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Abstract
Objective—Farnesoid X Receptor (FXR) mediates important signaling functions of bile acids in
diverse cell types including those residing in the vascular wall. Indeed, recent work has identified
FXR as a potential regulator of vascular structure and function in part through transcriptional
activation of MMP-9. However, the signal transduction pathways linking bile acids to changes in
actin cytoskeleton that are responsible for bile acid–induced vascular cell migration remain
unexplored.

Methods and Results—The FXR agonist and prototypical bile acid, chenodeoxycholic acid
(CDCA), significantly increased endothelial cell (EC) motility, as analyzed by time lapse video
microscopy, and tube formation, an in vitro correlate for angiogenesis. Increased cell motility was
associated with prominent increases in focal adhesion (FA) plaques and was inhibited by FXR or
MMP-9 siRNA, indicating a FXR–MMP-9–dependency of this signaling pathway. Mechanistically,
incubation of cells with CDCA was associated with phosphorylation of a key FA protein, Focal
Adhesion Kinase (FAK) at Y397 but not at Y576/577, or Y925. Studies using a site-specific
phosphorylation mutant (phosphodeficient) of FAK revealed that FAK phosphorylation at tyrosine
residue –397 was required for CDCA induced activation of the downstream FA assembly protein,
paxillin. Lastly, siRNA-based silencing of FAK as well as phosphodeficient FAK mutant inhibited
CDCA induced upregulation of MMP-9, cell motility, and vascular tube formation.

Conclusion—Thus, this study demonstrates a pivotal role for FAK in the process of FXR-induced
and MMP-9–dependent EC motility and vascular tube formation.
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Farnesoid X Receptor (FXR) belongs to a nuclear receptor superfamily of transcription factors
that is activated by both natural ligands including the bile acid, CDCA, and synthetic ligands,
such as 6-ECDCA.1,2 Although FXR was originally identified in hepatocyte homoeostasis, it
has become increasingly clear that this nuclear receptor system is important in a number of
different cell types and mediates diverse functions including cholesterol homeostasis and
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apoptosis.1,3,4 Additionally, increasing evidence supports a role for bile acids and FXR in the
process of liver repair and vascular remodeling in part through effects on endothelial cells
(ECs).5–7 Indeed, angiogenesis is increasingly recognized as a facilitator of repair mechanisms
in response to liver injury,8 which is often associated with an increase in bile acids such as
CDCA in the liver and blood.9 In this regard, although EC motility is a fundamental step in
the process of angiogenesis and vascular remodeling, the signal transduction pathways linking
bile acids to changes in actin cytoskeleton that are responsible for bile acid–induced EC motility
remain unexplored.

Focal Adhesion Kinase (FAK) is a nonreceptor protein tyrosine kinase that localizes to focal
adhesions (FAs) in response to specific stimuli.10 Studies have shown that FAK and paxillin,
another FA associated protein, are important components in signaling events that lead to cell
migration, and their interplay with MMP-9 pathways, though suggested, are not fully
elucidated.11,12 However, FAK and paxillin have been shown to have stimulatory as well as
inhibitory roles on cell migration.11–13 Furthermore, the majority of these studies were
performed in epithelial cells as well as normal fibroblasts, and thus the role of FAK and paxillin
on bile acid–induced EC motility is of interest.

In the present study we identify a key role for FAK in the process by which FXR activation
leads to EC motility. Our data indicates that CDCA-induced MMP-9–dependent
phosphorylation of FAK at tyrosine residue −397 leads to activation of the FA protein paxillin,
with ensuing formation of FAs and increased cell motility and vascular tube formation, an in
vitro read out of angiogenesis. Importantly, complementary use of siRNA and dominant
negative approaches establish a mechanistic role for FAK in this process. Thus, the work
identifies important signaling pathways that link FXR to the actin remodeling steps that are
requisite for cell motility and angiogenesis.

Methods
Cell Culture and Transfection

Human umbilical vein endothelial cells (HUVECs; P1–P4) were grown in EBM-2 medium
supplemented with EGM-2, 10% fetal bovine serum, and 1% streptomycin/penicillin. Cells
were incubated with CDCA or equivalent volume of vehicle (Me2SO) at a concentration of 50
μmol/L14,15 and duration of incubation of 12 hours, unless indicated otherwise. HepG2 cells
were also used in luciferase assays which were not feasible in ECs.14 Cells were transfected
with FXR, MMP-9, or control siRNA (Ambion) or FAK siRNA (Dharmacon) using
Oligofectamine (Invitrogen) as described previously.14 Green Fluorescent Protein (Ad GFP)
or Y397F-FAK (phosphodefective FAK) mutant adenoviral constructs were generated as
previously described.16 Cells grown to confluence in 100-mm dishes were infected with 100
multiplicity of infection of Ad GFP or Ad Y397F-FAK (phosphodefective FAK) mutant
overnight in serum containing medium, after which the media was replaced with fresh media
with no virus. In all experiments cells were used between 32 and 36 hours postvirus infection.

Immunofluorescence
Cells were serum-deprived for 12 hours and then stimulated with 50 μmol/L CDCA for 12
hours, (a time point at which CDCA-induced MMP-9 protein expression is achieved) rinsed
quickly with phosphate buffered saline, and fixed with 2% paraformaldehyde. Cells were then
labeled with antibodies recognizing p-FAK or vinculin or stained with phalloidin as described
previously.17 In some experiments ECs were transfected with either FXR siRNA or MMP-9
siRNA and then treated with either vehicle or 50 μmol/L CDCA and stained with antibodies
recognizing p-FAK or vinculin. Laser scanning confocal microscopy was performed using a
Zeiss LSM 510 system (Carl Zeiss Microscopy), captured red and green fluorescence images
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were background subtracted, and a threshold was set to restrict analysis of FAs using an overlay
image, which were then analyzed using the Image Pro-Plus software (version 6.2, Media
Cybernatics). The number of FA plaques per cell was calculated from a total of 30 cells, and
the data generated using the software were exported to Excel and representative figure were
plotted in graph. For stress fiber analysis, images were analyzed using LSM image analysis.
Fluorescent intensity was measured across the cell, and graphical values were generated as a
measure of intensity along the specific distance across the cell.

Quantitative RT-PCR
Real-time fluorescence monitoring was performed with the Applied Biosystems 7500 Real-
Time PCR System instrument as described previously.14 FAK, FXR, or MMP-9 mRNA was
normalized to GAPDH mRNA and shown as the -fold change.

Western Blot Analysis
Cell lysates of serum-deprived ECs stimulated with 50 μmol/L CDCA were used as described
previously14 for Western blotting with antiphospho FAK (Tyr 397; Chemicon International),
antiphospho FAK (Tyr 576/577; Upstate), antiphospho FAK (Tyr 925; Cell Signaling), FAK,
antiphospho paxillin (pY118), antiphospho c-Jun (Cell Signaling), anti c-Jun, anti-HA, and
MMP-9 Abs (BD Biosciences), antipaxillin (Upstate) B-actin, or vinculin (Sigma).

Time-Lapse Video Microscopy
Endogenous expression of FXR, or MMP-9, or FAK was silenced using siRNA specific for
FXR, or MMP-9, or FAK, respectively, before incubation with either vehicle or 50 μmol/L
CDCA. Live cell motility was tracked using time-lapse video microscopy with a Zeiss Axiovert
equipped with phase-contrast and epifluorescence microscopy and a temperature-controlled
stage (Medical Systems Corp) to maintain 37°C and 5% CO2 incubation. Images were collected
under low-light illumination using an intensified CCD C2400 camera (Hamamatsu Photonics
K.K.) at 63× magnification every 3 minutes for a total period of 3 to 6 hours. Image processing
and data analysis were performed using MetaMorph (Universal Imaging/Molecular Devices)
software, and the data (distance [μm] or velocity [μm/s]) were transferred to Excel (Microsoft)
for analysis and representation.18

Vascular Tube Formation Assay
Cells were placed on 100 μL Matrigel after 30 minutes of preincubation at 37°C. siRNA
transfections were performed to silence endogenous expression of FXR, or MMP-9, or FAK
in ECs, using respective siRNA. In some experiments, ECs were transduced with Ad Y397F
FAK to overexpress the phosphodeficient FAK mutant, or Ad GFP control. Cells were washed,
trypsinized, and seeded at 2×104 cells per well on Matrigel Matrix (BD Biosciences)–coated
chamber slides. Cells were incubated in the presence of either vehicle or 50 μmol/L CDCA for
6 to 12 hours at 37°C and 5% CO2 and imaged using 4× objective and analyzed using Image-
Pro Plus software for quantification of tube formation as described previously.18

Luciferase Reporter Assay
Cells were transfected with wild-type or mutated AP-1 human MMP-9-promoter-luciferase
reporter constructs19 (Dr H. Sato, Japan) with 0.01 μg Renilla luciferase reporter vector to
control for transfection efficiency (pRL-TK) using Lipofectamine 2000 (Invitrogen), and
luciferase assays were conducted using a dual luciferase kit (Promega) as described previously.
14
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Gel Shift Assays
Nuclear extract from vehicle or CDCA (1 to 100 μmol/L) stimulated ECs was incubated
with 32P-labeled probe encoding the AP-1 binding site of MMP-9 promoter 5′-
TGACCCCTGAGTCAGCACTT-3′ in a binding buffer and electrophoresed and
autoradiographed as described previously.14

Statistical Analysis
The data in the bar graphs represent the mean±SEM of at least 3 independent experiments,
each performed with duplicate samples. Blots and immunofluorescence figure represent typical
experiments reproduced at least 3 times with similar results. Statistical analyses were
performed using a Student t test, with a 2-tailed value of P<0.05 considered significant.

Results
CDCA Upregulates Motility and Angiogenic Capacity of ECs in an FXR-MMP-9–Dependent
Manner

First, we examined the effects of bile acid stimulation on EC motility and angiogenic capacity.
ECs were incubated with vehicle or CDCA, and real-time cell motility was evaluated by time-
lapse video microscopy and analyzed using Metamorph software. CDCA significantly
increased EC chemokinesis as assessed by total distance traveled (Figure 1A). Next, we
examined the mechanistic role of FXR and MMP-9 in this process using a siRNA approach,
because prior studies have identified an FXR-induced MMP-9 transcription activation process
in ECs in response to bile acids.14 A concentration-dependent decrease in FXR and MMP-9
mRNA level was observed in response to FXR siRNA and MMP-9 siRNA, respectively, in
cells with 30 nm siRNA, a concentration which depletes 75% of FXR mRNA levels
(supplemental Figure IA, available online at http://atvb.ahajournals.org) and 80% of MMP-9
mRNA levels, respectively (supplemental Figure IB). A dose dependent increase in MMP-9
activity was also observed in presence of CDCA using gelatin zymography (supplemental
Figure IC). CDCA significantly increased EC motility in control siRNA-transfected cells
(Figure 1B). However, this effect was absent in cells transfected with either FXR siRNA or
MMP-9 siRNA (Figure 1B).

Next, to determine whether cell motility translates into increased in vitro angiogenic capacity
of ECs in response to bile acids, we performed tube formation assays. ECs were seeded on
matrigel coated slides, and tube-like structures were quantified using image analysis software.
In presence of CDCA, ECs formed more tubes as compared to vehicle (Figure 1C). This
response occurred in a concentration-dependent manner between concentrations of CDCA of
0 to 100 μmol/L (data not shown); a 50-μmol/L dose was subsequently used for ensuing
experiments based on use of this concentration in prior literature and its approximation of bile
acid levels in humans under pathophysiologic states.15 Tube formation ability was also
analyzed in presence of FXR or MMP-9 silencing and compared with control siRNA
transfected cells. CDCA significantly increased total tube length as compared to vehicle in the
control siRNA transfected group, whereas CDCA-induced increase in tube length formation
was absent in EC transfected with either FXR siRNA or MMP-9 siRNA (Figure 1D). These
studies firmly establish the effect of CDCA on EC motility and angiogenic capacity is through
an FXR-MMP-9 pathway.

CDCA Activates FAK Through Phosphorylation of Specific Tyrosine Residues
We next sought to explore the mechanism by which CDCA stimulates EC motility and tube
formation. Because changes in actin cytoskeleton are essential for cell motility, we examined
actin dynamics in cells stimulated with CDCA. A prominent observation was a proliferation
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in FA plaques which occurred in ECs in response to bile acid stimulation as assessed by
increased detection of FA marker, vinculin (Figure 2A). To explore the mechanism of increased
FA formation in CDCA-stimulated cells, we next examined the role of the key FA protein,
FAK. FAK is a nonreceptor tyrosine kinase, which is activated by phosphorylation20 and
serves as a key molecule in FA assembly.21 To explore the role of FAK in the signal
transduction pathway of CDCA-induced EC motility we used immunofluorescence analysis
to study cells treated with either vehicle or CDCA. Immunofluorescence microscopy using an
antibody recognizing phosphorylated FAK Y397 (p-FAK Y397) revealed increased p-FAK
staining in CDCA stimulated cells as compared to cells incubated with vehicle (Figure 2B).
The FA nature of this staining was further confirmed by costaining cells with F-actin which
revealed numerous stress fibers which inserted into the p-FAK Y397 positive FAs in CDCA
stimulated cells as compared to vehicle incubated cells (Figure 2C). This further indicates the
mature nature of CDCA-induced FAs compared to the less mature FA complexes observed
with vehicle conditions. Quantitative analysis of stress fibers, as represented graphically, using
LSM software depicts high levels of stress fibers (red intensity profiles) in the cells treated
with CDCA (Figure 2C, right graph) as compared to cells incubated with vehicle (Figure 2C,
left graph).

FAK can be tyrosine phosphorylated on a number of residues, including Tyr-397, −576/577,
−925 in response to various stimuli.22 To study the CDCA responsive phosphorylation sites
on FAK we used a series of phosphospecific antibodies for Western blot analysis. CDCA
promoted increased phosphorylation of FAK at Tyr-397, but not at Tyr-576/577 or Tyr-925
(Figure 2D, left panel). Blots from 3 independent experiments were quantified and plotted as
a change in ratio of p-FAK Y397 to FAK (Figure 2D, left graph), p-FAK Y576/577 to FAK
(Figure 2D, middle graph), and p-FAK Y925 to FAK (Figure 2D, right graph) in the CDCA-
stimulated cells as compared to vehicle incubated cells. These studies demonstrate a site-
specific tyrosine residue phosphorylation of FAK in the process of CDCA-induced motility
signaling.

CDCA-Induced FA Formation Requires FXR and MMP-9
Bile acids may signal through multiple pathways including FXR, EGF transactivation, and
TGR-5.1,23–25 To study the role of FXR in CDCA-induced phosphorylation of FAK at
Tyr-397 we first silenced FXR by transfecting ECs with FXR siRNA or control siRNA at a
concentration that is required for 75% knock down of FXR (supplemental Figure IA).
Transfected cells were then treated with either vehicle or CDCA. p-FAK Y397 staining in the
FA plaques were significantly increased in the control siRNA transfected cells treated with
CDCA, whereas cells transfected with FXR siRNA showed reduced number of p-FAK Y397
associated FA plaques in presence of CDCA (supplemental Figure IIA, upper panel:
photomicrograph, lower panel: graphical representation). Corroborative immunoblot analysis
showed decreased phosphorylation of FAK at Y397 in cells transfected with FXR siRNA
(supplemental Figure IIB).

Next, we studied the effect of MMP-9 silencing on FXR agonist-induced activation of FA
plaques. MMP-9 silencing using MMP-9 siRNA showed significant decrease in MMP-9
mRNA (supplemental Figure 1B). CDCA treatment increased the peripheral localization of
vinculin positive FA plaques in the control siRNA transfected cells. However, this effect was
lost in cells transfected with MMP-9 siRNA (supplemental Figure IIIA, upper panel).
Quantitation of vinculin positive FAs per cell shows a significant increase in CDCA-treated
group as compared to vehicle in the control siRNA transfected ECs but not in MMP-9 siRNA
transfected group (supplemental Figure IIIA, lower panel). Corroborative immunoblot analysis
of cells transfected with either control siRNA or MMP-9 siNRA showed similar levels of total
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vinculin and β-Actin (supplemental Figure IIIB). These studies indicate that increase in FA
plaques in presence of CDCA follows an FXR–MMP-9–dependent signaling pathway.

Phosphorylation at Y397 on FAK Is Required for Activation of Paxillin by CDCA and
Enhanced Cell Motility and Tube Formation

We next sought to understand further the mechanism by which CDCA promotes FA formation
in ECs. In this regard, CDCA also phosphorylated paxillin, a downstream signaling target of
FAK at Tyr-118 on paxillin (Figure 3A). To confirm a requisite role for FAK phosphorylation
at Y397 in this process, we used an HA-tagged adenoviral construct encoding a FAK with a
mutation of Y397, the residue which is phosphorylated in response to CDCA (Figure 2D).
Overexpression of Ad Y397F-FAK HA-tagged mutant was confirmed by immnobloting with
HA antibody in Western blot analysis. FAK and paxillin activation in response to CDCA was
examined by Western blot in ECs transduced with Ad GFP or Ad-Y397F-FAK mutant. CDCA-
induced phosphorylation of FAK Y397 or paxillin Y118 was evident in cells transduced with
Ad GFP control, but not in cells transduced with Ad-Y397F-FAK mutant (Figure 3B),
indicating that phosphorylation of the tyrosine residue at 397 position on FAK is essential for
activation of paxillin in the motility signaling pathway activated by CDCA.

Next, to further corroborate a mechanistic role for FAK in CDCA-induced FA formation, FAK
was silenced in ECs using FAK siRNA and cells were analyzed for motility and tube formation
ability. A concentration-dependent decrease in FAK mRNA level was observed in response to
FAK siRNA in cells with 30 nm FAK siRNA, effectively knocking down 75% of FAK mRNA
levels (supplemental Figure IVA). CDCA significantly increased EC motility in control siRNA
transfected group but not in FAK siRNA transfected groups as assessed by real-time cell
motility (supplemental Figure IVB). A similar decrease in tube length formation in FAK siRNA
transfected group was observed as compared to control siRNA transfected group (supplemental
Figure IVC). To further confirm the role of phosphorylation of FAK at tyr-397 in EC motility
and angiogenesis, we transduced ECs with either Ad GFP or Ad Y397F FAK mutant and then
studied real-time cell motility and vascular tube formation assay in presence or absence of
CDCA. There was a significant increase in EC motility in presence of CDCA in cells transduced
with Ad GFP but not with Ad Y397F FAK mutant (Figure 3C). Similar increase in tube length
formation in presence of CDCA was observed in ECs transduced with Ad GFP but not with
Ad Y397F FAK mutant (Figure 3D). These studies indicate a critical role of FAK in FXR-
induced EC motility and angiogenesis.

FAK Silencing Abolishes the Expression of MMP-9
After establishing a critical role of FAK in CDCA induced EC motility, we next sought to
determine the site of FAK within the proposed FXR–MMP-9 signal transduction pathway.
Interestingly, FAK has previously been implicated in the pathway of MMP-9 upregulation via
JNK and c-Jun signaling.26,27 Additionally, FAK may also be downstream of MMP9, and
activated through MMP-9–induced changes in extracellular matrix.28,29 To address these
possibilities in the context of our CDCA-motility model, we silenced FAK in ECs using FAK
siRNA and measured mRNA expression of MMP-9 in presence or absence of CDCA. CDCA-
induced MMP-9 expression was lost in cells transfected with FAK siRNA (supplemental
Figure IVD) supporting a requisite role of FAK for CDCA induction of MMP-9. Furthermore,
ECs transduced with Ad Y397F FAK mutant showed a similar decrease in CDCA-induced
MMP-9 mRNA levels (Figure 4A) as well as protein levels (Figure 4B) as compared to Ad
GFP transduced cells, further supporting the importance of activation of FAK by site specific
phosphorylation at Y397 in this pathway. Interestingly, we also observed decreased
phosphorylation of FAK at Y397 residue in presence of MMP-9 silencing by Western blot
analysis (Figure 4C) and by immunofluorescence analysis (Figure 4D), indicating that MMP-9
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is required for FAK activation in ECs. Thus, these studies demonstrate a dynamic interplay
between FAK and MMP-9 in FXR-induced motility signaling in ECs.

FAK Regulates MMP-9 Gene Transcription by Activation at the AP-1 Motif
To explore the potential mechanisms of MMP-9 transcription we studied the human wild-type
MMP-9 reporter luciferase construct or one with a point mutation in the AP-1 site. The AP-1
mutant construct evidenced significantly decreased MMP-9 promoter activity, suggesting that
activator protein binding to the AP-1 motif of the MMP-9 promoter may regulate MMP-9 gene
transcription (supplemental Figure VA). Phorbol 13-myristate 12-acetate (PMA), a previously
established inducer of MMP-9 gene transcription regulates through AP-1 activation. However,
the induction effect of PMA on the MMP-9 promoter activity was lost in presence of a point
mutation in the AP-1 site thereby served as a positive control (supplemental Figure VA). To
expand this observation, we performed EMSA using the nuclear extract prepared from ECs
incubated with varying concentrations of CDCA. A concentration-dependent increase in
protein binding to a radiolabeled AP-1 motif from the MMP-9 promoter was observed in
response to increasing concentrations of CDCA (Figure 5A). To further explore the role of
FAK in MMP-9 gene transcription we performed reporter assays in cells cotransfected with
human wild-type MMP-9 promoter and either FAK siRNA or scrambled siRNA and then
incubated cells with vehicle or 50 μmol/L CDCA. CDCA significantly increased MMP-9
relative luciferase promoter activity in cells cotransfected with control siRNA, as compared to
those transfected with FAK siRNA (supplemental Figure VB). Next we overexpressed the Ad
Y397F FAK mutant or Ad GFP in cells transfected with wild-type human MMP-9 promoter
and then incubated the cells with vehicle or CDCA. Interestingly, the relative luciferase activity
(RLA) was significantly increased in cells overexpressing the Ad GFP as compared with Ad
Y397F FAK mutant (Figure 5B). Because c-Jun is a component of the AP-1 transcription
complex of MMP-9 promoter,26 we finally performed immunoblot analysis of c-Jun which
revealed CDCA-induced phosphorylation of c-Jun (p-c-Jun) in ECs transduced with Ad GFP
but not in cells transduced with Ad Y397F FAK (Figure 5C). In sum, these results support an
important role of FAK in FXR-induced MMP-9 gene transcription.

Discussion
The present studies explore the signal transduction mechanism of FXR-induced EC motility
and angiogenesis. The novel observations we have generated are that FXR agonists: (1) induce
cell motility and tube formation capacity of ECs in a FXR-MMP-9–dependent manner; (2)
activate peripheral FA plaque formation through a FXR-MMP-9–dependent pathway; (3)
phosphorylate FAK on Y397, but not on Y576/577, or Y925, with downstream activation of
paxillin on Y118. Thus this work identifies important mechanisms responsible for the novel
concept of bile acid regulation of vascular EC function and biology.

FXR pathway relevance to vascular biology has traditionally been thought to be via cholesterol
regulation.30 However, recent studies raise the intriguing possibility that bile acids, such as
CDCA, may regulate vascular function through direct modulation of EC recruitment to sites
of liver injury and angiogenesis perhaps via an MMP-9–dependent mechanism.5,8,14,31–33
Data from the present study identifies a role of FXR in the process of EC motility that is
achieved through MMP-9, and its cross-talk with FAK. Our data shows that FAK silencing
abrogates EC motility, and tube formation capability in presence of CDCA also corroborates
with prior studies showing that FAK deficient (FAK−/−) cells exhibit a rounded morphology
with migration defects.11,28,29 Thus, our work adds a new role of the FXR pathway into
existing angiogenesis research involving MMP-9 and FAK.

A key step in the process of EC motility is the dynamic interactions between ECs and the
surrounding extra cellular matrix, which occurs at FAs. FAs are typically composed of integrins
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and various other proteins that link the actin cytoskeleton to the extracellular matrix. In
presence of a motility stimulus, integrin-mediated cell adhesions can lead to FAK activation
and autophosphorylation.34 Phosphorylation of FAK in turn triggers downstream signaling
events, including phosphorylation of paxillin, which occur directly or indirectly through Src.
22,35 The major site of autophosphorylation of FAK, tyrosine 397, lies to the amino-terminal
side of the catalytic domain and serves as a binding site for the SH2 domain of Src.36 In this
study, we observed a lack of CDCA-induced paxillin phosphorylation in cells transduced with
adenoviral phosphodefective FAK (Y397F-FAK) mutant. Alternative FAK tyrosine residues
are implicated in generating distinct signals as well. For example, FAK Tyr-576/577
upregulates FAK kinase activity, whereas FAK Tyr-925 activates the Ras-MAPK pathway.
37 However, in the present study, we did not observe any change in phosphorylation status of
FAK at tyrosine residue −576/577 and −925 in ECs in presence of FXR agonists, further
establishing specificity of effect at tyr 397.

Studies in various carcinoma cells have shown a role of FAK in MMP-9 gene expression
through the activation of JNK and c-Jun.26,27 Data from our present study demonstrating that
MMP-9 expression by CDCA was perturbed in presence of FAK silencing support these prior
observations. However, we also observed that MMP-9 silencing abrogates the activation of
FAK as assessed by FAK phosphorylation at tyrosine 397 residue. Thus our findings decipher
an interesting coordinated interaction between FAK and MMP-9 whereby activation of FAK
and its downstream target paxillin occurs through a MMP-9–dependent pathway, whereas the
upregulation of MMP-9, in turn, is regulated by FAK at the AP-1 motif of the MMP-9 promoter
via c-Jun activation (Figure 5D). We anticipate that MMP-9 may degrade matrix, which is
sensed by focal adhesion proteins (ie, integrins, src, etc) that signal to FAK phosphorylation.
In turn, FAK remodels focal adhesions, thereby enabling ECs to move. In summary, our data
demonstrate that bile acids activate FAK and its downstream signaling target paxillin, thereby
increasing peripheral FA plaque formation through an MMP-9–dependent mechanism; these
events promote EC motility and vascular tube formation. With increasing evidence
demonstrating a key role for bile acids in liver injury and repair,5 we anticipate that better
understanding of the mechanisms of FXR induced EC motility and angiogenesis may lead to
the design of novel therapeutics aimed at hepatic vascular remodeling and angiogenesis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CDCA potentiates EC motility and tube formation in a FXR-MMP-9–dependent manner. A,
CDCA-induced cells (n=60 cells) showed significant increase in motility. B, CDCA increased
EC (n=60 cells) motility in cells transfected with control siRNA but not with FXR siRNA or
MMP-9 siRNA. C, CDCA significantly increased the tube length in ECs. D, CDCA
significantly increased tube length in cells transfected with control siRNA but not with FXR
siRNA or MMP-9 siRNA. Rop, representative photomicrographs from 3 independent
experiments bottom, graphical representation, n=3, *P<0.05.
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Figure 2.
CDCA-induced FA formation occurs through FAK phosphorylation at tyrosine residue −397
but not −576/577 or −925. A, Prominent increase in vinculin-positive FA plaques was observed
in cells (n=30 cells) treated with CDCA for 12 hours. B, p-FAK Y397–positive FA plaques
were significantly higher in CDCA-treated groups. C, Stress fiber formation by CDCA was
higher as compared to vehicle. Left, Representative micrographs and images processed using
software are from 3 independent experiments; right, graphical representation, n=3, *P<0.05.
D, CDCA increased FAK phosphorylation at Tyr-397 but not at Tyr-576/577 or Tyr-925
tyrosine residues. Left, Representative Western blots from 3 independent experiments which
were quantified and ratios of (left graph) p-FAK Y397/FAK, (middle graph) p-FAK Y576/577/
FAK, and (right graph) p-FAK Y925/FAK were calculated and plotted graphically (n=3,
*P<0.05).
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Figure 3.
Phosphodeficient FAK mutant downregulates CDCA-induced activation of paxillin, EC
motility, and tube formation. A, CDCA increased phosphorylation of paxillin at Y118, but not
vinculin, paxillin, and β-Actin (loading control) in ECs. B, Cells transduced Ad Y397F-FAK
mutant showed decrease in phosphorylation of FAK at Y397 and paxillin at Y118. C, CDCA
increased EC motility in Ad GFP but not in Ad Y397F-FAK mutant transduced cells (n=45
cells). D, CDCA-induced increased tube formation in Ad GFP but not in Ad Y397F-FAK
mutant transduced ECs. (Representative Western blots or photomicrographs are from 3
independent experiments, n=3, *P<0.05).
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Figure 4.
CDCA-induced EC motility involves a reciprocal regulation of FAK and MMP-9. A and B,
CDCA increased MMP-9 mRNA (A) and protein (B) levels in ECs transduced with Ad GFP
but not Ad Y397F-FAK mutant. C, MMP-9 silencing decreases FAK phosphorylation at tyr
397 residue. D, CDCA-induced increase staining of p-FAK Y397–positive FA plaques in cells
transfected with control siRNA but not MMP-9 siRNA (upper, representative micrographs;
lower, images processed using software; right, quantification of p-FAK Y397–positive FA
plaques per cell, n=3, *P<0.05, representative blots and micrographs are from 3 independent
experiments).
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Figure 5.
FAK regulates MMP-9 promoter activity. A, Increase in protein binding on the AP-1 motif of
MMP-9 promoter in response to increasing CDCA concentration (arrow). B, RLA of wild-type
MMP-9 promoter was significantly increased in CDCA-treated cells overexpressing Ad GFP
but not Ad Y397F FAK (n=3, *P<0.05). C, CDCA-induced phosphorylation of c-Jun in cells
transduced with Ad GFP but not with Ad Y397F-FAK mutant. (Representative
autoradiographs or Western blots are from 3 independent experiments). D, Schematic
representation of the model. FXR activation upregulates MMP-9,14 which then activates FAK
and other FA plaque proteins that in turn promotes EC motility and angiogenesis.
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