accumulation of lipids in the
liver, markedly reduced serum cholesterol and triglycerides, and
increased serum bile acids (4). CYP7A1, Na™*-taurocholate co-transport
peptide, organic anion transporter 1, apolipoprotein B100, and scav-
enger 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). HNF4« is involved in
diabetes; mutation of the HNF4« gene causes maturity onset diabetes of
the young type 1 (MODY1) (6). HNF4« regulates the HNFla gene, a
MODY 3 gene (7).

The transcriptional activities of nuclear receptors are largely depend-
ent on ligand binding and activation. Nuclear receptors interact with
co-regulators and regulate their target genes in a tissue- and gene-spe-
cific 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 glucocorti-
coids and glucagon to induce PEPCK, a rate-limiting enzyme in glu-
coneogenesis (10). It has been reported that PGC-la co-activates
HNF4« and induces CYP7A1 gene transcription during starvation in
mice (11). It has been suggested that bile acid synthesis and gluconeo-
genesis may be coordinately regulated in fasted-to-fed cycle (12). Our
recent study (13) shows that glucagon and cAMP inhibit CYP7A1 by
inducing phosphorylation of HNF4a.

Prox1 has recently been identified as a co-repressor of FTF/LRH-1 by
yeast two-hybrid screening (14, 15). Prox1l 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 func-
tion to lens and lymphatic system development (18, 19). More recent
studies (20, 21) indicate that Prox1 is required for hepatocyte migration
in developing liver and pancreas in the mammalian foregut endoderm.
Prox1 interacts with the NR5 subfamily of nuclear receptors including
Ff1b (NR5A4), a zebrafish homologue of nuclear receptor, steroido-
genic factor 1 (NR5A1) (22), and FTF (14, 15) and represses their
transactivation activity. We hypothesized that Prox1 may interact
with HNF4« and suppressed CYP7A1 gene transcription. To test
this hypothesis, we used yeast two-hybrid assay to study the interaction
between Proxl and HNF4«a and studied the effect of Proxl on the
HNF4« transactivation of the human CYP7A1 gene. Our findings pro-
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vide 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-year-old male; HH1205, 45-year-old male;
HH1209 50-year-old female; HH1234, 56-year-old male; HH1247,
3-year-old male; HH1248, 42-year-old female) and were obtained from
the Liver Tissue Procurement and Distribution System of National
Institutes of Health (S. Strom, University of Pittsburgh, PA). The HepG2
cells were obtained from the American Type Culture Collection (Man-
assas, VA). Cells were maintained as described previously (13).

Plasmids—The mammalian expression plasmids for HNF4«, Nur77,
PGC-1a, Flag-Prox1, Gal4-HNF4«, pHNF4a-tk-Luc reporter, NurRE-
Luc, 5X upsteam activating sequence-Luc and human CYP7A1 pro-
moter luciferase reporters were as described previously (14, 23, 24).
Human PEPCK promoter luciferase reporter was generously provided
by Dr. Richard Hanson (Case Western Reserve University, Cleveland,
OH). The various deletion constructs of Prox1 (Prox1-NT-WT, amino
acids 1-312; Prox1-NT-MT, amino acids 1-312, alanine mutations
were introduced to convert LRKLL (amino acids 70-74) to ARKAL;
Proxl-Homeo (amino acids 313-736)) and HNF4a (HNF4a-NT,
amino acids 1-128; HNF4«-LBD, amino acids 129 —-455; HNF4«a-
AAF2, amino acids 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.). For bacterial
expression, GST-fused Prox1 was constructed by inserting EcoRI-Xhol
fragments of Prox1 from B42-Prox1 into pGEX4T-1 vector (Amersham
Biosciences). All the clones were confirmed by sequencing analysis.

GST Pull-down Assay—[**S]Methionine-labeled proteins were pre-
pared by in vitro translation using the TNT-coupled transcriptional
translation system with conditions as described by the manufacturer
(Promega). GST-fused Prox1 (GST-Prox1) was expressed in the Esche-
richia coli BL21 (DE3) strain and purified using glutathione-Sepharose
4B beads (Pharmacia, Piscataway, NJ). In vitro protein-protein interac-
tion assays were carried out as described (23).

Co-immunoprecipitation Assay—The cell extracts of human primary
hepatocytes were precleared with whole rabbit serum adsorbed on Pro-
tein A-Sepharose beads (Amersham Biosciences) and subsequently
subjected to immunoprecipitation with 10 ug of anti-HNF4«a or non-
immune serum (IgG) 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*-deoxy—
cholate, 150 mMm NaCl, 1 mMm 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 nitrocel-
lulose membrane (Amersham Biosciences). Enhanced chemilumi-
nescence Western blotting (Amersham Biosciences) was performed
according to the manufacturer’s instructions. Proxl1 and HNF4«
proteins were detected by incubation of blots with an anti-Prox1
antibody (1:2000 dilution; Upstate, Lake Placid, NY) and anti-
HNF4« antibody (1:2000 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 bind-
ing site. B-Galactosidase activity expressed on the plates was assayed as
described previously (23). For assay of thyroid hormone receptor, glu-
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cocorticoid receptor, retinoid X receptor, and retinoic acid receptor,
100 wl of 1 um stock solution of the appropriate ligands (T3, dexam-
ethasone, 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 (Invitrogen) according to the manufacturer’s instructions.
The total DNA used in each transfection was adjusted by adding the appro-
priate amount of pcDNA3 vector. Luciferase activities are expressed as
relative luciferase unit/B-galactosidase activity as described previously (23).

Small Interfering RNA (siRNA) Experiments—The SMART pool siR-
NAs for human Proxl were purchased from Dharmacon Research
(Lafayette, Co) and transfected into HepG2 cells using Lipofectamine
2000 reagent 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
mRNA. Two of them were tested to be effective in knockdown Prox1 in
HepG2 cells. The siRNA sequences are: siRNA#1, nucleotides 1009 —
1027, GGGCCAAACTCCTTACAAGC; siRNA#2 nucleotides 2096 —
2114, GCAAAGATGTTGATCCTTC. The control siRNA probe is a
scrambled siRNA that was designed to have the same G-C content as
the siRNA#2 but did not display sequence identity with Proxl:
GATCGTGTGTAGTTCATAACC.

RNA Isolation and Real Time Quantitative PCR—HepG?2 cells was
transfected with synthesized siRNA of human Prox1 and total RNA was
isolated using Tri-reagent (Sigma, St. Louis, MO) according to the man-
ufacturer’s instruction. Reverse-transcription and real time quantitative
PCR were performed to detect Prox1, CYP7A1, PEPCK, HNF4«, and
cyclophilin B mRNAs as described previously (13).

Chromatin Immunoprecipitation (ChIP) Assay—ChIP 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 pcDNA3 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 ug of HNF4« antibody (Santa
Cruz Biotechnology) or anti-FLAG antibody (Sigma) was added to
precipitate DNA-protein complexes, and non-immune IgG was used as
a control. A 391-bp DNA fragment (—432 to —41) containing the
BARE-I and BARE-II of the CYP7A1 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'-ATCAC-
CGTCTCTCTGGCAAAGCAC-3';reverse primer, 5'-CCATTAACT-
TGAGCTTGGTTGACAAAG-3'.

Bile Acid Analysis—The siRNA for human Prox1 and control siRNA
were transfected into HepG2 cells using Lipofectamine 2000 reagent
according to the manufacturer’s instructions. Forty-eight hours after
transfection, cells were washed and then incubated with serum-free
medium for a period of time from 3 to 24 h. The medium was col-
lected 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 car-
tridge (Waters Associates, Inc., Milford, MA) was used for bile acid
extraction from media as described previously (25). Total bile acid con-
centration was analyzed by enzymatic 3a-hydroxysteroid dehydrogen-
ase method using total bile acid assay kit (Bio-quant Inc., San Diego, CA)
according to the manufacturer’s instruction.
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RESULTS

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 Proxl, we performed yeast two-hybrid protein interaction
assays using LexA and B42 constructs available in our laboratory. Table 1
shows that Prox1 interacted with HNF4«. This interaction is stronger
than Prox1 interaction with steroidogenic factor 1. On the other hand,
Prox1 did not interact with thyroid hormone receptor «, thyroid hor-
mone receptor f3, retinoid X receptor, retinoic acid receptor, glucocor-
ticoid receptor, 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). Transcrip-
tional repressors N-CoR and SMRT did not interact with Prox1. These
results showed that Proxl interacts with HNF4a and NR5A family
nuclear receptors.

To further confirm the results of the yeast two-hybrid assay, we per-
formed in vitro GST pull-down assays to study Prox1 and HNF4« inter-
action. Consistent with yeast two-hybrid assay results, GST-Prox1l
interacted with HNF4« but not retinoid X receptor and retinoic acid
receptor (Fig. 14). The physical interaction between GST-Prox1 and
#°S-labeled FTF was used as a positive control (Fig. 14). To further verify
the interaction between Prox1 and HNF4«, we performed a co-immu-
noprecipitation assay using human primary hepatocyte extracts. Cell
extracts were immunoprecipitated with an anti-HNF4« antibody. The
immunoprecipitated complexes were then analyzed on an immunoblot

TABLE 1

Interaction of Prox1 with nuclear receptors in yeast two-hybrid
interaction assay

—, indicates no interaction; number of + indicates strength of interaction.

LEXA B42 Interaction

Prox1 - -

- Prox1 -
Thyroid hormone receptor o Prox1 -
Thyroid hormone receptor 8 Prox1 -
Glucocorticoid receptor Prox1 -
Retinoic acid receptor « Prox1 -
Retinoid X receptor a Prox1 -
SHP Prox1 -
DAX-1 Prox1 -
N-COR Prox1 -
SMRT Prox1 -
Prox1 NUR77 -
Prox1 SF-1 +++
Prox1 HNF4«a ++++
SHP HNF4a +++

Input GST GST-Proxl
= HNFde 55
- | RXR 95 »
:[ 51 %
(=] | FTF

Prox1 Regulation of CYP7A1

with anti-Prox1 antibody. As shown in Fig. 1B, the anti-Prox1 antibody
detected Prox1 in the immunoprecipitates, whereas non-immune IgG
did not. These results indicated that Prox1 interacted with HNF4« 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-regu-
lators have conserved LXXLL motifs that are known to interact with the
ligand binding domain (LBD) of nuclear receptors. Prox1l 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). The yeast two-hybrid assay revealed that the full-length and N-ter-
minal amino acid residues from 1 to 312 (Prox1-NT-WT) interacted
with HNF4« (Fig. 2A). However, the C-terminal homeo and prospero
domains (Prox1-Homeo) did not interact with HNF4«. 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 HNF4« and the LRKLL
motif is critical for Prox1 to interact with HNF4«a.

We then investigated which region of HNF4« was required for inter-
action with Prox1. A series of deletion constructs of HNF4« were used
to map the HNF4« interaction domain in yeast-two hybrid assay. Fig. 2B
shows that the full-length HNF4a (HNF4a-full) and LBD, which con-
tains activation function 2 (AF2) domain (HNF4«-LBD), interacted
with Prox1. However, the N-terminal DBD region and a construct with-
out AF2 (HNF4a-AAF2) did not interact with Prox1. These results indi-
cate that HNF4« 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-1e, and several nuclear receptors
that are known to regulate CYP7AL1 in five donor human primary hepa-
tocytes 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 S.D. are shown in the Table 2. The expression pat-
terns of these mRNA transcripts are similar in five donor hepatocytes
and HepG2 cells. The Ct and ACt values of CYP7A1 and PGC-1a are
high, reflecting low levels of mRNA expression. Those values for Prox1,

L

Input  IgG  HNF4a

—— —

WB: anti-Prox1

WB: anti-HNF4a

FIGURE 1. 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 3*S-labeled HNF4q, retinoid X receptor (RXR), retinoic acid receptor (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 (/P) with anti-HNF4« antibody or
non-immune serum (IgG, 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. WB, Western blot.
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FIGURE 2. Mapping of interaction domains between Prox1 and HNF4a. A, Prox1 N-terminal LRKLL motif (NRT) of Prox1 is required for HNF4« interaction. Various LexA-Prox1
constructs, as indicated in the upper panel, were co-transformed with B42 (—) or B42-HNF4« (+) into EGY48 yeast cells. B, the ligand binding domain (LBD) of HNF4« interacts with
Prox1. LexA (—) or LexA-Prox1 (+) and various B42-HNF4« 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 B-galactosidase value from five independent transformant

colonies. DBD, DNA binding domain.

TABLE 2

Quantitative real time PCR analysis of mRNA expression levels of CYP7A1, nuclear receptors, and co-regulators in human primary

hepatocytes and HepG2 cells

Five donor liver hepatocytes (HH1201, HH1205, HH1209, HH1247, HH1248) and HepG2 cells were analyzed for mRNA expression levels as described under “Experimental
Procedures.” ACt was calculated by subtracting Ct of ubiquintin C (UBC) from Ct of target genes. (Ct, Ct of target — Ct of UBC; S.D. y,, square root ((S.D. of Ct of UBC)?* +

(S.D. of target)?).

HH1201 HH1205 HH1209 HH1247 HH1248 HepG2
UBC Ct+ SD.g, 206 + 0.3 19.8+0.3 19.9 + 0.05 22.7 * 0.03 21.6 + 0.08 209 + 0.07
CYP7A1 Ct+ SD.c, 304 + 0.09 25.0 + 0.19 292 + 0.05 35.9 + 0.49 355 + 0.31 31.2 + 0.03
ACt + S.D.ye 9.7 +0.31 4.9 + 036 9.3 * 0.07 131+ 049 13.4 + 0.32 10.2 + 0.076
PGC-la Ct+ SD.g, 27.7 + 0.09 24.4 + 0.01 27.4 + 0.02 28.2 + 0.02 283 + 0.03 27.8 + 0.09
ACt + S.D.5, 7.0+ 0.31 43+03 75+ 0.05 55+ 0.04 6.7 = 0.09 6.8+ 0.11
FXR Ct+S.D.q 26.1 + 0.4 22.8 =04 233 * 0.07 26.1 = 0.05 24.8 + 0.04 278+ 03
ACt + S.D.5¢, 55+ 05 27+ 05 3.4+ 0.07 3.4+ 0.06 3.2+ 0.09 6.7 +0.3
FTF Ct+ S.D.c, 24.4 + 0.03 242+ 0.5 24.2 * 0.03 27.2 * 0.03 06.3 + 0.08 25.8 = 0.08
ACt + S.D.yc 37+03 4.1+ 058 4.3+ 0.06 4.5+ 0.04 4.7 +0.11 49 +0.11
Prox1 Ct+SD.g, 24.8 + 0.23 23.9 + 0.2 24.2 + 0.08 26.1 * 0.08 253 + 0.08 24.1 * 0.03
ACt + S.D.,, 4.2 038 3.8+ 0.36 4.3 * 0.09 3.4+ 0.09 37 +011 3.1+ 0.08
HNF4a Ct+SD.q 24.6 + 0.01 214+ 0.08 21.9 + 0.01 25.2 * 0.02 23.4 + 0.04 23.8 = 0.05
ACt + S.D.5¢, 39+03 1.3+ 031 2.0 * 0.05 25+ 0.04 1.8+ 0.09 2.8 + 0.08
SHP Ct+ SD.c, 24.4 + 0.03 217 + 0.4 234+ 0.1 25.7 * 0.07 23.9 + 0.14 21.8 * 0.07
ACt + S.D.yc 37+03 1.6+05 35+ 0.11 3.0 = 0.08 23 +0.16 0.9+ 0.10

HNF4«, and SHP are low, indicating a relatively abundant expression of
these three mRNA transcripts.

Prox1 Is a Transcriptional Repressor of HNF4a—We then studied the
transcriptional activity of Prox1 in reporter assays in HepG2 cells. As
shown in Fig. 34, ectopic expression of HNF4« increased a heterolo-
gous HNF4a-tk-luciferase reporter activity. Addition of Prox1 substan-
tially repressed HNF4« 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). Because the N-terminal domain that contains an NR1 motif is
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important for Prox1 to interact with HNF4«, we performed transfection
assays to test the effect of wild-type and mutant Prox1 constructs on
HNF4« 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 HNF4« transactivation activity.

Prox1 Suppresses HNF4o Transactivation of the Human CYP7A1
Gene—Recent studies have provided substantial evidence that HNF4«
is an important transcription factor that regulates liver-specific expres-
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sion of CYP7A1 (4). HNF4« is the only nuclear receptor that activates
the human CYP7A1 gene in transfection assays in HepG2 cells (24, 26).
We thus investigated the effect of Prox1 on CYP7A1 transcription. As
shown in Fig. 44, ectopically expressed HNF4a modestly induced
CYP7ALI reporter activity in HepG2 cells. This may be because of inhi-
bition of HNF4« transactivation of CYP7A1 activity by endogenous
Prox1. Co-expression of increasing amounts of Prox1 expression vec-
tors caused marked repression of human CYP7A1 promoter reporter
activity to a level below the basal activity. This suggests that exogenous
Prox1 could suppress CYP7A1 basal reporter activity induced by endog-
enous HNF4a.

To further confirm the involvement of HNF4« in transactivation
of CYP7A1 and its inhibition by Prox1, we studied the effect of Prox1 on
a reporter with a mutation in the HNF4« binding site (mHNF4-
hCYP7A1-Luc). This reporter has a basal activity that is ~1,000-fold
lower than the wild-type reporter. Prox1 only slightly inhibited the
HNF4« site mutant reporter (Fig. 4B). Taken together, these results
suggest that Prox1 interacts with HNF4« and represses HNF4a-medi-
ated human CYP7A1 gene expression.

Prox1 Blocks HNF4« Recruitment of PGC-1c to CYP7A1 Chromatin—
To investigate the molecular mechanism of Prox1 inhibition of the HNF4«
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FIGURE 4. Prox1 represses CYP7A1 promoter
activity through the HNF4a response element.
A, HepG2 cells were co-transfected with the
human CYP7A1 promoter reporter (hnCYP7A1-Luc,
200 ng) along with the HNF4« plasmid (200 ng)
and increasing amounts of Prox1 plasmid (10, 50,
and 100 ng). B, HepG2 cells were transfected with
a human CYP7A1 promoter reporter with HNF4a
binding site mutation (mHNF4-hCYP7A1-Luc, 200
ng) and increasing amounts of Prox1 plasmid (10,
50and 100 ng). Luciferase activity was normalized
to B-galactosidase activity. All experiments were
doneinduplicate, and data represent the mean *+
S.D. of three individual experiments.

.—‘

transactivation of CYP7A1, we first performed an in vivo ChIP assay to
study the effect of Prox1 on the HNF4« binding to CYP7A1 chromatin.
HepG2 cells were transfected with pcDNA3 or Flag-Prox1 plasmid, and the
DNA-protein complex was immunoprecipitated with an anti-FLAG or
anti-HNF4« antibody as indicated for PCR amplification of the CYP7A1
promoter sequence from —432 to —41, which contains an HNF4« binding
site. Fig. 5A shows that overexpressing Prox1 in HepG2 cells does not affect
HNF4a binding to CYP7A1 chromatin (lane 2 versus lane 3). CYP7A1
chromatin was also detected by PCR when anti-FLAG antibody was used to
immunoprecipitated Flag-Prox1 (lane4). Because Prox1 does not bind to
DNA, Prox1 must be recruited to CYP7A1 chromatin by HNF4«. This data
is consistent with the results in Fig. 1. No promoter sequence was amplified
in control experiments using none-immune rabbit IgG (lane ). The nega-
tive control sequence from +860 to +1160 of hCYP7A1 was not amplified
by immunoprecipitation with anti-HNF4« antibody (data not shown).
These results suggested that Prox1 was associated with hCYP7A1 pro-
moter via interaction with HNF4« and that Prox1 did not affect HNF4«
binding to the CYP7A1 chromatin.

Previously we have reported that HNF4« recruits PGC-1a to CYP7A1
chromatin (24). We thus studied the effect of Prox1 on HNF4« recruitment
of PGC-1a to CYP7A1 chromatin. HepG2 cells were co-transfected with
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HA-PGC-1a and Flag-Prox1 or pcDNA3 empty vector (negative control)
for ChIP assay using an antibody against HA. Fig. 5B shows that
HA-PGC-1a was recruited to CYP7A1 chromatin (ane 2) via interaction
with HNF4«, because PGC-1a does not bind to DNA. Co-expression of
Flag-Prox1 together with HA-PGC-1a markedly reduced the DNA frag-
ment immunoprecipitated with anti-HA antibody (lane 3) indicating that
Flag-Prox1 blocked HNF4« recruitment of HA-PGC-1a to CYP7AL1 chro-
matin. These data suggested that Prox-1 and PGC-1a might compete for
binding to HNF4« in CYP7A1 chromatin.

Prox1 and PGC-1a Compete for Interaction with HNF4« and Regu-
late CYP7A1 and PEPCK Genes—We then performed transfection
assay to study the effect of Prox1 on HNF4« and PGC-1a co-activation

A OE - pecDNA3  Flag-Prox] Flag-Proxl
P IgG  Ab-HNF4a Ab-HNF4a Ab-Flag
~r
1 2 3 4
B or - HA-PGC-la. HA-PGC-la
pcDNA3 Flag-Prox1
Ab-HA

FIGURE 5. Chromatin immunoprecipitation assays of Prox1, HNF4«a, and PGC-1«
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 (/P) with anti-HNF4a or anti-FLAG antibody, and promoter
sequence containing HNF4« binding element was analyzed by PCR using primer sets
specific for the CYP7A1 promoter. Cell lysate solution (5%) in ChlIP 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-hemagglutinin (HA) antibody, and the DNA sequence containing HNF4« binding
element was analyzed by PCR. Data represent one of three separate experiments.
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FIGURE 6. Effects of Prox1 on HNF4«a and % %3
PGC-1a co-activation of gene transcription. La5
A, pGAL4-HNF4« (200 ng) was co-transfected 5 :1
with PGC-1a (100 ng) and increasing amounts ol

of Prox1 plasmid (50 and 100 ng) into HepG2

cells as indicated. B, HepG2 cells were co-trans- 0+

fected with a human CYP7A1 promoter reporter Gal4
(hCYP7A1-Luc) and increasing amounts of Gal4-HNT4o
Prox1 plasmid (10, 50, and 100 ng; +, 50 ng) or P(l;’:':o;?
PGC-1a plasmid (50, 100, and 200 ng) as indi-
cated. C, HepG2 cells were transfected with a C
human PEPCK promoter reporter (PEPCK-Luc)
(200 ng) along with the HNF4« plasmid (200 ng) & 4]
and increasing amounts of Prox1 plasmid (10, 50, = 121
and 100 ng; +, 50 ng) or PGC-1a (50, 100, and 200 gL
ng) as indicated. Luciferase activity was normal- s % 107
ized to B-galactosidase activity. All experiments E = g
were done in duplicate, and data represent the 2 ET':
mean =+ S.D. of three individual experiments. RLU, 22 1
relative luciferase units. § 3 4
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E]
] 04
HNFda
Prox1
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of a heterologous reporter, 5X UAS-Luc and native human CYP7A1-
luc and PEPCK-Luc reporters. As shown in Fig. 64, Gal4-HNF4« alone
slightly stimulates Gal4 reporter activity. Addition of PGC-1« drasti-
cally stimulated Gal4 reporter activity. Addition of Prox1 dose-depend-
ently inhibited Gal4 reporter activity. These results suggest that Prox1
strongly inhibited HNF4a and PGC-1« transactivation activity. Fig. 6B
shows that the Prox1 inhibition of HNF4a-mediated hCYP7A1-Luc
reporter activity could be reversed by expression of PGC-1« in a dose-
dependent manner. The PEPCK gene is known to be induced by HNF4«
and PGC-1a (9). We thus performed similar experiments to study the
effect of Proxl on PEPCK-Luc reporter activity. Fig. 6C shows that
HNF4« 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 the idea that direct interaction
between Prox1 and HNF4«a prevented the recruitment of co-activator,
PGC-la to stimulate HNF4a transactivation of the CYP7A1 and
PEPCK genes.

Knock Down of Prox1 Increases CYP7A1 and PEPCK Expression in
HepG2 Cells—To further confirm the role of endogenous Prox1 in
HNF4« function, we examined the mRNA expression of HNF4« target
genes (CYP7A1 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 with real
time PCR. Among four different regions of human Prox1 siRNA we
have tested, siRNA against the N-terminal region (nucleotides 1009 —
1027; GGGCCAAACTCCTTACAAC) and the C-terminal region
(nucleotides 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#2 did not
affect Prox1 protein expression. Real time PCR assay shows that the
siRNA#1 and #2 decreased Prox]1 mRNA expression by ~50% but
increased CYP7A1 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 HNF4« and cyclophilin B mRNA expression levels.

5§X UAS-Luc = 107 hCYP7A-Luc
e
R
5 X
5% 9
¥
I-E‘ 4
95
%5 2-
o
=
- 0
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FIGURE 7. The siRNA knock down of Prox1 increases the expression of CYP7A1 and
PEPCK mRNA in HepG2 cells. A, HepG2 cells were transfected with the Prox1 siRNA #1,
#2, and control siRNA. The effects of siRNAs on the Prox1 expression were measured by
Western blotanalysis. Actin expression was used as a loading control. Data represent one
of three separate experiments and vary 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, HNF4q, 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 = S.D. of at least
three individual experiments.

These data support the idea that Prox1 siRNA specifically knock down
Prox1 expression, and this results in induction of the HNF4« target
genes CYP7A1 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 increas-
ing total bile acid synthesis by ~50% in Prox1 knock-down cells com-
pared with control cells (Fig. 8), indicating that Prox1 negatively regu-
lated 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 sup-
pressed 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 CYP7A1 gene tran-
scription (27). Prox1 is constitutively expressed at high levels in adult
livers and may be the major repressor of CYP7A1 gene transcription in
human hepatocytes.

This study revealed a strong and specific interaction between Prox1
and HNF4« 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 HNF4« 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-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
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FIGURE 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 was extracted
from the medium 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.

that the interaction domain of Prox1 might be quite diverse compared
with other nuclear receptors to allow interaction with various co-regu-
lators such as SHP (29, 30). It is noted that Prox1 may inhibit HNF4«
and FTF by somewhat different mechanisms. Prox1 impairs the FTF
binding to DNA (15), whereas our data show that Prox1 does not affect
HNF4« binding to CYP7A1 chromatin as demonstrated by ChIP assays
(Fig. 5). Our results suggest that Prox1 competes with PGC-1a for inter-
action with HNF4« and thus counteracts PGC-1a co-activating activ-
ity. This is because both Prox1 and PGC-la interacts with the AF2
domain of HNF4«. Competition for binding and squelching of the lim-
ited co-activators could be a common mechanism for the negative reg-
ulation of gene transcription by nuclear receptors. In accordance with
this scenario, increasing the amounts of PGC-1a could counteract
Prox1-mediated repression of HNF4« activity. Conversely, increasing
the amounts of Proxl may interfere with PGC-la co-activation of
HNF4a activity. Thus, our finding that Prox1 interferes with the co-
activator recruitment of HNF4« provides a novel mechanism for Prox1
repression of CYP7A1 gene transcription. Moreover, knock down of
Prox1 expression in a hepatocyte cell line increased CYP7A1 mRNA
expression and a corresponding increase in bile acid synthesis (Figs. 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.

It is believed that FTF is an activator of gene transcription. A more
recent study supports the idea that FTF is a negative transcription factor
in vivo because ablation of one FTF allele strongly induced CYP7A1 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 hepato-
cytes. It is noteworthy that the tissue expression patterns of Prox1 (14),
FTF (14), and HNF4« (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 corre-
lation of Proxl1, FTF, and HNF4« in regulation of development and
function of the liver and pancreas. Prox1, PGC-1a, FTF, and HNF4«
play central roles in regulation of the CYP7A1 and CYP8BI 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 endoge-
nous ligands for FTF and HNF4«a 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 strep-
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tozotocin-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 HNF4« induce PEPCK, the rate-limiting enzyme in
gluconeogenesis, to prevent hypoglycemia during starvation (9). On the
other hand, Prox1 interaction with HNF4a may down-regulate PEPCK
gene expression to prevent hyperglycemia during the postprandial
period. Thus, regulation of PEPCK gene expression by HNF4« 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 HNF4«. Prox1-
mediated repression of HNF4« transactivation may play an important
role in the regulation of HNF4« target genes. The intricate regulatory
circuitry of Prox1, PGC-1a, HNF4¢, SHP, and FTF may maintain lipid
and glucose homeostasis and prevent diabetes and obesity.
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