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ABSTRACT
The Role of Allograft Inflammatory Factor-1 in Vascular Smooth Muscle Cell
Activation and Development of Vascular Proliferative Disease
Laura Jean Sommerville
Doctor of Philosophy
Temple University, 2010
Doctoral Advisory Committee Chair: Michael V. Autieri, PhD.

The underlying cause of all vascular proliferative diseases is injury-induced
activation of vascular endothelium and vascular smooth muscle cells (VSMC). Activated
VSMC proliferate, than migrate from the arterial media to the intima, contributing to
neointima formation. Activated immune cells, vascular cells, and their endogenous
regulators mediate this complex process. One integral regulator of VSMC activation is
allograft inflammatory factor-1 (AIF-1).
AIF-1 is a cytoplasmic scaffold protein, expressed constitutively in lymphoid
cells and induced in VSMC by injury. Stable over expression of AIF-1 increases VSMC
proliferation and migration in vitro, causes increased injury-induced neointima formation,
and increases Rac1 and p38 MAP Kinase activity. Recent studies show a correlation
between VSMC expression of AIF-1 and atherosclerosis development. We hypothesize
that VSMC over expression of AIF-1 contributes to atherosclerosis development by
increasing activity of inflammatory signaling molecules, and that inhibiting VSMC AIF-1
expression will decrease injury-induced neointima formation.
Rat carotid arteries transfected with AIF-1 si RNA adenovirus after balloon
angioplasty developed significantly less neointima compared to controls. AIF-1 si RNA
transfected VSMC proliferated significantly less than AIF-1 or GFP transfected VSMC,
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while AIF-1 si RNA transfection did not attenuate AIF-1-mediated migration. p38
inhibition showed that AIF-1-mediated proliferation is dependent on p38 activation while
AIF-1-mediated migration is not.
AIF-1 transgenic mice fed a high fat diet showed significantly more
atherosclerotic lesions than WT littermates. Boyden Chamber assays showed OxLDL
treatment increases VSMC migration but does not effect AIF-1-mediated migration.
Expression of migration and inflammatory responsive genes in AIF-1 and XGal
transfected VSMC after OxLDL treatment at various time points were examined. MMP2 and -9 expression did not change. ICAM-1 and VCAM-1 expression increased in both
groups. AIF-1 VSMC showed significantly higher ICAM-1 expression at baseline and
early time points and elevated, but not significantly higher VCAM-1 expression at early
time points. Western blots showed increased activation of NF-kB in AIF-1 transfected
VSMC at baseline and 30 minutes after OxLDL stimulation compared to XGal
transfected VSMC.
Expression of the scavenger receptor receptors CD36 and SRA(I) expression
increased after lipid treatment in AIF-1 and XGal transfected groups. AIF-1 VSMC
showed sustained expression of both receptors after 16 hours of treatment compared to
XGal VSMC, which showed decreased expression at that time point. CXCL16/PSOX
expression increased with treatment, but differences in expression patterns were not seen
between cell groups. FACS analysis showed significantly more OxLDL was taken up by
AIF-1 VSMC compared to XGal VSMC.
These data show that AIF-1 expression in VSMC is tightly linked to the vascular
response to injury and development of vascular disease. Although AIF-1-mediated
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migration is not p38 dependent, AIF-1 may contribute to increased VSMC migration in
part by upregulating NF-kB downstream effectors through increased NF-kB activity.
AIF-1 may also speed the progression of atherosclerosis by increasing scavenger receptor
expression and thereby increasing OxLDL uptake and foam cell formation. Although
more study is required to fully elucidate the molecular mechanisms leading to AIF-1
mediated VSMC activation, these data have further established AIF-1 as an integral
regulator of the VSMC response to injury.
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CHAPTER 1
INTRODUCTION

Background

Vascular proliferative diseases represent a significant medical and socioeconomic
burden on society and include, but are not limited to, primary atherosclerosis, vein graft
rejection, and post angioplasty restenosis. These are essentially inflammatory diseases,
and are initiated by activation of endothelium caused by elevated low-density lipids
(LDL) in the blood, reactive oxygen species (ROS), high blood glucose, altered sheer
stress, mechanical pertubation, and host vs. graft response (38). Activated endothelial
cells produce and secrete cytokines, which increase leukocyte attachment and activate
phenotypic switching of vascular smooth muscle cells (VSMC) from contractile to
proliferative. Once changed to a proliferative phenotype VSMC migrate from the tunica
media of the artery to the tunica intima, where they secrete proliferative cytokines and
respond to them in an autocrine fashion. Migration and proliferation of VSMC lead to
intimal hyperplasia also referred to as neointima formation. Neointima formation is a
complex process that involves activation of many cell types including endothelial cells,
smooth muscle cells, macrophages, platelets, and T cells. Once activated, these cell types
contribute to neointima formation through the direction of endogenous regulators such as
cytokines, receptors, transcription factors, and scaffold proteins. Because of their integral
role in development of vascular proliferative disease these regulators are subjects of
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intense study. One protein that has been established as an integral mediator of vascular
disease development is Allograft Inflammatory Factor-1 (AIF-1).
AIF-1 is a cytoplasmic, calcium-binding scaffold protein that is constitutively
expressed in cells of lymphoid origin but only expressed in VSMC when stimulated or
injured. The role of AIF-1 in development of vascular proliferative disease has been
established in vitro and in rodent models of vascular injury. To this point the known role
of AIF-1 in vascular disease was incomplete due to three factors. First, in vivo studies
had only focused on the effects of AIF-1 over expression on VSMC. Second, only
models of physical injury had been used. Finally, a mechanism by which AIF-1 acts had
not been fully elucidated.
Studies with smooth muscle cell specific AIF-1 transgenic mice established that
AIF-1 over expression increases VSMC proliferation, migration, and neointima
formation in response to vascular injury (40). Because of this it was important to
investigate the effects of inhibition of AIF-1 expression on these processes. To do this,
rat VSMC were transfected with AIF-1 si RNA over expressing adenovirus immediately
following arterial injury by balloon angioplasty. Extent of neointima formation was
compared to controls. VSMC migration and proliferation were also measured after in
vitro transfection with si RNA adenovirus and other control adenoviruses.
Having demonstrated through our work that AIF-1 expression is tightly linked to
neointima formation in vivo it became our focus to study AIF-1 expression in VSMC in a
different model of injury that has clinical implications. Oxidatively modified Low
Density Lipids (Ox-LDL) are a primary cause of endothelial injury leading to the
development of atherosclerosis. Recent evidence has shown that AIF-1 is expressed in
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VSMC of coronary arteries from non-failing hearts that contain plaque (Autieri et. al.
unpublished data). Another recent finding demonstrates that AIF-1 expression can be
induced by Ox-LDL in rat and human VSMC (Sommerville et. al. unpublished data) and
macrophage (41). Finding this correlation between AIF-1 expression and proatherogenic
activity in VSMC made it important to investigate a potential role for AIF-1 in
atherosclerosis development. This was done by feeding AIF-1 Tg mice and WT
littermates a high fat diet and then comparing aortic atherosclerotic lesion size.
The macroscopic data showing a difference in atherosclerosis development
between AIF-1 Tg and WT mice made it important to further characterize a molecular
mechanism for AIF-1 mediated VSMC activation. As a scaffold protein, AIF-1 mediates
interactions between signaling molecules. AIF-1 is known to increase and sustain Rac1
and p38 activity (6,26). It had also been found through our work that AIF-1-mediated
proliferation is p38 dependent while AIF-1-mediated migration is p38 independent (26).
Based on these data, we choose to study the expression and activation of migrationresponsive genes, along with scavenger receptor expression and VSMC OxLDL uptake in
attempts to further elucidate a mechanism for AIF-1 mediated VSMC activation and
development of vascular disease.
The principle objectives of this study were to determine the effects of AIF-1 gene
silencing on neointima formation in vivo, to determine a cause and effect relationship
between AIF-1 over-expression and atherosclerosis development, and to further
characterize a mechanism for AIF-1-mediated VSMC activation.

4
AIF-1 Discovery and Structure

AIF-1 was first discovered in 1995 by differential display technique. It presented
as a novel cDNA fragment expressed in macrophages present in rat cardiac allografts, but
not present in syngrafts (42). The partial cDNA was used to screen a cDNA library
prepared from 14-day cardiac allograft poly (A) + RNA. Positive clones were isolated
and sequenced, leading to the isolation of a full-length cDNA clone of the AIF-1 gene.
Characterization of the gene revealed that AIF-1 is a cytoplasmic protein 143
amino acids in length with a molecular weight of 16.8 kDa. It has a 28 amino acid
sequence corresponding to an EF-hand loop domain, a structure indicative of a calcium
binding protein. Interestingly, the AIF-1 EF-hand loop domain differs from the
consensus sequence for EF-hand loops at amino acid position 12, wherein it contains a
cysteine residue instead of an aspartic acid or glutamic acid residue. Also, unlike other
members of the calcium binding superfamily, AIF-1 contains only one EF-hand loop
domain instead of two. These two unique features cause AIF-1 to bind calcium weakly
(5). AIF-1 contains multiple PZD domains that serve to mediate interactions between
large protein complexes at subcellular locations (5,1). Due to these structural features it
is hypothesized that calcium binding alters the tertiary structure of AIF-1, and thereby
effects its interactions with other proteins rather than causes it to sequester calcium.
AIF-1 does not contain consensus phosphorylation sites for serine/threonine
protein kinases or immunoglobin-like cysteine rich regions. However it does have a
Casein Kinase II phosphorylation site at amino acids 39-43 and a Protein Kinase C
phosphorylation site at amino acids 69-71 (2). It also contains a 44 amino acid sequence
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flanked by several basic paired residues, characteristic of a cleavage motif for peptide
hormone precursors. AIF-1 is mapped to the major histocompatability complex class III
region of chromosome 6p21 (21), a region containing many genes involved in the
inflammatory response including TNFα and β, and NF-κB.

Patterns of AIF-1 Expression

AIF-1 is evolutionarily conserved among phylogenetically distinct species such as
humans and marine sponges (31), suggesting a potentially important role for this protein
in the inflammatory process. It is constitutively expressed at a baseline level in several
cell types associated with inflammation including macrophages, peripheral blood
lymphocytes, T-cells, and activated microglia. AIF-1 expression in these cell types
increases above baseline when they become activated by immune responsive cytokines.
Inhibiting AIF-1 expression greatly reduces immune cell activation, and results in a
decreased number of immune cells present in transplant allografts (42, 2).
Although AIF-1 expression is constitutive in lymphoid cells, quiescent VSMC do
not express AIF-1. Expression must be induced by mitogenic or inflammatory factors.
Endothelial inflammatory cytokines, fetal calf serum, basic fibroblast growth factor,
interferon gamma, interleukin-1β, platelet derived growth factor, transforming growth
factor beta, and Ox-LDL are all known inducers of AIF-1 in VSMC (10). Expression of
AIF-1 in VSMC has been shown to increase leukocyte recruitment to the activated
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VSMC, and also has important implications for VSMC proliferation and migration in
models of vascular injury and proliferative disease.

AIF-1 Mediated VSMC Proliferation

VSMC proliferate in response to AIF-1 expression both in culture and in vivo.
VSMC that are stably transduced with a retrovirus containing the protein coding portion
of the AIF-1 gene grow an average of 90% more rapidly than empty vector and control
cells both in the presence and absence of growth factors. The doubling time for a
transfected VSMC line is also shorter by an average of four hours as compared to empty
vector or control cells (38). Treating quiescent VSMC with soluble factors known to
induce AIF-1 expression yields similar results (10). Studies comparing proliferative
capacity of groups of stably transduced VSMC that vary in the amount of AIF-1
expressed demonstrates that the magnitude of VSMC proliferation is dependent on the
amount of AIF-1 expressed (3).
The mechanism by which AIF-1 increases VSMC proliferation has yet to be
entirely elucidated; however, two integral regulators of the process have been identified:
the cytokine Granulocyte Colony Stimulating Factor (G-CSF), and calcium ions. Until
recently, G-CSF was thought to be a leukocyte lineage-restricted cytokine and mainly
responsible for stimulating differentiation of bone marrow cells into granulocytes, and for
attracting bone marrow progenitors to sites of injury. However, in 2004, Autieri and
colleges found that VSMC produce G-CSF in response to AIF-1 expression, which acts
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upon VSMC in an autocrine manner (3). Stimulation of VSMC with G-CSF alters the
cell cycle profile. Cell cycle proteins associated with the earliest stages of the cycle,
specifically cyclin D1, cyclin E, cdk6, cdk7, and Skp 1 are upregulated in stably
transduced VSMC (20). Cyclin D1 becomes activated in mid G1 phase and forms a
complex with cdk6. This leads to the interaction of cyclin E with cdk2. The cyclin
E/cdk2 complex regulates the transition from the G1 phase to the S phase via kinase
activity. A high level of cyclin E accelerates this transition. Cdk7 and cyclin H interact
to become the Cdk-activating-kinase, a complex that phosphorylates other cdks and
drives cell cycle progression (43,39). Skp1 mediates proteolysis of the S-phase
cyclin/CDK inhibitor SIC1, an action that is required for a cell to traverse from G1 to Sphase of the cell cycle (43). As a result of these changes to the cell cycle profile, VSMC
stably transduced with AIF-1 divide roughly two fold more rapidly than empty vector or
control cells, even in the absence of growth factors. Stably transduced cells also enter the
S phase an average of 8 hours sooner than empty vector or control cells (6). Treating
stably transduced populations with a G-CSF neutralizing antibody attenuates VSMC
proliferation to levels similar to empty vector and control cells (4), indicating that G-CSF
is necessary for AIF-1 mediated growth enhancement of VSMC.
Calcium binding also regulates AIF-1-mediated VSMC proliferation. It does this,
at least in part, through its ability to affect G-CSF. G-CSF expression is inhibited in
VSMC stably transduced with an AIF-1 mutant that lacks calcium-binding capability (3).
As a result these cell populations proliferate at a rate similar to that of empty vector and
control cells, indicating that calcium binding is essential for AIF-1 induced G-CSF
expression and AIF-1 mediated VSMC proliferation. Although the mechanistic role of
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calcium in AIF-1 activity has yet to be defined, calcium sequestration and homeostasis
are unlikely because AIF-1 contains only one EF-hand loop domain and binds calcium
weakly.

AIF-1 Mediated VSMC Migration

It has been shown that VSMCs migrate in response to PDGF stimulation (32).
AIF-1 co-localizes with smooth muscle F actin in activated, non-migratory VSMCs (11).
However, upon stimulation with PDGF, AIF-1 releases from smooth muscle F actin and
translocates to the newly forming lamellipodia (11). Lamellipodia are protrusions of the
cell membrane that result from actin remodeling and are essential for cell motility.
Formation of lamellipodia is induced by growth factors and chemokines and regulated by
the Rho family of small GTPases. Rac1 is one of the many members of the Rho GTPase
family, and plays an integral role in VSMC motility (6). Rac1 localizes to lamellipodia
in response to chemotactic stimuli where it stimulates actin filament accumulation at the
plasma membrane, causing formation of membrane ruffles (37).
When AIF-1 localizes to the lamellipodia upon stimulation with PDGF, it colocalizes with Rac1. Over expression of AIF-1 increases Rac1 activity, but does not
increase Rac1 expression (6). VSMC stably transduced with AIF-1 retrovirus migrate an
average 2.6 fold faster than empty vector and control cells, presumably from increased
activity of Rac1 (6). Calcium binding is not essential for AIF-1 interaction with F actin,
however it is essential for AIF-1-mediated cell migration (21). These data suggest that

9
increased cytosolic calcium promotes calcium binding to AIF-1, which alters the
protein’s tertiary structure, causing it to release F actin and localize to the lamellipodia.
To date, the complete mechanism for AIF-1 mediated VSMC migration has not been
elucidated, however current data suggest that AIF-1 interaction with Rac1, increased
activity of Rac1, and calcium binding are three key regulators of the process.

AIF-1 Over Expression in Vivo

AIF-1 was first constitutively over expressed in vivo by way of a VSMC-specific
transgenic (Tg) mouse. The smooth muscle cell-specific promoter, SM22α, regulated
expression of the transgene, thus limiting over expression of AIF-1 to medium and large
sized arteries. Carotid artery ligation experiments demonstrate significantly larger
neointima formation in AIF-1 Tg mice compared to WT littermates. Significantly more
proliferative and inflammatory cells are found in AIF-1 Tg sections of these injured
arteries compared to WT controls. Cultured AIF-1 Tg VSMC also show significantly
greater p38 MAP Kinase and PAK1 activation at baseline and in response to injury
compared to WT VSMC (40). This was the first study to demonstrate AIF-1 mediated
increased proliferation in vivo and show that AIF-1 can increase the vascular response to
injury by increasing activation of inflammatory mediators in vivo.
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Research Objectives and Rational

To date the correlation between AIF-1 over expression and development of
vascular proliferative disease has been well established both in vivo and in vitro.
However, to date, universal knowledge of AIF-1 activity and function is limited for the
following reasons: no study has investigated the effects of inhibition of AIF-1 expression
on smooth muscle cell activation, no group has investigated a potential role for AIF-1 in
development of atherosclerosis, and a mechanism by which AIF-1 contributes to VSMC
activation has not been fully characterized.
Since inhibition of AIF-1 expression in inflammatory cells greatly reduces their
activity, it is important to investigate the effects of AIF-1 expression inhibition on VSMC
activation in vivo. Also, based on data showing a correlation between AIF-1 expression
and atherosclerosis development, it is important to investigate a potential role for AIF-1
in this disease process. Finally, even though several proteins with which AIF-1 interacts
have been identified, the mechanism by which AIF-1 contributes to VSMC activation has
not been completely elucidated.
We hypothesize that inhibition of AIF-1 expression will decrease VSMC response
to injury and result in decreased neointima formation. In addition, we believe that AIF-1
expression contributes to atherosclerosis development, most likely by increasing or
sustaining activity of inflammation responsive signaling molecules. The goals of this
study were: to determine a cause and effect relationship between AIF-1 expression in
VSMCs and neointima formation and atherosclerosis development in vivo, and to
determine a possible mechanism by which AIF-1 causes these effects.
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CHAPTER 2
MATERIALS AND METHODS

Balloon Angioplasty

Sprague-Dawley rats were anesthetized with 0.1 ccs of a 1:1 mixture of ketamine
and xylasine. An incision was made in the neck region, and the common carotid artery
was isolated and clamped. A permanent tie was made around the interior carotid artery.
A “T” incision was made in the exterior carotid artery. A 2F Fogharty Balloon Cathedar
was introduced into the artery, inflated, and pulled out. This motion was repeated three
to six times with the purpose of denuding the endothelium. After injury the cathedar was
removed and a cannula containing either adenoviral GFP, AIF-1, AIF-1 SiRNA,
scrambled sequence, or PBS was introduced into the space (final titer= 1.25 x 10^9
pfu/mL). Adenoviral transfection was allowed to proceed for 15 minutes after which the
cannula was removed, blood circulation restored, and the wound closed. 14 days post
surgery arteries were harvested, perfusion fixed, embedded in paraffin, and sectioned.

Perfusion Fixing

All rats were sacrificed 14 days post surgery by intraperitoneal injection with 0.05
ccs of sodium nembutol. After euthanization, an 18 gauge needle was inserted into the
base of the left ventricle, and the inferior vena cava was cut. Rats were perfused with
80ml PBS, followed by 80ml of 10% neutral buffered formalin. After perfusion both
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carotid arteries were harvested and placed in 10% neutral buffered formalin for 24 hours,
then washed three times for 20 minutes in PBS. Tissue was stored in 70% ethanol until
processing.

Tissue Processing and Embedding

Tissues were processed in a Shandon Hypercenter XP processor, than embedded
in 1.5 square inch paraffin blocks. Serial sections were cut 5 µm in thickness and affixed
to 24 x 60 mm microscope slides. Three to four sections from the same artery were
present on each slide.

Immunohistochemistry

Tissue sections were deparaffinized with consecutive washes with xylasine, 100%
ethanol, 95% ethanol 70% ethanol, de-ionized water, and sterile filtered PBS. Slides
were incubated in antigen unmasking solution (Vector Labs, Catalog # H3300) at 90
degrees C for 15 minutes, than cooled at room temperature for 45 minutes. Slides were
incubated in a mixture of 190ml methanol and 10 ml of 30% hydrogen peroxide for 15
minutes, than washed in PBS for 5 minutes. Slides were blocked with 10% normal goat
serum, treated with either anti AIF-1, anti-SMα actin, phosphorylated p38 or total p38
primary antibody for 1.5 hours, than treated with anti-goat secondary antibody for 30
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minutes. Staining was visualized by treatment with antigen binding complex followed by
DAB. Images were digitized and the areas of the internal elastic lamina, external elastic
lamina, and lumen were quantified using Image Pro Plus software. The medial area was
derived by subtracting the area defined by the internal elastic lamina from the area
defined by the external elastic lamina. Intimal area was derived by subtracting the
luminal area from the area defined by the internal elastic lamina. Results were compared
using an unpaired, two-tailed student’s t-test.

VSMC Isolation

Mouse and rat VSMC were isolated by explant technique as previously described
(21). Briefly, the bottom of each well of a six well tray was coated with 300 µl of fetal
calf serum. Mice were euthanized by intraperitoneal injection with 0.05 ccs of sodium
nembutol. The abdominal aorta was dissected, cleaned, and filleted open. A no. 10
stainless steal surgical blade was used to scrape the endothelial cells away from the inside
of the artery. The artery was cut into pieces around 1mm in length and planted into the
six well tray with the lumen facing down. A coverslip was placed over the tissue, and
3ml of Delbecco’s modified eagle’s medium (DMEM) containing 10% fetal calf serum
(FCS) was added to each well. When a well reached 90% confluence, cells were
trypsinized and moved to a T 25 flask to further expand the population. Human VSMC
were purchased from American Type Culture Collection (catalog # PCS-100-012).
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Adenovirus Delivery

Isolated wildtype VSMC were seeded in a T 25 flask and allowed to grow to 90%
confluency. They were transfected with AIF-1, GFP, AIF-1 SiRNA, or Scrambled
Sequence adenoviruses. Using the estimated number of VSMCs at 90% confluence in a
T25 flask, the virus titer was diluted to obtain an MOI of 30. Cells were incubated with
the virus for 4 hours. 24 hours after transfection cells were seeded for proliferation assay,
migration, western blot, or quantitative RT-PCR. Over expression of adenoviral genes
was always confirmed by western blot.

Proliferation Assays

VSMC transfected with AIF-1 adenovirus, GFP adenovirus, AIF-1 SiRNA
adenovirus, or control cells containing no adenovirus were trypsinized from their
respective flasks and counted. 5000 VSMC cells from each group were seeded into each
of eight wells of a twenty-four well tray with 1mL Delbecco’s Modified Eagle’s Medium
(DMEM) containing 10% fetal calf serum (FCS). 24 hours later the media from four
wells of each group was replaced with DMEM containing 0.5% FCS. Cells were
trypsinized and counted four and seven days after the media change. Results were
compared using a one-way ANOVA.
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Rat VSMC Migration Assays

VSMC were isolated via explant and transfected with either adenoviral GFP, AIF1, Scrambled Sequence, or AIF-1 SiRNA. 48 hours later cells were seeded in the top
compartment of a standard Boyden Chamber. Cells were allowed to adhere over night
and were given 6 hours to migrate. Serum free media and PDGF served as
chemoattractants. After six hours media was removed from the top and bottom
compartments of the chamber and membranes were stained with Quikstain (Camco,
catalog # 211) for ten minutes. Quikstain was then aspirated; membranes were removed
from chambers and mounted to microscope slides. Four different 10x fields were
counted and averaged. Migration assays were performed in triplicate. Results were
compared using a one-way ANOVA.

Scratch Wound Assays

Rat VSMC were transfected with GFP, AIF-1, Scrambled Sequence, or AIF-1
SiRNA adenovirus, then seeded in chamber slides after 48 hours. Some samples were
treated with the p38 inhibitor SB202190. A 1 mm scratch was made down the center of
the monolayer. Infiltration of cells into the scratched area was measured 24 hours later
and compared to time zero scratch marks. Results were compared with one-way
ANOVA.
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Generation of AIF-1 Transgenic Mouse

The G/C-modified SM22 promoter construct subcloned into pGL described by
Regan et al17 was a generous gift of Dr Gary Owens, University of Virginia, Charlottesville,
Va.. The AIF-1 protein-coding region, preceded by a Kozak consensus sequence
previously described,15 was subcloned distal of SM22G/Cdel into an EcoR1 site of pGL.
The SM22C/Gdel-AIF-1 transgene was taken from the vector and injected into donor eggs
from B6.SJL mice by the University of Pennsylvania Department of Genetics Core Facility.
Founder mice were identified by standard polymerase chain reaction (PCR) and Southern
blot analysis of tail DNA using primers specific for SM22 and HA-tagged AIF-1 sequence.
Founders were not back-crosssed to B57BL/6 wildtype mice. Age-matched (16 to 20
weeks of age) wild-type and heterozygous transgenic littermates were identified by PCR of
tail DNA with primers specific for SM22 and HA-tagged AIF-1 sequence.

Generation of Total AIF-1 KO Mouse

Initial transfection of embryonic stem cells and microinjection was done by
inGenious Targeting Laboratory, Stony Brook, NY. Ten micrograms of the targeting vector
was linearized by Ascl and then transfected by electroporation of iTL1 129/SvEv embryonic
stem cells. Selection was performed in G418 antibiotic and surviving clones were
expanded. Recombinant ES clones were identified by PCR with primers corresponding to
the 5’ end of the loxP cassette and the 3’end of the Neo cassette. Floxed and WT
littermates were identified by PCR of tail DNA with primers corresponding to the 3’ loxP
site and 5’ Neo cassette. The Neo cassette was flanked by 13 bp palindroms termed Flp
sites. Since insertion of a Neo cassette can influence the expression of neighboring genes,
and no such phenomenon has been reported for loxP sites, Lox+/+ Neo+/+ offspring were
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crossed with Frt transgenic mice that over express an enzyme that excises DNA between
Flp sites. Offspring were screened by PCR to determine deletion of the Neo cassette. Lox
+/+ Neo-/- mice were crossed with Balb-c transgenic Cre Recombinase mice. Offspring
were screened by PCR to determine deletion of the AIF-1 gene. Primers used to screen
AIF-1 KO mice corresponded to a 23 bp fragment 100 bp downstream of Exon1, a 25 bp
fragment inside Exon1, and a 23 bp fragment 14 bp downstream from the 3’ loxP site.

High Fat Diet

AIF-1 Tg mice and WT littermates were fed a high fat diet containing 30% fat
and 15% cholate (Test Diet, catalog # 5793) for seventeen weeks. Homozygous AIF-1
KO, heterozygous AIF-1 KO, and WT littermates were also fed the same high fat diet for
17 weeks. All mice were sacrificed by injection with 0.05 ccs of a 1:1 mixture of
ketamine and xylasine, than perfusion fixed.

Aorta Isolation

After perfusion with 20mL 1x Delbecco’s PBS and 20mLs 10% neutral buffered
formalin, the abdominal aorta was isolated from the arotic branch to the iliac bifurcation,
cleaned of fat, and dissected. The outside of the artery was stained for fat with Sudan IV.
Outside fat was cleaned away, then the artery was filleted open and pinned to a dissection
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tray. The opened artery was stained for fat with Sudan IV. Lesion areas were quantified
with Image Pro Plus software. Lesion sizes were compared using a student’s t-test.

Sudan IV Staining and Lesion Quantification

Sudan IV solution was made by dissolving 0.5g of Sudan IV powder in 75mls of
95% ethanol that had been warmed to 65°C. After powder had dissolved volume was
brought to 100mLs with sterile H2O. Abdominal aortas were stained by consecutive 5minute incubations in 80% ethanol, Sudan IV, and 70% ethanol. Arteries were rinsed
with PBS then mounted to a microscope slide. Lesion areas were quantified with Image
Pro Plus Software and compared with an unpaired, two-tailed student’s t-test.

Serum and Triglyceride and Cholesterol Measurements

Serum triglyceride and cholesterol measurements were performed using
EnzyChrom kits according to manufacturer’s protocol (BioAssay Systems catalog #
ETGA-100 and E2CH-100). Briefly, for triglyceride measurement, blood serum was
isolated, and treated with the lipid-degrading enzyme lipase. Intensity of triglyceride
hydrolysis was read at 570nm in a plate reader, and compared to a standard curve. For
cholesterol measurement, blood serum was isolated, and treated with a cholesteroldegrading enzyme. Intensity of cholesterol ester hydrolysis and oxidation was read at
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570nm in a plate reader and compared to a standard curve. AIF-1 and WT triglyceride
and cholesterol levels were compared with an unpaired, two-tailed student’s t-test.

Human VSMC Migration Assays

VSMC were transfected with 30 MOI of AIF-1 or GFP adenovirus for three
hours. 24 hours after transfection cells were either starved in 0.1% 231 media for 48
hours then seeded in Boyden Chamber wells or starved for 24 hours than treated with 50
ug/mL OxLDL (Intracel, catalog # RP-047) for 24 hours and seeded in Boyden Chamber
wells. Cells were allowed to adhere over night and given six hours to migrate. Serum
free media, Ox-LDL, and PDGF all served as chemoattractants. After six hours media
was removed and membranes were treated with Quik Stain for 10 minutes. Quik Stain
was aspirated from the well and a wet q-tip was rubbed over the top of the membrane to
remove cells that did not migrate. Wells were turned upside down and air-dried
overnight. Membranes were removed from chambers and each mounted to a microscope
slide. Cells were counted in four separate 10x fields per membrane and averaged.
Differences were compared using a one-way ANOVA.
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RNA Isolation

RNA was isolated from human VSMCs with an RNeasy Mini Kit (Quiagen,
catalog # 74106) according to manufacturer’s instructions. Briefly, cells were lysed with
a mixture of RLT buffer and β-mercaptoethanol. Lysates were washed several times and
centrifuged through porous membranes, allowing extraction of cellular proteins. Rinsing
the membrane with RNase-free water followed by centrifugation eluted RNA.

Reverse Transcribing RNA

cDNA was made from RNA with a SuperScript III kit (Invitrogen, catalog #
11752-250) according to manufacturer’s protocol. Briefly, a master mix containing the
provided 2x RT reaction buffer, reverse transcriptase enzyme, and DEPC water was
made. 5 ul of RNA was added to 15 ul of the master mix and incubated at the given
temperatures for the following times: room temperature for 10 minutes, 50°C for 30
minutes, and 85°C for 5 minutes. Samples were plunged into ice to stop reverse
transcriptase activity. 1ul of E. coli RNAse enzyme was added to each sample. Samples
were incubated at 37°C for 20 minutes, diluted 1:20 with sterile water, and stored at -20°
C until use.
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Quantitative Real Time- PCR

A master mix of Sybr Green (Fermentas, catalog # K0221), reverse primer, and
forward primer was made. 9.8 µL of the master mix was added to each well of a 96 well
plate. 10µL of cDNA of each sample was added to the master mix in each well.
Quantitative RT-PCR was performed in triplicate on an Eppendorf Realplex Mastercycler
qRT-PCR machine. Sybr green intensity was normalized to either GAPDH or β-actin.
Results were analyzed with one-way ANOVA.

Oxidized Low Density Lipid Uptake

Fluorescently labeled Oxidized Low Density Lipid (Dil-Ox-LDL) was purchased
from Intracel (Catalog # RP-173). Human VSMC were transfected with 30 MOI of AIF1 or GFP adenovirus for three hours. Cells were starved for 24 hours than incubated with
10ul of Dil-Ox-LDL for 0 or 2 hours (final Dil-Ox-LDL concentration 5ug/mL).
Florescence intensity was determined by FACS analysis. Results were compared with an
unpaired, two-tailed student’s t-test.
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Western Blotting

Mouse, rat, or human VSMC were cultured in 6 well trays in appropriate media
containing 10% growth supplement. Cells were harvested by adding 2x sample buffer
and scraping the well with a cell scraper. Samples were pipetted into an eppendorf tube,
sonicated, boiled for 5 minutes and stored at -20°C until use. Samples were run on 1020% Tris-HCl gels (Biorad, catalog # 161-1160) with 1x Running Buffer. Gels were
placed between complimentary sized pieces of nitrocellulose and filter paper and placed
in a Mini Trans-Blot Module (Biorad, Catalog # 170-3935). Trans-Blot Modules were
subjected to 90 Volts of electricity for 3 hours. Nitrocellulose membranes were blocked
for 1 hour with 5% milk in 1x TBST containing 0.1% Tween 20. Membranes were
incubated overnight with primary antibody in dilutions ranging from 1:5000 to 1:500.
Blots were washed three consecutive times with 1x TBST for 5 minutes before
incubation with a 1:3000 dilution of the appropriate secondary antibody for 2 hours.
Blots were treated with manufacturer’s recommended amount of chemiluminescence
reagents (Amersham, catalog # RPN2231V1 and RPN2231V2) for 1 minute and
developed. GAPDH, actin, or tubulin was used as a loading control. Blots were
normalized with Image J software.
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CHAPTER 3
RESULTS

AIF-1 Expression Mediates Neointima Formation in Vivo

To test the effects of AIF-1 knockdown on neointima formation in vivo, rat
carotid arteries were injured by balloon angioplasty then transfected with either AIF-1,
GFP, AIF-1 si RNA, Scrambled Sequence si RNA, or PBS. 14 days post injury arteries
were harvested and sectioned. Sections spanning the entire length of injury were stained
for AIF-1 and other inflammatory factors, and assessed for morphometry using Image
Pro Plus. Figure 1 shows representative sections of injured arteries stained for AIF-1.
Results of one-way ANOVA analysis demonstrated a significant increase in neointima
formation in AIF-1 transfected (AdAIF-1) arteries compared to other groups (p<0.05).
Additionally, AIF-1 si RNA transfected (Adsi RNA) arteries showed significantly less
neointima formation compared to other groups (p<0.01). These results indicate that AIF1 over expression increases intimal hyperplasia, whereas silencing AIF-1 expression
decreases hyperplasia in vivo and therefore, that AIF-1 expression is tightly associated
with neointima development in vivo.
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Neointimal Area for Injured Rat Carotid Artieries

Figure 1. Representative sections of neointima formation in arteries treated with indicated adenoviruses.
Neointima area was determined by measuring the circumference of the internal elastic lamina and the
lumen then subtracting the area defined by the lumen from the area defined by the internal elastic lamina.
Brown color indicates cells that stained positive for AIF-1. (Sommerville, et. al. Cardiovasc Res 2008)
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Statistical Analysis for Neointima Area of Injured Rat Carotid Arteries
B

C

Figure 2. Column graphs representing statistical analysis of vessel morphology. B. Neointimal Area.
AdAIF-1 arteries contained significantly greater intimal hyperplasia than AdGFP or PBS (0.177±0.009 and
0.143±0.007 respectively. p<0.05). Adsi RNA arteries contained significantly less intimal hyperplasia than
AdGFP or PBS (0.087± 0.014 and 0.143 ± 0.007 respectively. p<0.01). C. Intima/Media ratio. These data
show that the larger neointima and smaller lumen seen in the AdAIF-1 arteries are due to increased VSMC
proliferation rather than vascular remodeling. (Sommerville, et. al. Cardiovasc Res 2008)

AIF-1 Over Expression Regulates VSMC Proliferation

Increased proliferation of VSMCs in response to injury contributes to intimal
hyperplasia. To establish a cellular basis for AIF-1 expression and VSMC proliferation
rat VSMC were isolated, cultured, and transfected with 35 MOI of either AIF-1, GFP, or
AIF-1 si RNA adenovirus. 24 hours later cells were trypsinized, counted, and equal
numbers were seeded into 24-well plates. Cells were counted 1, 4, and 7 days later.
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Results of one-way ANOVA show that AIF-1 over-expressing cells proliferated
significantly more at the end of 4 and 7 days than GFP over-expressing controls as
indicated by their greater numbers (28.1 x 10^3 +/- 27.8 x 10^2 vs. 12.7 x 10^3 +/- 15.9 x
10^2 for AdAIF-1 and AdGFP respectively. p<0.001). In contrast, cells that over
expressed AIF-1 si RNA were significantly lower in number at the end of 4 and 7 days
than GFP over-expressing controls (9=8.8 x 10^3 +/- 6.7 x 10^2 vs. 12.7 x 10^3 +/- 15.9
x 10^2 for AdAIF-1 SiRNA and AdGFP respectively. p<0.05) Cells transfected with
Scrambled Sequence adenovirus showed no difference in cell number from controls at
any time points.
AIF-1 over expression in transfected cells was confirmed by western blot, as
shown in figure 4. Taken together, suggest a strong association between over and under
expression of AIF-1 and VSMC proliferation.
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Proliferation Assay Results and Statistical Analysis

Figure 3. Number of cells counted 1, 4, and 7 days after seeding. Cells over expressing AIF-1 proliferated
significantly more than GFP over expressing control cells (p<0.001) while cells over expressing AIF-1
SiRNA proliferated significantly less than controls (p<0.05). Scrambled Sequence transfected cell
proliferation did not differ from the control group at any time points. (Sommerville, et. al. Cardiovasc Res
2008)

Western Blot Confirming AIF-1 Over Expression

Figure 4. Western blot confirming AIF-1 over expression in AdAIF-1 cells and AIF-1 knockdown in
AdAIF-1 SiRNA cells. (Sommerville, et. al. Cardiovasc Res 2008)
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AIF-1 Over Expression Regulates VSMC Migration

Since migration of VSMC is a contributing factor to intimal hyperplasia it was
important to establish a relationship between AIF-1 expression and VSMC migration. To
do this VSMC were transfected with 30 MOI of AIF-1, GFP, Scrambled Sequence, or
AIF-1 si RNA adenovirus. 48 hours later cells were seeded into Boyden Chamber wells
in triplicate. Membranes were stained and mounted to slides. Four 10x fields were
counted and analyzed by one-way ANOVA. Results as shown in Figure 5 demonstrate a
significant increase in migration of AIF-1 over expressing cells compared to cells that
over expressed GFP (139.1 ± 14.4 vs. 88.4 ± 10.1 cells/field for AIF-1 and GFP
respectively. p<0.01). Migration was not significantly different between cells in which
AIF-1 was knocked down and cells transfected with GFP or Scrambled Sequence
adenovirus (73.3 ± 12.1 vs. 88.4 ± 10.1 cells/field for AdGFP and Adsi RNA
respectively). These data show that while over expression of AIF-1 increases VSMC
migration, silencing of AIF-1 expression does not diminish it.
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Statistical Analysis of Migration Assay Results

Figure 5. Column graph representing migration assay results and statistical analysis. AdAIF-1 VSMC
migrated significantly more than AdGFP VSMC (p<0.01). Migration of Adsi RNA VSMC did not differ
from AdGFP or AdScrambled VSMC. (Sommerville, et. al. Cardiovasc Res 2008)

AIF-1 Regulates p38 Activation

VSMC activation in response to injury requires activation of inflammation
responsive proteins. Since AIF-1 is known to enhance cell signaling due to its
scaffolding properties it was hypothesized that AIF-1 could regulate signal transduction
pathways. To test this hypothesis VSMC were transfected with 30 MOI of AIF-1, GFP,
AIF-1 si RNA, or Scrambled Sequence adenovirus. VSMC were cultured in 0.25% FBS
DMEM for 24 hours than stimulated with 300ul of FBS for 5, 15, and 30 minutes. The
phosphorylation state of p38 MAP Kinase, an important mediator of inflammatory
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signaling pathways, was determined by western blot. Our results show that FBS
treatment increases p38 activation in all cell groups as expected. However, AdAIF-1
VSMC showed a greater amount of activated p38 at baseline compared to AdGFP control
VSMC (p<0.05). AdAIF-1 VSMC also demonstrated sustained activation of p38 as
indicated by a significantly greater amount of phospho-p38 at 30 minutes compared to
AdGFP VSMC (p<0.01). Western blots showed no difference between the amount of
phospho-p38 in AdAIF-1 Si RNA cells and the amount of activated p38 in AdGFP
VSMC. These data indicate that expression of AIF-1 contributes to increased and
sustained p38 activation, but lack of it results in normal transient activation kinetics.

Western Blot Showing p38 Activation

Figure 6. A representative western blot showing increased p38 activation at baseline 30 minutes after FCS
stimulation in AdAIF-1 VSMC. Total p38 was used as a loading control. (Sommerville, et. al. Cardiovasc
Res 2008)
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Statistical Analysis of p38 Activation

Figure 7. One-way ANOVA analysis showing significantly more phospho-p38 at baseline (p<0.05) and 30
minutes after FCS treatment in AdAIF-1 VSMC compared to AdGFP controls (p<0.01). No difference was
observed in p38 activation between Adsi RNA and AdGFP groups. (Sommerville, et. al. Cardiovasc Res
2008)

AIF-1 Expression Increases p38 Activation in Vivo

To establish a role for increased p38 activation in response to AIF-1 expression in
vivo, sections from injured carotid arteries transfected with AIF-1, GFP, or AIF-1 si RNA
adenovirus were immunostained with an anti-phospho-p38 antibody. Percentage of
positive cells were counted and normalized for total number of cells to account for
differences in sizes of the intima. Figures 8 and 9 show representative sections of stained
arteries and statistical analysis of positive cells, respectively.
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Staining for Activated p38

Figure 8. The increased number of positive phospho-p38 cells in the AdAIF-1 arteries indicates that an
increase in p38 activation may contribute to AIF-1-mediated VSMC activation and neointima formation in
vivo. (Sommerville et. al. Cardiovasc Res 2008)

33
Statistical Analysis of Percent of Positive Phospho-p38 Cells

Figure 9. AdAIF-1 VSMC in injured arteries contain a significantly greater percentage of phospho-p38
positive cells compared to AdGFP VSMC in injured arteries (34.4 ± 4.1 vs. 67.0 ± 5.8 for AdGFP and
AdAIF respectively. p<0.01). The percentage of positive phospho-p38 cells did not differ significantly
between Adsi RNA VSMC and AdGFP controls. (Sommerville et. al. Cardiovasc Res 2008)

AIF-1-Mediated Increase in VSMC Proliferation is p38 Dependent

Since a possible relationship between AIF-1 expression and increased p38
activation had been established it was important to determine if AIF-1-mediated
proliferation or migration was dependent on activation of p38. To determine if AIF-1
enhanced proliferation was p38 dependent, VSMCs were transfected with 30 MOI of
AIF-1 adenovirus, GFP adenovirus, or PSB. Since AIF-1 si RNA adenoviral transfection
did not increase proliferation it was not included in this experiment. Twenty-four hours
after transfection equal numbers of cells were seeded into 12 well trays. 10 µM of the
p38 inhibitor SB202190 was added. Cells were counted 5 days later. Results
demonstrate that inhibition of p38 did not effect proliferation of AdGFP or PBS treated
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controls (39.8 +/- 2.6 and 37.5 +/- 3.8 vs. 42.7 +/- 3.7 and 30.1 +/- 4.7 for AdGFP and no
adenovirus with and without SB202190 respectively). However, p38 inhibition
dramatically reduced proliferation of AdAIF-1 cells (65.9 +/- 3.7 vs. 43.9 +/- 3.8 for
AdAIF without and with SB202190 respectively. p<0.0001). These data strongly
suggest that AIF-1 enhanced VSMC proliferation is dependent upon p38 activity.

Analysis of p38 Inhibition on AIF-1-Mediated Proliferation

Figure 10. Means of three different experiments analyzed by a student’s t-test. p38 inhibition reduced
proliferation in AdAIF-1 VSMC 102 fold (p<0.0001). (Sommerville et. al. Cardiovasc Res 2008)
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AIF-1 Enhancement of VSMC Migration is not p38 Dependent

Next, it was important to determine if AIF-1 mediated VSMC migration was also
dependent on p38 activation. Two complimentary experiments were performed. For the
first experiment a Boyden Chamber assay identical to the one shown in Figure 5 was
done with the exception that some samples were treated with the p38-specific inhibitor
SB202190 directly after having been seeded in the chamber. p38 MAP Kinase is a
known mediator of PDGF-induced VSMC migration. Therefore it is not surprising that,
after treatment with SB202190, migration in all control and Adsi RNA groups was
significantly inhibited (82.0 +/- 5.8 vs. 57.3 +/- 4.4, 100 +/- 5.4 vs. 64.3 +/- 11.6, and
80.7 +/- 5.5 vs. 56.3 +/- 8.8 for AdGFP, AdScrambled, and Adsi RNA without and with
SB202190 respectively. p<0.5 for all). However, as Figure 12 shows, migration of
AdAIF-1 cells was not effected (148.0 +/- 7.2 vs. 124.0 +/- 11.0 without and with
SB202190 respectively). Migration of AdAIF-1 cells was also significantly higher than
controls (p<0.001).
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VSMC Migration in the Presence and Absence of SB202190

Figure 11. Column graph representing Boyden Chamber assay results and one-way ANOVA analysis.
Lack of migration inhibition in AdAIF-1 VSMC after SB202190 treatment compared to control and Adsi
RNA groups shows that AIF-1 mediated migration is not dependent on p38 activity. (Sommerville, et. al.
Cardiovasc Res 2008)

In the second experiment, VSMC over expressing AIF-1, GFP, Scrambled
Sequence, and AIF-1 si RNA were seeded into chamber slides and cultured until a
confluent monolayer developed. SB202190 was added to some groups. 24 hours after
addition monolayers were scratched down the middle creating a 3mm track devoid of
cells. Cellular infiltration into the wounded area was assessed 24 hours later as shown in
Figure 13. The short time point was chosen so results could be contributed to VSMC
migration instead of proliferation.
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Scratch Wound Assay

A

B

Figure 12. A. Representative slides containing scratched cells at 0 and 24 hour time points in both the
presence and absence of SB202190. B. Column graph representing one-way ANOVA analysis of scratch
wound assay. p38 inhibition did not abrogate migration of AdAIF-1 VSMC p<0.001 (Sommerville et. al.
Cardiovasc Res 2008)

Inhibition of p38 activity decreased wound infiltration of GFP, Scrambled
Sequence, and AIF-1 si RNA over expressing VSMC (p<0.001 for all) while VSMC that
over expressed AIF-1 were unaffected. Taken together, these data indicate that unlike
proliferation, AIF-1 mediated migration is not dependent on p38 activity.
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AIF-1 Expression Correlates with Atherosclerosis Development in Vivo and in Vitro

It had been established that silencing of AIF-1 expression in vivo causes reduced
VSMC activation in response to injury. This reiterated the importance of AIF-1 in the
developmental processes of vascular proliferative disease. AIF-1-mediated VSMC
proliferation depends at least in part on its ability to activate one mediator of
inflammation, p38. It had been established in a previous study that AIF-1 also activates
PAK1, and sustains activation of cell cycle proteins necessary for passage from G1 to S
phase. This shows that AIF-1 not only has the ability to activate inflammation responsive
proteins, but also increases cell signaling in general in response to mitogenic stimuli.
Atherosclerosis is an injury-induced vascular proliferative disease in which
inflammatory signaling pathways are activated resulting in activation of endothelium,
increased leukocyte adhesion, and finally proliferation and migration of VSMC. These
data prompted the conduction of some preliminary experiments to investigate a possible
role for AIF-1 in atherosclerosis development.
For the first experiment paraffin sections of human non-failing hearts that
contained plaque were immunostained for AIF-1. Figure 15 shows prominent AIF-1
expression in smooth muscle cells.
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AIF-1 Staining in Human Artery Containing Plaque

Figure 13. Immunostained paraffin section of human aorta from a non-failing heart that contained plaque.
Brown areas represent cells that contain AIF-1 protein. Prominent AIF-1 expression shown here suggests a
possible role for AIF-1 in development of heart disease.

Since a causal link between atherosclerosis and AIF-1 expression had been
established in vivo it was important to determine if the same link could be established in
vitro. For this rat aortic VSMC were seeded, starved in 0.1% DMEM for 24 hours then
stimulated with 20ug/mL of Ox-LDL for 24, 48, and 72 hours. Western blot analysis
showed the presence of AIF-1 protein within 72 hours of Ox-LDL treatment.
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Western Blot of AIF-1 Expression
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Figure 14. Western blot showing that AIF-1 expression can be induced by oxidatively modified low
density lipids. Numbers represent stimulation with 30ug/mL OxLDL in hours.

Taken together, these data suggested a causal link between AIF-1 expression and
atherosclerosis development both in vivo and in vitro. To further investigate this
phenomenon, the same VSMC-specific AIF-1 Tg mouse line used in the aforementioned
carotid artery ligation study were fed a high fat diet to generate an in vivo model of
atherosclerosis.

41
AIF-1 Transgenic Mice Develop Larger Atherosclerotic Lesions than WT
Littermates

AIF-1 Tg and WT littermates were fed a high fat diet for 17 weeks then sacrificed
and perfusion fixed. The abdominal aorta was opened and stained for fat with Sudan IV.
Image Pro Plus software was used to quantify the lesion areas of each artery.
Atherosclerotic lesion area was expressed as a percentage of the entire aortic area for
each mouse. Photographs were pseudo-colored to emphasize the contrast between fatty
lesions and normal artery. Lesion areas were compared with a student’s t-test. Statistical
analysis showed significantly more atherosclerotic plaque in AIF-1 Tg mice compared to
WT littermates (p<0.05, n=8 per group).
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Statistical Analysis of Lesion Size
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Figure 15. Column graph representing t-test analysis of lesion size between AIF-1 Tg mice and WT
littermates. AIF-1 Tg aortas contains significantly more atherosclerotic plaque than WT littermates
(p<0.05, n=8 per group)
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Representative Photographs of AIF-1 Tg and WT Arteries Stained with Sudan IV
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Figure 16. Pseudo-colored photographs of Sudan IV stained arteries. A. AIF-1 Tg abdominal aorta. B.
The same AIF-1 Tg abdominal aorta pseudo-colored. The yellow and orange areas represent the
atherosclerotic lesions. C. WT abdominal aorta D. The same WT abdominal aorta pseudo-colored.
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Over Expression of AIF-1 does not Effect Lipid Metabolism

To determine whether the larger lesions found in AIF-1 transgenic mouse arteries
were the result of altered lipid metabolism, total serum triglyceride and cholesterol levels
were measured from blood samples taken from all high fat diet mice. Results were
analyzed with an unpaired, two-tailed student’s t-test. As shown in Figure 19 neither
lipid levels were significantly different between AIF-1 transgenic and WT mice. This
suggests that AIF-1 over expression contributes to atherosclerosis development through
VSMC activation rather than altered lipid metabolism.
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Figure 17. Column graphs representing t-test analysis of serum triglyceride and total cholesterol levels of
AIF-1 Tg and WT mice. Analysis showed that the differences between groups were not significant for
either lipid product. Triglyceride p=0.3, Cholesterol p=0.8. (n=8 per group)

AIF-1 Tg Mouse Lesions Contain More Smooth Muscle Cells than WT Mouse
Lesions

To examine the cellular profile of atherosclerotic lesions, arteries from AIF-1 Tg
and WT high fat diet mice were embedded in paraffin, sectioned, and immunostained for
the proliferation marker Ki-67, the pan leukocyte marker CD45, and smooth muscle α
actin (SMα actin). Very few positive Ki-67 or CD-45 cells were present. However,
prominent SMα actin staining was seen in areas of cellular dysplasia, indicating that the
majority of cells comprising the lesions were VSMC. The lack of Ki-67 positive cells led
to the hypothesis that the observed VSMC dysplasia was caused by increased migration.
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Smooth Muscle Alpha Actin Staining of Atherosclerotic Lesion
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Figure 19. Paraffin section from an AIF-1 Tg high fat diet artery stained for SMα actin. Brown areas
represent SMα actin positive cells.

Oxidized LDL does not Effect AIF-1-Mediated VSMC Migration

To test the theory that high fat may increase AIF-1-mediated migration, two
Boyden Chamber assays was performed. AIF-1 and GFP were over expressed in human
VSMC with 30 MOI of adenovirus. For the first assay VSMC from both groups were
seeded equally and in triplicate in the top well of the Chamber. Serum free media, OxLDL, or PDGF were added to the bottom Chamber 12 hours later. VSMC were given six
hours to migrate after which the membranes were stained, mounted to microscope slides,
and cells were counted.
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The second assay was identical to the first with the exception that both VSMC
groups were pre-treated with 50ug/mL of Ox-LDL prior to seeding. All results were
analyzed by one-way ANOVA.
As expected, increased migration was seen in AIF-1 over expressing VSMC
compared to AdGFP controls in all conditions. Surprisingly however, none of these
differences were statistically significant. Also, differences were not significant between
groups in which serum free media served as the chemoattractant verses Ox-LDL and
PDGF. Significant differences were seen however, between all pre-treated Ox-LDL
groups and non-pre-treated groups for every condition (p<0.001 for all). Such drastic
differences between pre-treated and non-pre-treated cell groups, but no difference
between AdAIF-1 and AdGFP VSMC within the same condition suggest that, in vitro,
Ox-LDL increases VSMC migration, most likely by initiating gene expression rather than
by serving as a chemoattractant, and that OxLDL does not effect AIF-1-mediated
migration.
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Statistical Analysis of Migration Assays
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Figure 20. Column graphs representing one-way ANOVA analysis of migration assays. Pretreatment with
Ox-LDL significantly increased VSMC migration of all cell groups. Ox-LDL did not effect AIF-1mediated migration.
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Ox-LDL Stimulation does not Effect MMP-2 or MMP-9 Expression or Activation

Data suggested that Ox-LDL increases VSMC migration by either activating
migration-responsive signaling pathways or by initiating gene expression. To test these
hypotheses, expression and activation of the VSMC-specific matrix metalloproteinases
MMP-2 and MMP-9 were assessed by qRT-PCR and western blot.
AIF-1 and XGal were over expressed in human VSMC with 30 MOI of
adenovirus and starved 24 hours prior to Ox-LDL treatment for 0, 8, 24, and 30 hours.
cDNA was made from isolated RNA, and Sybr Green qRT-PCR was performed. mRNA
content of the targeted gene was normalized to the amount of mRNA of the housekeeping
gene B-actin. One-way ANOVA analysis revealed no significant change in MMP-2 or
MMP-9 expression over time. No significant differences in MMP-2 or MMP-9
expression were seen between AdAIF-1 and AdXGal VSMC at any time point.
To assess whether Ox-LDL affects MMP activity a western blot was performed.
Currently there is no commercially available antibody for the active form of MMP-2.
However, western blotting for active MMP-9 revealed no difference in MMP-9 activity.
These data suggest that if Ox-LDL increases VSMC migration through either
gene expression or protein activation, MMP-2 and -9 are not direct targets.
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Statistical Analysis of MMP-2 and MMP-9 qRT-PCR
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Figure 21. Column graph representing one-way ANOVA analysis of MMP-2 and MMP-9 expression. No
significant difference was shown in expression of either MMP over time or between AdAIF-1 and AdXGal
groups at any time point. p>0.5 for all.
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Active MMP-9 Western Blot
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Figure 22. Western blot showing MMP-9 activity. W= WT VSMC, A= AdAIF-1 VSMC, G= AdXGal
VSMC. The predicted weight of activated MMP-9 is 86 kDa. Lack of a protein band between 75 and 100
KDa indicates that Ox-LDL does not activate MMP-9.

To explain the increase in migration in response to Ox-LDL treatment, expression
of other migration and inflammation responsive proteins were investigated. ICAM-1 and
VCAM-1 are transmembrane proteins expressed on the surface of endothelial cells,
leukocytes, and VSMC. They are upregulated in response to TNFα, IL-1β,
lipopolysaccharide (LPS) and other inflammatory stimuli (31). ICAM-1 and VCAM-1
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are well-established mediators of migration, cell-cell interaction, and leukocyte
endothelial transmigration. They have also been found on VSMC in the intima of
atherosclerotic lesions (34, 35) and on medial VSMC adjacent to atherosclerotic plaques
(36). These traits make ICAM-1 and VCAM-1 ideal candidates for regulation of OxLDL
induced migration of VSMC.

AIF-1 Over Expression Increases OxLDL-Induced ICAM-1 and VCAM-1
Expression

qRT-PCR was performed to measure ICAM-1 and VCAM-1 expression in
AdAIF-1 and AdXGal VSMC in response to OxLDL stimulation. One-way ANOVA
analysis of our results showed that ICAM-1 expression increased approximately 21% in
AdAIF-1 cells before returning to baseline while expression in AdXGal cells increased
approximately 23% before returning to baseline. These increases were significant with
p<0.01 and p<0.0001 respectively. VCAM-1 also increased significantly for both
groups: 44% in AdAIF-1 cells and 66% in AdXGal cells both before returning to baseline
(p<0.005 and p<0.008 respectively).
Analysis also showed that ICAM-1 expression was significantly greater in
AdAIF-1 cells at baseline, and after 2 and 4 hours of OxLDL treatment by percentages of
27%, 45%, and 33% respectively (p<0.001 for time 0 and p<0.0001 for 2 and 4 hours).
Although VCAM-1 expression was at least 10% higher in AdAIF-1 cells at every time
point, none of the differences were statistically significant. However, in spite of the lack
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of significant difference it should be noted that in these experiments VCAM-1 expression
peaked after 4 hours of OxLDL stimulation in AdAIF-1 cells. In contrast VCAM-1
expression peaked 16 hours after stimulation in AdXGal cells.
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Statistical Analysis of ICAM-1 and VCAM-1 Expression
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Figure 23. Column graphs representing ICAM-1 and VCAM-1 Expression. ICAM-1 expression increases
significantly in both cell groups after 24 hours (p<0.01 for AIF, p<0.0001 for XGal). Significantly more
ICAM-1 mRNA is present in AdAIF-1 VSMC at baseline, 2 hours, and 4 hours after treatment compared to
AdXGal VSMC. VCAM-1 expression significantly increases in both cell groups after 24 hours (p<0.005
for AIF, p<0.008 for XGal). Although VCAM-1 levels are similar at all time points, expression peaks after
4 hours in AdAIF-1 VSMC and after 16 hours in AdXGal VSMC.
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Overall these experiments show that, compared to control cells, ICAM-1
expression is greater at early time points in AIF-1 over expressing VSMC, and that AIF-1
over expression causes VCAM-1 expression to peak approximately 12 hours sooner.
Taken together, these findings suggest that over expression of AIF-1 changes the
expression pattern of both adhesion molecules to be both elevated and transient.

AIF-1 Increases Ox-LDL-Induced NF-kB Activation

The increased adhesion molecule expression observed in AIF-1 over expressing
VSMC required further inquiry into a mechanism for AIF-1 mediated VSMC activation.
Since the molecular signature of AIF-1 is indicative of a scaffold protein instead of a
transcription factor or a ligand, it was deemed unlikely that AIF-1 itself could initiate
gene expression. This prompted investigation into established ICAM-1 and VCAM-1
signaling pathways. ICAM-1 and VCAM-1 are both transcriptionally activated by the
inflammation-responsive transcription factor, Nuclear Factor-kappaB (NF-kB).
NF-kB is comprised of a family of transcription factors that complex in the
cytoplasm and become activated through canonical and noncanonical signaling pathways
resulting in degradation of the inhibitory subunit IKBα and translocation of NF-kB
signaling dimers into the nucleus. Once inside the nucleus dimers bind to DNA and drive
expression of many inflammatory and anti-inflammatory genes. NF-kB is a major
transcription factor that regulates many functions of the vessel wall. Its activation has
also been widely implicated in atherosclerosis and inflammatory disease (45). Activated
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NF-kB has been identified in situ in human atherosclerotic plaques. Nuclear
translocation of the NF-kB subunit relA has been observed in the intima and media of
atherosclerotic lesions, in smooth muscle cells, macrophages, endothelial cells and, to a
lesser extent, T cells (8,7). Activated NF-kB has been detected in coronary arteries of
pigs fed a hypercholesterolemic diet (44) and in arterial smooth muscle cells after balloon
injury in a rat model (25). Also, in LDL receptor (LDL-R) knockout mice, expression of
relA, IKBα and IKBβ has been shown to be 5- to 18-fold higher in a region of ascending
aorta and arch highly predisposed to atherosclerotic lesion formation (19). Based on the
strong evidence suggesting a prominent role for NF-kB in development of atherosclerosis
it was hypothesized that AIF-1 could enhance OxLDL induced ICAM-1 and VCAM-1
expression through activation of NF-kB.
To test this hypothesis two western blots were performed. For the first blot
human VSMC were transfected with 30 MOI of AIF-1 or XGal adenovirus, seeded,
starved for 24 hours, then stimulated with Ox-LDL for 0, 30, 60, and 90 minutes. The
second western blot was identical except that AIF-1 Tg and WT mouse VSMC were
used. Degradation of the NF-kB inhibitory subunit, IKBα served as the readout for NFkB activity. Densitometry analysis of western blots showed that IKBα decreased
approximately 10% in WT VSMC after 30 minutes of Ox-LDL stimulation. IKBα
protein content decreased by a miniscule amount in AIF-1 Tg VSMC, and matched WT
IKBα content by 60 minutes. However, AIF-1 Tg VSMC contained 40% less IKBα than
WT VSMC at baseline and 35% less IKBα than WT VSMC after 30 minutes. These
differences were significant with p<0.001 and p<0.01 respectively. The same trends
were seen in AdAIF-1 and AdXGal VSMC. IKBα content barely changed in AdAIF-1
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VSMC 30 minutes after OxLDL stimulation while IKBα in AdXGal VSMC decreased
approximately 10% after 30 minutes. AdAIF-1 VSMC contained approximately 33% less
IKBα at baseline and 30% less IKBα at 30 minutes (p<0.01 for both). 60 minutes after
stimulation IKBα levels were similar in both groups.
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OxLDL-induced NF-kB Activation in AIF-1 Tg and WT Mouse VSMC

Ox-LDL(min)

0

30

60

90

IkBα

GAPDH
WT
AIF-1 Tg
+

+

-

+

-

+

-

+

-

+

-

+

-

+

-

Figure 24. Western blot showing NF-kB activation in OxLDL stimulated AIF-1 Tg and WT mouse
VSMC. Densitometry analysis showed 40% less IKBα in AIF-1 Tg VSMC at baseline (p<0.001) and 35%
less IKBα in Tg VSMC 30 minutes after Ox-LDL stimulation (p<0.01) compared to WT controls. IKBα
decreased 10% in WT VSMC after 30 minutes of Ox-LDL stimulation.
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OxLDL-Induced NF-kB Activation in AIF-1 and GFP Over Expressing Human VSMC
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Figure 25. Western blot showing NF-kB activation in AIF-1 and GFP transfected human VSMC after
OxLDL stimulation. Densitometry analysis showed 33% less IKBα in AdAIF-1 VSMC at baseline
(p<0.001) and 30% less IKBα after 30 minutes (p<0.01) compared to AdGFP controls. IKBα decreased by
15% in AdGFP VSMC 30 minutes after Ox-LDL stimulation.

These western blots indicate several things. First, compared with controls NF-kB is
activated in unstimulated AIF-1 over expressing VSMC. Second, AIF-1 increases NF-kB
activation in response to Ox-LDL. Third, even though AIF-1 increases NF-kB activation
in response to stimuli it does not interfere with proper NF-kB inactivation. These data,
coupled with the observed increase in ICAM-1 and VCAM-1 expression soon after Ox-
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LDL stimulation suggest that AIF-1 contributes to Ox-LDL-induced adhesion molecule
expression through increased basal and initial activation of NF-kB.

Inhibition of NF-kB Activation Decreases OxLDL Induced VSMC Migration

To further investigate the possiblility that NF-kB could be a major contributor to
AIF-1 induced migration, a Boyden Chamber assay was performed in which AdAIF-1
and AdXGal VSMC were either starved, pretreated with OxLDL, or pretreated with
OxLDL and incubated with a chemical inhibitor of NF-kB activation (Calbiochem,
catalog # 481412) for 24 hours. Cells were allowed to adhere overnight then given six
hours to migrate. After six hours membranes were stained, dried, and mounted to
microscope slides. Four 10x fields were counted and compared by one-way ANOVA.
Boyden Chamber results showed that starved AdAIF-1 VSMC migrated
significantly more than starved AdXGal VSMC (p=0.003) as expected. OxLDL
pretreatment increased migration of both AdXGal and AdAIF VSMC, but neither of
these differences were significant. However, VSMC that were pretreated with OxLDL
and incubated with the NF-kB inhibitor migrated significantly less than VSMC that
received OxLDL pretreatment alone. AdAIF-1 VSMC migration decreased by
approximately 20 fold (p<0.02) and AdXGal VSMC migration decreased by
approximately 40 fold (p<0.01).
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Statistical Analysis of Migration Assay
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Figure 26. Column graph representing one-way ANOVA analysis of Boyden Chamber migration assay.
AdAIF-1 starved VSMC migrated significantly more than AdXGal starved VSMC (p=0.003). OxLDL
pretreatment increased migration but not to statistical significance. Addition of the NF-kB inhibitor to
OxLDL pretreated AdXGal VSMC decreased migration 40 fold (p=0.01) and decreased migration of
AdAIF-1 VSMC by 20 fold (p=0.02).

Reduction of OxLDL induced migration in the presence of an NF-kB inhibitor
supports the hypothesis that OxLDL induces migration through NF-kB mediated
signaling pathways. Also, the fact that NF-kB inhibition decreased migration of AdAIF1 VSMC below basal levels suggest that AIF-1 mediated VSMC migration may be
partially dependent on NF-kB.
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AIF-1 Over Expression Increases VSMC Uptake of OxLDL

Establishing a mechanism for AIF-1 and OxLDL mediated VSMC migration
offered a possible explanation for the dysplasia observed in high fat diet mouse
abdominal aorta sections. There was still a question however as to how AIF-1 transgenic
arteries developed larger fatty lesions. One hypothesis was that AIF-1 increases VSMC
uptake of OxLDL thus accelerating foam cell formation. Scavenger receptors are cell
surface proteins that serve as pattern recognition receptors in host defense, and also bind
and internalize oxidatively modified lipoproteins. Macrophages that express scavenger
receptors internalize OxLDL until they become foam cells. VSMC also express certain
types of scavenger receptors and are capable of becoming foam cells as well. If
scavenger receptor expression is upregulated, OxLDL uptake is increased, leading to
accelerated foam cell formation and larger atherosclerotic lesions.
To investigate whether AIF-1 over expression may increase VSMC foam cell
formation, human VSMC were transfected with 30 MOI of AIF-1 or XGal adenovirus,
seeded, starved for 24 hours, than incubated with 5ug/ml of fluorescently labeled OxLDL
(Dil-OxLDL) for 2 hours. Results were analyzed with an unpaired, two-tailed t-test.
FACS analysis showed significantly increased uptake in AIF-1 over expressing VSMC
compared to GFP over expressing control VSMC (p<0.001).
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FACS Analysis of Dil-Ox-LDL Uptake in AIF-1 Over Expressing Cells

A

B

Figure 27. A. Histograms of fluorescence intensity in Dil-OxLDL treated AdAIF-1 VSMC. B. Histograms
of flurorescence intensity in unstimulated AdAIF-1 VSMC.
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FACS Analysis of Dil-Ox-LDL Uptake in XGal Over Expressing Cells
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Figure 28. A. Histograms showing fluorescence intensity in Dil-OxLDL treated AdXGal VSMC. B.
Histograms showing fluorescence intensity in untreated AdXGal VSMC.
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Statistical Analysis of FACS Data

800
600

**

D
ilO
xL
D
L

D
ilO
xL
D
L

400

0

+
XG
A
L

+

200

A
IF
-1

Intensity of Fluorescence

Dil-Ox-LDL Uptake

Figure 29. Column graph representing statistical analysis of OxLDL uptake. Dil-OxLDL uptake was
significantly increased in AdAIF-1 VSMC (p<0.001) 2 hours after treatment compared to AdXGal control
VSMC.

The increased OxLDL uptake in AdAIF-1 VSMC implied that scavenger receptor
expression is induced by Ox-LDL stimulation, and that AIF-1 can increase this
expression. To determine whether or not AIF-1 effects OxLDL uptake at the
transcription level, qRT-PCR was done on four VSMC specific scavenger receptors:
CD36, SRA (I), Lox-1, and CXCL16/PSOX.
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AIF-1 Increases OxLDL-Induced Expression of CD36, and SRA(I)

Expression patterns of four scavenger receptors were measured after stimulation
with OxLDL for various time points ranging from 2 to 24 hours. Of those four receptors
CD36, SRA (I), and CXCL16/PSOX increased with treatment for both AdAIF-1 and
AdGFP cell groups (one-way ANOVA p<0.0001 for all). LOX-1 did not amplify.
Bonferroni posthoc analysis showed significantly greater CD36 expression in AdAIF-1
VSMC at all time points compared to AdXGal controls (p<0.05 for all). SRA (I)
expression was significantly higher in AdAIF-1 VSMC after 24 hours of OxLDL
stimulation (p=0.01) while expression of CXCL16/PSOX was not significantly different
in AdAIF-1 VSMC compared to AdXGal VSMC at any time point.
In addition to these differences in mRNA content, CD36 and SRA(I) expression
was sustained after 24 hours of OxLDL stimulation in AdAIF-1 VSMC. In contrast,
expression of these receptors returned to baseline levels in AdXGal VSMC after 16
hours. Even though CXCL16/PSOX expression increased with OxLDL, the expression
pattern was the same for both AdAIF-1 and AdXGal VSMC.
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Statistical Analysis of CD36 Expression
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Figure 30. Graph representing one-way ANOVA analysis of CD36 Expression in AdAIF-1 and AdXGal
VSMC. Expression of CD36 is significantly greater in AIF-1 over-expressing VSMC at all time points
compared to XGal over-expressing control VSMC (p<0.05 for all).
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Statistical Analysis of SRA (I) Expression

SRA (I) Expression
0.0004

*

0.0003
0.0002

2

4
A
XIF
G4
A
L
8
XA
GIF
A8
L
16
A
XIF
G1
A6
L
24
A
IF
24

0.0000

A
XIF
G2
A
L

A
XIF
G0
A
L

X
G
A
L

0

0.0001

Figure 31. Column graph plotting SRA (I) expression and one-way ANOVA analysis for AdAIF-1 and
AdXGal VSMC. A significant difference between groups was only seen after 24 hours of OxLDL
stimulation in which SRA (I) expression is significantly greater in AdAIF-1 VSMC compared to AdXGal
controls (p<0.01).
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Statistical Analysis of CXCL16/PSOX Expression
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Figure 32. Column graph representing one-way ANOVA analysis of CXCL16/PSOX expression after
OxLDL stimulation of AdAIF-1 and AdXGal VSMC for the indicated time points. Analysis showed not
significant difference in expression at any time point.

The results of these experiments suggest that AIF-1 increases VSMC uptake of
OxLDL by increasing scavenger receptor expression. This implies that through increased
lipid uptake, AIF-1 expression facilitates more rapid transformation of VSMC into foam
cells, leading to increased fatty lesion size and more rapid progression of atherosclerotic
disease. An alternative hypothesis is that increased uptake activates signaling pathways
resulting in increased migration and proliferation.
Total AIF-1 KO Mice Contain Similar Sized Lesions to WT Littermates
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The study showing less neointima formation in si RNA transfected balloon
injured rat carotid arteries demonstrated a tight correlation between AIF-1 expression and
vascular disease. Although these results were promising, further investigation was
needed in a more physiologically relevant model. For this a total AIF-1 knockout (KO)
mouse was made. AIF-1 is expressed constitutively at a basal level in lymphoid cells.
Therefore to determine true effects of AIF-1 expression inhibition, a total KO mouse was
needed. KO and WT littermates were screened with primers corresponding to three DNA
fragments that were upstream of Exon1, inside Exon1, and downstream from the 3’ loxP
site. These primers gave a 500 kb fragment for the WT allele and a 250 kb fragment for
the KO allele. To investigate atherosclerosis development in the absence of AIF-1
expression, plaque lesions were quantitated in homozygous KO, heterozygous KO, and
WT mouse abdominal aortas after eating a high fat diet for 17 weeks. Results showed
minor plaque development in both groups, with one-way ANOVA analysis showing no
significant difference in lesion size between any groups.
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AIF-1 Knockout Schematic
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CHAPTER 4
DISCUSSION

Figure 33. Schematic of the knockout gene. Black arrows represent loxP sites. White triangles represent
Flp sites. Perpendicular black arrows above the schematic show the location of PCR screening primers.

PCR Gel of AIF-1 KO and WT Tail DNA

500kb------250kb-------

Figure 34. Agarose gel showing PCR of AIF-1 KO and WT tail DNA. 500kb fragments indicate a WT
allele. 250kb fragments indicate a KO allele.
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Figure 35. Column graph representing one-way ANOVA analysis of AIF-1 KO and WT mouse lesion
area. No significant differences were seen (n=5, p>0.05 for all).

The lack of significant plaque development in any group was surprising.
Inhibition of AIF-1 expression in macrophages by stable transfection with AIF-1 si RNA
decreases proliferation and migration in response to inflammatory stimuli (41). Since
AIF-1 was knocked out of all cells AIF-1 KO mice were expected to develop less plaque
due to decreased inflammatory activity. This preliminary study suggests that although
AIF-1 over expression results in a more robust vascular response to inflammation,
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complete absence of AIF-1 does not attenuate this response below physiologic levels.
Further investigation is needed to determine how lack of AIF-1 expression results in a
phenotype similar to WT when challenged with a high fat diet.
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CHAPTER 4
DISCUSSION

Our laboratory has established AIF-1 as a marker of activated VSMC and an
important mediator of the development of vascular proliferative disease. AIF-1 is not
detected in uninjured arteries, but is rapidly and transiently induced in endothelium and
VSMC when injured or exposed to inflammatory stimuli. Constitutive over expression of
AIF-1 in VSMC in vivo, both with a transgenic mouse model and with adenovirus, has
been shown to increase VSMC response to injury leading to increased neointima
formation. My previous work showed that VSMC of injured AIF-1 Tg mouse arteries
contain greater levels of activated p38 and PAK1 than VSMC of injured WT carotid
arteries. As a scaffold protein, AIF-1 mediates interactions between inflammation
responsive proteins. The demonstrated increases in p38 and PAK1 activity imply that
AIF-1 may, through the action of signaling mediation, increase efficiency of cell
signaling overall, leading to a more robust VSMC response to injury. The overarching
goal of this study was to expand on that work in two directions.
The first part of this study attempted to determine the effects of inhibiting smooth
muscle cell-specific AIF-1 expression on injury-induced VSMC activation. Transfection
of injured rat carotid arteries with AIF-1, GFP, Scrambled Sequence, or AIF-1 si RNA
adenoviruses immediately after balloon angioplasty resulted in significantly greater
neointima formation in AIF-1 over expressing arteries while Adsi RNA arteries showed
significantly less neointima formation compared to controls. These findings were
confirmed in vitro with assays demonstrating increased VSMC proliferation and
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migration of VSMC transfected with AIF-1 adenovirus while proliferation and migration
remained at baseline when AIF-1 expression was inhibited.
To determine molecular mechanisms we utilized cultured VSMC in Boyden
Chamber migration and proliferation assays. Injury induced VSMC proliferation and
migration are mediated by signaling pathways that involve activation of many MAP
Kinase family members including p38, JNK, and extracellular signaling regulated kinase1/2 (ERK ½). Pervious studies have demonstrated significantly decreased VSMC
activation and neointima formation in response to injury when treated with agents that
inhibit activation of these kinases.
AIF-1 contains multiple PDZ protein interaction domains, a classic molecular
signature of a scaffolding protein. Because of this we hypothesized that AIF-1 mediates
inflammatory signaling pathways. It has been established that chronic over expression of
AIF-1 in transgenic murine VSMC activates p38 (40). Phosphorylated p38 has been
observed in VSMC of balloon-injured rat arteries up to 14 days post angioplasty in other
studies (26) as well as this one. Driven by these observations, the relationship between
AIF-1 over expression, p38 activation, and VSMC activation was investigated. AIF-1
over expression was found to activate p38 in the absence of mitogenic or inflammatory
stimuli. When stimulated with 10% FCS p38 activation was sustained in AIF-1 over
expressing VSMC for 30 minutes compared to 15 minutes in GFP over expressing
control VSMC. In contrast, VSMC that over expressed an anti sense RNA fragment
designed to inhibit AIF-1 expression showed significantly less p38 activation when
stimulated with 10% FCS compared to all other VSMC groups. p38 activation in AIF-1
knock down VSMC returned to baseline after 15 minutes. In vitro assays in which some
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samples were treated with the p38-specific inhibitor SB202190 showed p38 activation to
be necessary for AIF-1-mediated proliferation, but not for migration.
This study further established the direct correlation between AIF-1 expression and
VSMC activation both in vivo and in vitro. It also demonstrated that AIF-1 expression is
tightly linked to p38 activation in vivo and in vitro, and that p38 activation is necessary
for AIF-1-mediated increased proliferation but not migration.
p38 is a well established integrator of VSMC proliferation and migration. We
observed that AIF-1 does not directly interact with p38. However, AIF-1 directly
interacts with Rac1 in lamellipodia of the motile cells and AIF-1 over expression
activates Rac1 to levels greater than physiologically normal (6). In VSMC p38 is a
downstream effector of Rac1. AIF-1 may directly increase VSMC proliferation and
possibly migration through Rac1 activation. However, as this study has shown, since
AIF-1 mediated increased migration is not p38 dependent, at this time we hypothesize
that AIF-1 mediated increase in migration is directed through different signaling
molecules.
Since AIF-1 expression is induced in response to inflammatory stimuli and p38 is
an important integrator of inflammatory signaling pathways, we suspect that AIF-1 is
most likely a functional member of the p38 signaling pathway resulting in at least
proliferation. Also, since lack of AIF-1 expression not only abrogated the increase in
VSMC proliferation and migration seen in AIF-1 over expressing cells, but also
attenuated AIF-1 mediated p38 activation, it can be concluded that AIF-1 may be an
upstream mediator of p38 activation in response to inflammatory stimuli.
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The results of this study reiterate the importance of AIF-1 as a mediator of
inflammatory signaling. These findings, coupled with findings of previous studies in
which AIF-1 was determined to increase and sustain activity of Rac1, PAK1, and cell
cycle proteins necessary for passage from G1 to S phase of mitosis suggest that AIF-1 not
only mediates inflammatory signaling, but also enhances it.
The ability of AIF-1 to mediate and enhance inflammatory signaling could have
important implications in numerous vascular proliferative diseases. The abundance of
AIF-1 protein that results from AIF-1 over expression most likely enables signaling
molecules to make more connections with their effectors within signaling pathways. This
could account for the exaggerated VSMC response to mitotic and inflammatory stimuli
seen in AIF-1 over expressing cells.
The goal of the second part of this study was to further characterize a mechanism
for AIF-1 mediated VSMC activation using a mouse model of atherosclerosis. Our
results showed that AIF-1 over expression leads to enhanced atherosclerosis development
due to increased VSMC migration and expression of inflammatory genes. This increased
VSMC migration was consistent with increased ICAM-1 and VCAM-1 expression.
Although AIF-1 expression did not appear to effect OxLDL induced migration, it was
found to enhance ICAM-1 and VCAM-1 expression, presumably by sustaining NF-kB
activation above resting levels at baseline and 30 minutes after OxLDL treatment. When
VSMC were treated with an NF-kB inhibitor, OxLDL induced migration of AdXGal
VSMC decreased to basal levels while migration of AdAIF-1 VSMC dropped below
baseline levels to match that of the unstimulated AdXGal VSMC. This could imply that
AIF-1 mediated migration may, at least in part, work through NF-kB.
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When AIF-1 is over expressed in VSMC p38 is activated in the absence of
stimuli, and AIF-1 mediated migration is p38-dependent. NF-kB can be activated by p38
through a noncanonical pathway by UV damage or oxidative stress (22). This pathway
employs a p38-dependent mechanism that leads to activation of Casein Kinase II, a Cterminal IKB kinase, resulting in phosphorylation of IKBα at a cluster of serine residues
contained in its C terminus, which are not phosphorylated in the canonical NF-kB
activation pathway. Phosphorylation of this serine residue cluster results in dissociation
and degradation of IKBα, leading to NF-kB activation. AIF-1 expression in VSMC
activates p38 above basal levels. AIF-1 also contains a Casein Kinase II phosphorylation
site at amino acids 39-43 (2). Although further investigation is needed, this could
partially explain how AIF-1 expression causes activation of NF-kB in the absence of
inflammatory stimuli and enhances activation in response to it.
Results of this study also showed that AIF-1 over expression increases OxLDL
uptake and scavenger receptor expression. AIF-1 over expression increases and sustains
OxLDL induced expression of the scavenger receptors CD36 and SRA(I) above levels of
control VSMC. Expression of the scavenger receptor CXCL16/PSOX increases in
response to OxLDL stimulation, but AIF-1 expression did not affect its expression
pattern in our study. FACS analysis demonstrated increased uptake of fluorescently
labeled OxLDL in AIF-1 over expressing VSMC compared to XGal over expressing
VSMC. These data strongly suggest that AIF-1 over expression enhances OxLDL
induced scavenger receptor expression and OxLDL uptake. As a result, AIF-1 may
contribute to accelerated VSMC foam cell formation, contributing to the overall
development of atherosclerosis.
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Surprisingly however, when fed a high fat diet, total AIF-1 knockout mice
develop similar amounts of atherosclerotic plaque as WT littermates. This suggests that
although AIF-1 over expression results in a more robust vascular response to
inflammation, complete absence of AIF-1 does not attenuate this response below
physiologic levels. Further investigation is needed to further characterize and define
these results.
We have established AIF-1 expression as a marker of activated VSMC. This
study demonstrated that AIF-1 knockdown attenuates AIF-1 mediated proliferation and
migration in vivo and in cultured VMSC. AIF-1 mediated proliferation was found to be
p38-dependent while migration was not. AIF-1 increases VSMC migration at least in
part through upregulation of ICAM-1 and VCAM-1 via NF-kB activation. AIF-1
expression also increases expression of the scavenger receptors CD36 and SRA(I) and
uptake of OxLDL. Increased uptake most likely results in accelerated foam cell
formation or at least VSMC activation. Although the complete mechanism for AIF-1
mediated atherosclerosis development has yet to be elucidated, this study has shown that
VSMC-specific AIF-1 over expression results in increased fatty lesions due to enhanced
VSMC migration and acceleration of foam cell formation. Further characterizing the
mechanism by which AIF-1 contributes to vascular proliferative disease may present us
with future therapeutic targets for atherosclerosis, restenosis, and transplant vasculopathy.
Utilizing both a total and cell specific AIF-1 knockout mouse could potentially enable us
to determine how AIF-1 expression in other cell types effects development of vascular
disease. In vitro experiments using different types of AIF-1 knockout cells can also be
utilized to further characterize known AIF-1 signaling pathways. The correlation
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between AIF-1 expression and enhanced NF-kB activity can be more clearly defined with
more accurate techniques like luciferase reporter assay. Also, measuring NF-kB activity
in AIF-1 over expressing VSMC in the presence of a p38 inhibitor will elucidate if the
observed AIF-1 mediated NF-kB activation is p38 dependent. Taken together, these
ideas for future study will provide valuable insight into AIF-1 signaling and VSMC
activation, allowing for a greater understanding of vascular proliferative disease overall.
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