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The farnesoid X receptor (FXR) signaling pathway regulates bile
acid and cholesterol homeostasis. Here, we demonstrate, using a
variety of gain- and loss-of-function approaches, a role of FXR in
the process of cell motility, which involves the small heterodimeric
partner (SHP)-dependent up-regulation of matrix metalloprotein-
ase-9. We use this observation to reveal a transcriptional regulatory
mechanism involving the SP/KLF transcription factors, SP2 and
KLF6. Small interference RNA-based silencing studies in combina-
tion with promoter, gel shift, and chromatin immunoprecipitation
assays indicate that SP2 and KLF6 bind to the matrix metallopro-
teinase-9 promoter and together function to maintain this gene in
a silenced state. However, upon activation of FXR, SHP interacts
with SP2 and KLF6, disrupting the SP2/KLF6 repressor complex.
Thus, together, these studies identify a mechanism for antagoniz-
ing Sp/KLF protein repression function via SHP, with this process
regulating endothelial cell motility.

Farnesoid X Receptor (FXR)?® is a member of the nuclear
receptor superfamily of transcription factors. In response to
ligand binding, FXR regulates expression of genes involved in
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bile acid, cholesterol, and triglyceride metabolism (1-9). FXR
heterodimerizes with the 9-cis-retinoic acid receptor «, which
allows binding to a specific DNA sequence composed of two
inverted hexamer repeats separated by one nucleotide (IR-1),
thereby regulating target gene transcription (10-12). An alter-
nate mechanism of regulation occurs through FXR-dependent
up-regulation of the atypical nuclear receptor, small het-
erodimeric partner (SHP). Although SHP lacks a DNA binding
domain, it regulates transcription by several putative mecha-
nisms that are not fully understood (13-15).

Recent work has delineated a requisite role for Sp/KLF tran-
scription factors for diverse biological functions (16 -19). The
Sp/KLF family contains 24 identified members, including
SP1-8 and KLF1-16, which bind with varying affinity to GC-
rich DNA sequences of target gene promoters (20). Interest-
ingly, these proteins may function as transcriptional activators
or repressors, although the mechanisms by which specificity of
effect is achieved are not well defined.

Because bile acids such as chenodeoxycholic acid (CDCA) are
the natural ligands for FXR (21-23), prior investigations have
largely been pursued in cells with active bile acid signaling, such as
hepatocytes, cholangiocytes, and enterocytes (4, 24, 25). However,
more recent work has expanded the scope of this nuclear receptor
system into a diversity of cell types and functions, including vascu-
lar wall cells (26-28), thereby suggesting potentially important
and heretofore unrecognized actions that may be achieved by the
FXR pathway. In this study, we delineate a signaling pathway by
which FXR promotes endothelial cell motility through transcrip-
tional activation of matrix metalloproteinase-9 (MMP-9). This
pathway requires SHP inhibition of an SP2/KLF6 repressor com-
plex. Thus, whereas SP2 and KLF6 repress MMP-9 promoter
activity under basal conditions, activation of FXR results in a proc-
ess by which SHP displaces SP2/KLF6 from the MMP-9 promoter,
thereby up-regulating MMP-9 expression and function. Together,
these studies identify SHP as a key disruptor of SP2/KLF6-medi-
ated gene silencing to allow transcriptional activation by FXR. The
functional importance of this pathway is supported by its biologi-
cal role in FXR-induced endothelial cell motility.

EXPERIMENTAL PROCEDURES

Cell Culture—Blood outgrowth endothelial cells (BOECs) are
a blood-derived endothelial cell commonly utilized for investiga-
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tions of vascular cell motility and remodeling (29). BOECs (P4 —
P6) were prepared from human blood using primary cell isolation
conditions that have been previously described (29). Cells were
grown in EBM-2 medium supplemented with EGM-2, 10% fetal
bovine serum, and 1% streptomycin/penicillin. Cells were incu-
bated with CDCA, 6-ECDCA, or equivalent volume of vehicle
(Me,SO) at concentrations and durations that were based on prior
work (27) and that are indicated in individual experiments. HepG2
cells were also used in some experiments in which the molecular
intervention was not feasible in BOECs.

Retroviral Overexpression—FXR and SHP plasmid con-
structs (from Benjamin Shneider and David Mangelsdorf) and
lacZ were subcloned into the retroviral vector pMMP using
standard molecular approaches to generate pMMP-rFXR,
pMMP-rSHP, and pMMP-rLacZ (30). All constructs were
sequenced for confirmation. In brief, to generate retrovirus, 5 X
10° 293T/17 cells in 100-mm dishes were co-transfected with
three plasmids, 1.5 ug of pMD.MLV gag.pol, 0.5 ug of pMD.G,
and 2 ug of relevant retroviral vector using Effectene™ trans-
fection reagent (Qiagen). Cell culture medium containing ret-
rovirus was collected 48 h after transfection. For cell transduc-
tion, 2 ml of viral stock and 8 ml of fresh Dulbecco’s modified
Eagle’s medium were mixed and added in a 100-mm dish of
0.5 X 10° BOECs with 8 ug/ml Polybrene. Transduction effi-
ciency using this approach was uniformly >90%. Cells were
used for experiments after 18 —24 h.

Microarray Analysis—Cells were incubated with vehicle or
CDCA (100 um) for 48 h. Total RNA was isolated using an
RNeasy kit according to the manufacturer’s instruction (Qia-
gen), and 3 ug was used for the probe preparation using the
GEArray AmpoLabeling-LPR kit and biotin-16,2’-deoxyuri-
dine-5'-triphosphate. GEArray Q Series Human Endothelial
Cell Biology Gene Array (HS-036) membrane was used for
hybridization with the synthesized probe and detected by using
the Chemiluminescent detection kit (Super Array Bioscience
Corp., Frederick, MD) according to the manufacturer’s proto-
col. Changes in expression were assessed by the software pro-
vided by the manufacturer.

SiRNA Gene Silencing—siRNA targeting human FXR, SHP,
MMP-9, SP2, KLF6, and a scrambled control were obtained
from Ambion (Austin, TX). Cells were transfected with siRNA
using Oligofectamine (Invitrogen) as we described previously
(16). Conditions and concentrations required for specificity of
knockdown with high transfection efficiency were individually
established for each of the siRNA (see supplemental materials).

Semiquantitative and Quantitative RT-PCR—Total RNA
was extracted from cells as described above. 1.0 ug of total RNA
was used for the cDNA synthesis using oligo(dT) primer of
SuperScript III First-Strand Synthesis System (Invitrogen) and
appropriate forward and reverse primers of FXR and GAPDH
for the semiquantitative PCR. Thermal cycling conditions
were: 2 min at 94 °C, followed by 40 cycles of 94 °C for 15 s,
55 °Cfor 30's, and 72 °C for 60 s and a final extension by 1 cycle
of 72 °C for 10 min in a Hybaid PCR express instrument. For
TagMan-based quantitative real-time PCR analysis (QRT-PCR)
25 ng of each cDNA was added to the TagMan Universal PCR
Master Mix along with 900 nm of each primer and 200 nm of
probe according to the manufacturer’s instruction (Applied
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Biosystems, Foster City, CA) (7, 12). Real-time fluorescence
monitoring was performed with the Applied Biosystems 7500
Real Time PCR System instrument. Amplification of human
GAPDH and eukaryotic 18 S rRNA (Applied Biosystems) was
used in the same reaction of all samples as an internal control.
FXR, SHP, MMP-9, SP2, and KLF6 mRNA was normalized to
GAPDH mRNA and shown as the -fold change.

Gelatin Zymography—Conditioned media samples from
cells incubated with vehicle, CDCA, or 6-ECDCA for 48 h were
mixed with electrophoresis loading buffer and subjected to 8%
SDS-PAGE co-polymerized with gelatin type B (2 mg/ml).
After washing with 2.5% Triton X-100 and incubation in zymo-
gram developing buffer, the gels were stained with 0.5% Coo-
massie, and then destained. Gelatinolytic activities were
detected as transparent bands (31).

MMP-9  Enzyme-linked Immunosorbent Assay—Total
human MMP-9 levels were measured from cultured BOEC
supernatants by enzyme-linked immunosorbent assay (R&D
Biosystems, Minneapolis, MN) based on the manufacturer’s
instructions.

Cell Motility—Chemotaxis was measured by using a modi-
fied Boyden chamber assay (8-um pore size, Neuro Probes, Inc.,
Gaithersburg, MD) as we described previously (32). Briefly, the
bottom wells of the chamber were filled with 26 ul of serum-
free media containing 10 ng/ml VEGF, and covered with a poly-
carbonated filter. 2 X 10* serum-starved cells were added into
the upper chamber of each well. Cells were incubated for 6 h at
37 °C with CDCA or vehicle to stimulate FXR-dependent gene
transcription. Migrated cells at the lower surface of filters were
fixed and stained using Hema3 stain (Biochemical Sciences,
Inc., Swedesboro, NJ). Cellular migration was determined by
counting the number of stained cells on membranes in five
randomly selected, non-overlapping high power fields. Data are
presented as percent change in VEGF-induced chemotaxis.

Luciferase Reporter Assay—HepG2 cells were transfected
with wild-type or mutated Sp1 human MMP-9-promoter-lucif-
erase reporter constructs (33) (Dr. H. Sato, Japan) and 0.01 ug
of Renilla luciferase reporter vector to control for transfection
efficiency (pRL-TK) using Lipofectamine 2000 (Invitrogen). 10 h
later, culture medium was changed, and cells were cultured for an
additional day then stimulated with vehicle or 50 um CDCA for
6 h. Luciferase assays were conducted using a dual luciferase kit
(Promega, Madison, W1I) as described previously (16).

Electrophoretic Mobility Shift Assay—5.0 ug of nuclear
extract from vehicle or CDCA (50 uM)-stimulated cells was
incubated in a binding buffer (50 mm Hepes, pH 7.9, 1.0 mm
EDTA, 100 mm KClI, 20% glycerol, 2.5 mm MgCl,, 0.5 mM dithi-
othreitol, 0.5 mm phenylmethylsulfonyl fluoride, 1.5 pg of
poly(dI-dC)) for 10 min at room temperature. The *?P-labeled
probe encoding the Spl binding site of MMP-9 promoter
5'-ATTCCTTCCGCCCCCAGATG-3' was added for 20 min.
In some experiments, an excess of cold probe, at the indicated
dilutions, was added concomitant with the addition of radiola-
beled probe. The mixture was electrophoresed at 12.5 V/cm on 4%
nondenaturing polyacrylamide gel in 0.5 X TBE (Tris borate-
EDTA). Gels were vacuum-dried and autoradiographed (16).

Chromatin Immunoprecipitation Assay—Cells were trans-
fected with either control pcDNA or pSP2 or pKLF6 and then
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FIGURE 1. FXR ligands increase MMP-9 mRNA/protein levels and MMP-9-dependent cell motility.
A, BOECs were incubated with vehicle or CDCA, and RNA was isolated for microarray analysis using a focused
endothelial cell microarray. Prominent up-regulation of MMP-9 was detected in BOECs incubated with CDCA.
B, BOECs were incubated for 6 h with vehicle or increasing concentrations of CDCA. MMP-9 transcript levels
were measured by gRT-PCR. MMP-9 mRNA levels increased in association with increasing concentrations of
CDCA (n = 3;* p < 0.05). C, BOECs were incubated with various concentrations of CDCA or 6-ECDCA for 48 h,
and conditioned media were collected for gelatin zymography. Increasing MMP-9 gelatinase activity was
observed in association with increasing concentrations of CDCA or 6-ECDCA. The depicted blot is representa-
tion of an experiment that was replicated three times. D, MMP-9 concentration was measured from condi-
tioned media using a human total MMP-9 enzyme-linked immunosorbent assay kit. Significant increases in
MMP-9 concentration were observed in response to increasing concentrations of CDCA or 6-ECDCA (n = 3; ¥,
p < 0.05). E, migration assay was performed using untransfected, control BOECs as well as BOECs transfected
with 30 nm of either scrambled siRNA or MMP-9 siRNA. Cells were incubated with vehicle or 50 um CDCA, and
migration in response to a VEGF chemotactic gradient was measured using a Boyden chamber. BOECs trans-
fected with MMP-9 siRNA evidenced no migration in response to CDCA, whereas control cells and cells trans-
fected with scrambled siRNA showed significant migration (n = 3; *, p < 0.05).

least three times with similar results.
Statistical analyses were performed
using a Student’s ¢ test, with a two-
tailed value of p < 0.05 considered
significant.

RESULTS
FEXR Regulates Cell Motility via
the Up-regulation of MMP-9—Our

work initiated from the observation
that FXR is expressed in BOECs and

incubated with vehicle or CDCA (50 um). Cells were cross-
linked with formaldehyde for 10 min at 37 °C, then harvested in
SDS lysis buffer (Upstate Biotechnology) and sheared to frag-
ment DNA. Samples were then immunoprecipitated using aga-
rose-conjugated antibodies to SP2 or KLF6 (Santa Cruz Bio-
technology, Santa, Cruz, CA), control (IgG) antibody, or
agarose beads alone. After removal of the cross-links, immuno-
precipitated DNA was purified using phenol/chloroform
extraction (500 pl) and ethanol precipitation. DNA was used
for PCR with sense primer 5'-ATT CAG CCT GCG GAA GAC
AGG G-3' and antisense primer 5'-TGA TGG AAG ACT CCC
TGA GAC TTC-3' encoding the Sp1 binding site of MMP-9
promoter and detected by visualizing PCR products on an aga-
rose gel as we previously described (16).
Co-immunoprecipitation and Western Blot Analysis—Cells
overexpressing rSHP-His were lysed in a buffer (50 mm Tris, pH
7.5/150 mm NaCl/3 mm MgCl,/1 mm EDTA/0.5% Nonidet
P-40/10% glycerol). Lysates were precleared with control IgG and
Protein A-Sepharose beads, and then incubated overnight with
Anti-His antibody (Santa Cruz Biotechnology). After incubation
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regulates cell motility via the

up-regulation of MMP-9, a key cel-
lular protease important in cell motility (Fig. 1, A—E, and sup-
plemental Fig. S1A). Initially, the FXR-mediated up-regulation
of MMP-9 was identified using a pathway-specific array
approach (Fig. 1A4). These results were confirmed by qRT-PCR,
which showed that the FXR ligand, CDCA, induced a
concentration-dependent up-regulation of MMP-9 mRNA lev-
els, with a 6-fold increase observed in response to 10 um CDCA
(Fig. 1B). In addition to these observations at the mRNA level,
we also found that FXR activation resulted in a 2-fold increase
in MMP-9 enzymatic activity and 3-fold increase in MMP-9
protein levels as measured by gelatin zymography (Fig. 1C) and
enzyme-linked immunosorbent assay, respectively (Fig. 1D).
Moreover, similar results were obtained with the synthetic FXR
agonist, 6-ECDCA (Fig. 1, B-D). Lastly, cells were incubated
with the natural FXR ligand, CDCA, under the same conditions
used above to stimulate FXR-dependent gene transcription,
and then chemotaxis was examined in response to the chemo-
tactic agent, VEGF. Interestingly, cells incubated with CDCA
evidenced enhanced migration compared with those incubated
with vehicle (Fig. 1E).
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FIGURE 2. FXR is required for bile acid activation of MMP-9 gene transcription and MMP-9-dependent
cell motility. A, BOECs were transfected with 30 nm of either FXR siRNA or scrambled siRNA sequence and then
incubated with vehicle or 10 um CDCA for 6 h. Total RNA was isolated and used for gRT-PCR of MMP-9 and
GAPDH. CDCA-induced MMP-9 up-regulation was detected in BOECs transfected with scrambled siRNA but
notin cells transfected with FXR siRNA. However, overexpression of FXR with pMMP-rFXR transduction rescued
back the CDCA-induced MMP-9 mRNA up-regulation in BOECs previously transfected with 30 nm FXR siRNA
(n = 3;* p <0.05). B, BOECs were transfected with 30 nm of scrambled siRNA or FXR siRNA and incubated with
vehicle or 50 um CDCA. Migration toward a VEGF gradient was measured using a Boyden chamber. CDCA-
induced migration in cells transfected with scrambled siRNA but was absent in BOECs transfected with 30 nm
FXR siRNA (n = 3;*, p < 0.05). C, HepG2 cells were co-transfected with 30 nm of either scrambled siRNA or FXR
siRNA and wild-type MMP-9 promoter luciferase constructs and incubated with vehicle or 50 um CDCA for 6 h.
Relative luciferase activity (RLA) was significantly increased in scrambled siRNA-transfected cells in the pres-
ence of CDCA (50 um), whereas FXR silencing abolished this effect (n = 3; *, p < 0.05). D, HepG2 cells were
transduced with pMMP-rlacZ or pMMP-rFXR. 24 h after transduction, cells were transfected with wild-type
MMP-9 promoter luciferase reporter construct and incubated with vehicle or CDCA. RLA was significantly
increased in cells overexpressing FXR both basally and in response to CDCA (n = 3;*, p < 0.05).

To more firmly establish the MMP-9 protease in cell migra-
tion, we silenced MMP-9 using a specific siRNA. MMP-9 pro-
tein levels were markedly reduced in the presence of MMP-9
siRNA as observed by Western blot (supplemental Fig. S1B).
Also, MMP-9 mRNA levels were significantly reduced by 80%
in the presence of MMP-9 siRNA, whereas GAPDH expression
remained unchanged as observed by qRT-PCR (supplemental
Fig. S1, C and D). Interestingly, under these conditions migra-
tion was not observed in cells transfected with MMP-9 siRNA
indicating that this molecule is required to trigger FXR-
dependent cell motility.

In addition to the pharmacological experiments shown
above, a series of molecular gain- and loss-of-function
approaches were also used to confirm that CDCA activation of
MMP-9 gene transcription was indeed mediated directly by
FXR. First, cells were transfected with FXR siRNA or scrambled
siRNA. A concentration-dependent decrease in FXR mRNA
levels was observed in response to FXR siRNA in cells with 30
nM FXR siRNA effectively knocking down 85% of FXR mRNA
levels (supplemental Fig. S2, A-C). CDCA increased MMP-9
mRNA levels in cells transfected with scrambled siRNA but not
in cells transfected with FXR siRNA as assessed by qRT-PCR
(Fig. 2A). Furthermore, retroviral FXR (rFXR) overexpression
rescued the MMP-9-silencing effect of FXR siRNA both basally
as well as in response to CDCA (Fig. 2A). In control experi-
ments, rFXR robustly increased both FXR mRNA and protein
levels by severalfold (supplemental Fig. S2D). Lastly, siRNA
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FEXR FXR (4). First, we co-transfected
HepG2 cells with a human wild-
type MMP-9 promoter and either
FXR siRNA or scrambled siRNA
and then incubated cells with vehi-
cle or 50 um CDCA. CDCA signifi-
cantly increased relative luciferase
activity in HepG2 cells co-trans-
fected with scrambled siRNA, as
compared with FXR siRNA (Fig.
2C). Next, we overexpressed FXR or
retrovirus encoding lacZ in HepG2
cells transfected with wild-type
MMP-9 promoter and then incu-
bated cells with vehicle or CDCA.
Interestingly, the relative luciferase activity was significantly
increased by >2.5-fold in HepG2 cells overexpressing FXR as
compared with lacZ control, both in the presence and absence
of CDCA (Fig. 2D).

One prototypical pathway by which FXR regulates target
genes is through heterodimerization with nuclear receptors
such as retinoic acid receptor and binding to consensus IR-1
repeats located within target promoters (11, 12). Another indi-
rect pathway occurs through transcriptional activation of the
atypical non-DNA binding nuclear receptor SHP (13). To dif-
ferentiate between the roles of these two pathways, we per-
formed computer-assisted analysis of the published nucleotide
sequence upstream of the transcriptional start site of the
human MMP-9 gene, which failed to identify an IR-1 repeat
(data not shown). Consequently, we focused our attention on
SHP as a mediator of FXR activation of MMP-9 gene transcrip-
tion. For this purpose, first, we measured mRNA and protein
levels of SHP in response to increasing concentrations of
CDCA. A concentration-dependent increase in SHP mRNA
levels was observed in cells incubated with CDCA as analyzed
by qRT-PCR (Fig. 34). A concurrent concentration-dependent
increase in SHP protein levels were also observed as analyzed by
Western blot (Fig. 3B). In addition, CDCA induced up-regula-
tion of SHP mRNA levels was not observed in cells transfected
with FXR siRNA, confirming SHP as an FXR target gene (Fig.
3C). Interestingly, an increase in SHP mRNA levels (2.26-fold)
was also observed in response to MMP-9 siRNA (supplemental
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FIGURE 3. CDCA up-regulates SHP through FXR in BOECs. A, BOECs were incubated with various concentra-
tion of CDCA for 6 h, and total RNA was isolated and used for gRT-PCR analysis. SHP mRNA levels were signif-
icantly increased with increasing concentrations of CDCA (n = 3; *, p < 0.05). B, BOECs were incubated with
increasing concentration of CDCA for 48 h and nuclear fraction was extracted and used for Western blot
analysis. SHP protein levels were observed to increase with increasing concentrations of CDCA. Histone H1
antibody used as loading control. The depicted blot was one of the representative experiments that were
reproduced three times. C, SHP transcript levels were measured by qRT-PCR in BOECs transfected with 30 nm of
FXR siRNA or scrambled siRNA. CDCA significantly increased SHP mRNA expression in BOECs transfected with
scrambled siRNA but not in cells transfected with FXR siRNA (n = 3;*, p < 0.05). D, BOECs were treated with 50
um CDCA or vehicle for various time periods. Total RNA was isolated and used for qRT-PCR analysis of SHP
mRNA and MMP-9 mRNA expression. SHP mRNA expression was significantly increased by 3 h, whereas MMP-9
mRNA expression was increased after 6 h.
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FIGURE 4. FXR activation of MMP-9 gene transcription requires SHP. A, BOECs were transfected with 30 nm
of SHP siRNA or scrambled siRNA, and MMP-9 transcript levels were analyzed using qRT-PCR. CDCA signifi-
cantly up-regulated MMP-9 mRNA levels in scrambled siRNA-transfected BOECs but not in BOECs transfected
with SHP siRNA (n = 3; *, p < 0.05). Retroviral overexpression of SHP (rSHP) rescued MMP-9 mRNA expression
in BOECs previously transfected with FXR siRNA (n = 3;*,p < 0.05). B, BOECs were transduced with pMMP-rSHP
or pMMP-rLacZ. Overexpression of SHP in BOECs increases basal and CDCA (10 um)-induced MMP-9 mRNA
levels as compared with control (n = 3; *, p < 0.05). C, HepG2 cells were co-transfected with 30 nm of both
scrambled siRNA or SHP siRNA and a wild-type MMP-9 promoter luciferase reporter construct. Cells were
incubated with vehicle or 50 um CDCA for 6 h. Increase in RLA in response to CDCA was observed in cells
transfected with scrambled siRNA but not with SHP siRNA (n = 3; *, p < 0.05). D, HepG2 cells were transduced
with pMMP-rlacZ or pMMP-rSHP. 24 h after transduction, cells were transfected with wild-type MMP-9 pro-
moter luciferase reporter construct. Both basal and CDCA-induced increases in RLA were potentiated by over-
expression of SHP (n = 3;*, p < 0.05).
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Fig. S3A). However, a time kinetic
analysis using qRT-PCR revealed
that the CDCA-induced increase in
SHP mRNA levels preceded the
increase in MMP-9 mRNA levels
(Fig. 3D).

To determine if SHP is required
for CDCA activation of MMP-9
gene transcription, we next exam-
ined if gene silencing of SHP could
block CDCA-induced MMP-9
up-regulation. Indeed, MMP-9
mRNA levels did not increase in
response to CDCA in BOECs trans-
fected with SHP siRNA (Fig. 4A).
Furthermore, retroviral SHP (rSHP)
overexpression rescued the MMP-
9-silencing effect of FXR siRNA
both basally as well as in the presence
of CDCA (Fig. 4A). In control experi-
ments, a concentration-dependent
decrease in SHP mRNA level was
observed in cells transfected with
SHP siRNA with 30 nm SHP siRNA
reducing SHP mRNA levels by 70%
and blocking CDCA induced
up-regulation of SHP mRNA (sup-
plemental Fig. S3, B and C). Next,
overexpression of SHP mRNA lev-
els was pursued using a retroviral
system (rSHP), which increased
SHP mRNA levels in transduced
cells by >4-fold (supplemental Fig.
S3D). Overexpression potentiated
both basal and CDCA-induced up-
regulation of MMP-9 mRNA levels
by 2-fold (Fig. 4B). Subsequently,
these results were corroborated using
the MMP-9 promoter in HepG2 cells.
siRNA-based silencing of SHP abol-
ished the CDCA-induced increase in
MMP-9 promoter activity (Fig. 4C).
Additionally, transduction experi-
ments using rSHP significantly
increased the relative MMP-9 lucif-
erase activity by >2-fold both
basally and in response to CDCA
(Fig. 4D). These studies establish
that FXR activates MMP-9 gene
transcription through SHP and led
us to further identify the compo-
nents of this pathway.

SHP-mediated Antagonism of SP2
and KLF6 Repression Is Required for
the Up-regulation of MMP-9 by
FXR—The MMP-9 promoter con-
tains an Sp1 binding site and indeed
prior studies have demonstrated
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FIGURE 5. SP2 and KLF6 repress MMP-9 promoter activity. A, HepG2 cells were transfected with either
wild-type or mutated Sp1 human MMP-9 promoter luciferase reporter constructs. Cells were harvested, and
RLA was determined as described under “Experimental Procedures.” RLA was significantly increased in cells
transfected with mutated Sp1 promoter luciferase reporter as compared with a wild-type promoter (n = 3; *,
p < 0.05). B, HepG2 cells were co-transfected with wild-type MMP-9 promoter luciferase reporter and with
control pcDNA, pSP2, pKLF6, or with SP2 or KLF6 siRNA. Cells were harvested, and RLA was determined. SP2 and
KLF6 overexpression decreased the basal RLA of wild-type MMP-9 promoter. Conversely, siRNA silencing of SP2
and KLF6 blocked SP2 and KLF6 repression of MMP-9 promoter (n = 3; *, p < 0.05). C, EMSA was performed
using nuclear extracts of BOECs or HepG2 cells, increasing concentrations (2, 5, and 10 wg) of SP2 or KLF6
antibody, and probes encoding Sp1 binding site of MMP-9 promoter. Decrease in protein binding to Sp1 motif
was observed with increasing concentrations of antibody (arrow). The depicted blots are representative of an
experiment that was replicated more than three times. D, ChIP assay was performed using HepG2 cells over-
expressing pcDNA or pSP2 or pKLF6 and immunoprecipitated with SP2 and KLF6 antibody. Both SP2 and KLF6
remains bound to Sp1 motif of MMP-9 promoter. Binding was not detected when PCR was run in absence of
DNA (Negative Control) nor when control IgG was used in place of immunoprecipitating antibody (Control IgG

MMP-9 promoter activity (Fig. 5B,
Western blot analysis confirmed the
overexpression of SP2 or KLF6, sup-
plemental Fig. S4B). Conversely,
siRNA-based silencing of SP2 and
KLF6 increased MMP-9 promoter
activity as compared with scrambled
siRNA (Fig. 5B). In control experi-
ments, SP2 siRNA and KLF6 siRNA
effectively silenced the respective
genes (supplemental Fig. S4, Cand D).
To confirm that SP2 and KLF6 could
bind to the Sp1 site contained within
the MMP-9 promoter, we performed
an electrophoretic mobility shift assay
(EMSA) using SP2 or KLF6 antibod-
ies. Cell nuclear extracts were incu-
bated with increasing concentrations
of SP2, KLF6, or control IgG antibody
and a radiolabeled Sp1 oligonucleo-
tide motif from the MMP-9 pro-
moter. Asseen in Fig. 5C, with BOECs
and HepG2 lysates, increasing con-
centration of either SP2 or KLF6 anti-
body led to a decrease in protein bind-
ing to the Spl motif of MMP-9
promoter (Fig. 5C, left panel: BOECs
and right panel: HepG2). Finally we
performed chromatin immunopre-
cipitation assays (ChIP) using SP2,
KLF6, or control IgG antibody as out-
lined under “Experimental Proce-
dures.” These studies indicated that

Ab). The depicted blot is representative of an experiment that was replicated three times.

that Sp1 is important for regulating MMP-9 gene transcription
(33). Interestingly, the expanding family of Sp/KLF proteins
regulates target genes through DNA binding to Sp1 motifs. Fur-
thermore, intersection of FXR signaling with Sp/KLF protein
gene regulation is unexplored. To examine this further, we
transfected HepG2 cells with wild-type reporter luciferase con-
struct or one with a point mutation in the Spl site. The Spl
mutant construct evidenced a severalfold increase in MMP-9
promoter activity, suggesting that repressor protein binding to
the Spl motif of the MMP-9 promoter may regulate MMP-9
gene transcription (Fig. 54). Because Spl-like proteins may
function as repressors, we comprehensively examined the
expression of most Sp/KLF transcription factors, including
SP1-SP8 and KLF1-KLF16, by RT-PCR in BOECs and HepG2
cells. SP2, SP3, and KLF6 were constitutively expressed in
BOECs, whereas SP1-SP8 and KLF2, KLF6, and KLF11 were
constitutively expressed in HepG2 cells (data not shown). To
identify which of these proteins may bind to the Sp1 motif and
repress MMP-9 gene transcription, we overexpressed HepG2
cells with each of the Sp/KLF proteins that were constitutively
expressed (SP1-SP8, KLF2, KLF6, and KLF11) and then meas-
ured wild-type MMP-9 promoter activity (supplemental Fig.
S4A). Of these proteins, SP2 and KLF6 resulted in repression of
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both SP2 and KLF6 are indeed bound

to the Sp1 motif of the MMP-9 pro-
moter (Fig. 5D). Thus, both SP2 and KLF6 bind to the Sp1 motif of
the MMP-9 promoter to repress transcription.

Next, we investigated how SP2 and KLF6 function down-
stream of FXR and SHP to coordinate MMP-9 gene transcrip-
tion. First, HepG2 cells overexpressing SP2 or KLF6 were trans-
fected with wild-type MMP-9 promoter luciferase reporter
construct and incubated with CDCA or vehicle. Incubation of
cells with CDCA reversed the repression of MMP-9 promoter
conferred by SP2 or KLF6 (Fig. 6A). Interestingly, a role for SHP
as an antagonist of KLF proteins is unknown. To examine if
SHP could bind SP2 or KLF6 and thereby integrate signals from
FXR to the MMP-9 promoter, we performed EMSA using
nuclear extracts prepared from cells that had been incubated
with increasing concentrations of CDCA to up-regulate SHP. A
concentration-dependent decrease in protein binding to a
radiolabeled Spl motif from the MMP-9 promoter was
observed in response to increasing concentrations of CDCA
(Fig. 6B, similar data were obtained with HepG2 lysates, not
shown). Confirmation of the role of SHP in the competition of
Sp1l-like protein binding to the Sp1 site of the MMP-9 promoter
was then pursued in complementary ways. We performed ChIP
using SP2, KLF6, or control IgG antibody with lysates from
HepG2 cells incubated with either vehicle or CDCA. FXR acti-
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FIGURE 6. FXR activation of SHP antagonizes SP2/KLF6 repression of MMP-9. A, HepG2 cells were co-
transfected with wild-type MMP-9 promoter luciferase reporter and either control pcDNA, pSP2, or pKLF6 and
incubated with vehicle or 10 um CDCA for 6 h. Promoter activity assay demonstrates that CDCA reverses the
repressor effect of SP2 and KLF6 overexpression (n = 3; *, p < 0.05). B, EMSA was performed using nuclear
extracts of BOECs incubated with various concentrations of CDCA and probes encoding Sp1 binding sites of
MMP-9 promoter. A specific decrease in protein binding on the Sp1 motif of MMP-9 promoter was observed in
response to increasing CDCA concentration (arrow). The depicted blot is representative of an experiment that
was replicated more than three times. C, ChIP assay was performed in HepG2 cells overexpressing either
pcDNA control or pSP2 or pKLF6 and incubated with vehicle or CDCA (50 um). Samples were immunoprecipi-
tated using agarose-conjugated antibodies to SP2 or KLF6 (Santa Cruz Biotechnology), or control (IgG) anti-
body. CDCA dissociated SP2 and KLF6 binding to Sp1 motif. Binding was not detected when PCR was run in
absence of DNA (Negative Control) nor when control IgG was used in place of immunoprecipitating antibody
(Control IgG Ab). The depicted blot is representative of an experiment that was replicated three times. D, EMSA
was performed using BOECs or HepG2 cells transduced with rSHP-His or rlacZ. Overexpression of rSHP-His in
BOECs or HepG2 competes off protein bound to Sp1 motif of MMP-9 promoter (arrow). The depicted blots are
representative of an experiment that was replicated more than three times. E, protein co-immunoprecipitation
was performed using nuclear extracts of HepG2 cells transduced with rSHP-His, using control IgG or Anti-His
antibody. Immunoprecipitates were analyzed by SDS-PAGE and immunoblotted with SP2 or KLF6 antibody.
Immunoprecipitation of His-SHP coprecipitated SP2 and KLF6 (left panel). In a separate set of experiments,
endogenous interaction between SHP and SP2/KLF6 was studied using nuclear extracts of BOECs treated with
vehicle or 50 um CDCA. These nuclear extracts were immunoprecipitated with either SP2 or KLF6 antibody and
immunoblotted with SHP antibody. SHP was co-immunoprecipitated with SP2 or KLF6 in the CDCA-treated
group (right panel). The depicted blots are representative of an experiment that was replicated three times.
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interaction between endogenous
SHP and SP2/KLF6, in a separate set
of experiments nuclear extract of
BOEC:s treated with vehicle or CDCA
were immunoprecipitated with SP2
or KLF6 antibody and immuno-
blotted with SHP antibody. Both SP2
and KLF6 co-immunoprecipitated
with SHP in the CDCA-treated cells,
thus indicating an interaction
between endogenous SHP and SP2 or
KLF6 (Fig. 6E, right panel). These
studies support the role of sequestra-
tion of SP2 and/or KLF6 by SHP in the
process of FXR activation of MMP-9
gene transcription.

DISCUSSION

Prototypical FXR target genes
encode proteins relevant to bile acid
biosynthesis and transport (1, 4).
The present studies utilize comple-
mentary molecular approaches to
provide several novel and funda-
mental mechanistic insights into
how the FXR pathway achieves
heretofore unrecognized effects on
endothelial cell motility. These
observations include, that 1) bile
acids promote motility through
FXR-mediated  activation  of
MMP-9 gene transcription, 2) SHP
mediates this process by displacing
the DNA binding of Sp/KLF pro-
teins, and 3) SP2 and KLF6 repres-
sor function is susceptible to antag-
onism by FXR and SHP. This
mechanism represents the intersec-
tion through which FXR signals to

vation by CDCA dissociated bound SP2 and KLF6 from the Sp1
motif of the MMP-9 promoter (Fig. 6C). Additionally, cells
were transduced with the retroviral constructs, rlacZ control or
rSHP-His, and then prepared for EMSA using radiolabeled Sp1
oligonucleotide. Overexpression of SHP led to decreased pro-
tein binding to the Sp1 motif. Together, these results indicate
that SHP competes off repressor protein binding to the Sp1 site
in the MMP-9 promoter (Fig. 6D, left panel: BOECs and right
panel: HepG2). Finally we directly examined if SHP binds to
SP2 and KLF6 using protein co-immunoprecipitation assay.
We used a His-tagged SHP retroviral overexpression system to
allow epitope-based immunoprecipitation and detection of
SHP. HepG2 cells were transduced with rSHP-His, and samples
were immunoprecipitated with anti-His antibody or control
IgG and immunoblotted with SP2 or KLF6 antibody. Indeed,
both SP2 and KLF6 could be co-immunoprecipitated with
SHP-His (anti-His antibody) (Fig. 6E, left panel), indicating that
SHP can bind with these repressor proteins. Similar results
were also obtained with BOECs (data not shown). To study the
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the MMP-9 promoter. Thus, these studies establish SP2 and
KLF6 as integral co-regulatory proteins through which FXR
regulates endothelial cell motility.

SHP is an atypical nuclear receptor that does not bind DNA
directly. However, recent studies have shown that SHP regu-
lates a number of target genes through heterodimerization with
other nuclear receptors, through effects on heterochromatin
(14, 15, 34) and competition mechanisms (35). Although most
FXR target genes evidence SHP-mediated repression (13-15),
an interesting feature of the present study is the stimulatory
effect of SHP on MMP-9 gene transcription. Indeed, a recent
microarray-based analysis of a transgenic mouse constitutively
expressing SHP revealed a surprisingly large number of genes
that were up-regulated by SHP as well (13). We considered two
alternative mechanisms by which SHP might stimulate gene
transcription in the absence of direct DNA binding. One, that
SHP binds and potentiates a co-activator of MMP-9 or, alter-
natively, that SHP competes off a repressor of MMP-9. To dis-
sect these possibilities we focused on the Spl motif of the
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FXR Agonists

T MMP-9 — Migration

FIGURE 7. Schematic representation of the model. FXR activation up-regu-
lates SHP, which, in turn dissociates an SP2/KLF6 repressor complex from the
Sp1 motif of MMP-9. This de-repression increases MMP-9 expression and
function resulting in increased cell motility.

MMP-9 promoter, because this site is important for gene tran-
scription (33). Mutation of the Sp1 site of the MMP-9 promoter
substantively increased promoter activity, supporting the con-
cept that the Sp1 motif of MMP-9 might bind a repressor pro-
tein that is dissociated by SHP. Recent work from our group and
others has begun to delineate an expanding role for Sp/KLF
proteins (i.e. SP1-SP8 and KLF1-16), which bind to Sp1 motifs
or GC-rich DNA sequences of target gene promoters (16 —18).
Although many of these proteins function as repressors, activa-
tion of gene transcription also can occur, depending upon
molecular context. Therefore, we pursued a non-biased
approach of overexpressing each of the family members that
was constitutively expressed in our cells of interest. From these,
only SP2 and KLF6 repressed MMP-9 promoter activity sup-
porting a role for these two proteins in a repressor complex.
However, upon FXR activation, this repressor complex is dis-
sociated from the Sp1 site through binding with SHP, thereby
allowing activation of MMP-9 gene transcription (Fig. 7). Thus,
these studies identify integral signaling between FXR-SHP and
Sp/KLF proteins.

FXR signaling is increasingly recognized to influence impor-
tant biological pathways beyond the realm of bile acid homeo-
stasis. Recent studies have begun to delineate important effects
of bile acids on vascular cells through activation of FXR (26, 28).
Our studies identify a role of FXR in the process of endothelial
cell motility that is achieved through MMP-9. This observation
may have significant biological implications, because endothe-
lial cell motility is a fundamental step in the process of vascular
remodeling and tissue repair. Indeed, recent studies have high-
lighted the key role of MMP-9 in the mobilization of endothe-
lial/hematopoietic progenitor cells from the bone marrow (36)
and integration of these cells into sites of vascular injury and
remodeling (37). BOECs, similar to endothelial/hematopoietic
progenitor cells, have been demonstrated to promote vascular
remodeling in response to tissue injury, presumably owing to
their highly replicative capacity (38). Because liver injury is
associated with enhanced bile acid gradients, it is tempting to
speculate that bile acids may provide signals for vascular
remodeling and hepatic repair. Our results predict that bile
concentrations may signal through FXR to regulate recruit-
ment of blood/bone marrow-derived reparative cells to sites of
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liver injury. Indeed, bile acids promote liver regeneration, a
process that is highly dependent on vascular remodeling (39).
Furthermore, our recent studies demonstrate prominent
recruitment of transplanted BOECs into liver of SCID mice that
have undergone bile duct ligation, an experimental model of
elevated bile acid gradients.* Since pharmacologic FXR ago-
nists have been synthesized that have potency for FXR far
exceeding that of natural bile acids, this direction may well be
amenable to experimental therapeutics.

In summary, the present studies demonstrate a novel path-
way whereby FXR-dependent up-regulation of MMP-9 occurs
through SHP-dependent antagonism of SP2/KLF6 repression.
The biological importance of this pathway is exemplified by its
participation in the regulation of endothelial cell motility,
thereby expanding both our biochemical understanding of FXR
signaling and its cell biological function.
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