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Nonproteolytic Properties of Murine Alternatively Spliced
Tissue Factor: Implications for Integrin-Mediated Signaling in
Murine Models
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This study was performed to determine whether murine alternatively spliced fissue factor (masTF) acts analogously to human
alternatively spliced fissue factor (hasTF) in promoting neovascularization via integrin ligation. Immunohistochemical evaluation
of a spontaneous murine pancreatic ductal adenocarcinoma model revealed increased levels of masTF and murine full-length
tissue factor (mfITF) in fumor lesions compared with benign pancreas; furthermore, masTF colocalized with mflTF in spontaneous
aortic plagues of LdlF’~ mice, indicating that masTF is likely involved in atherogenesis and tumorigenesis. Recombinant masTF was
used to perform in vifro and ex vivo studies examining ifs infegrin-mediated biologic activity. Murine endothelial cells (ECs) rap-
idly adhered to masTF in a p3-dependent fashion. Using adult and embryonic murine ECs, masTF potentiated cell migration in
franswell assays. Scratch assays were performed using murine and primary human ECs; the effects of masTF and hasTF were com-
parable in murine ECs, but in human ECs, the effects of hasTF were more pronounced. In aortic sprouting assays, the potency of
masTF-tfriggered vessel growth was undistinguishable from that observed with hasTF. The proangiogenic effects of masTF were
found to be Ccl2-mediated, yet independent of vascular endothelial growth factor. In murine ECs, masTF and hasTF upregulated
genes involved in inflammatory responses; murine and human ECs stimulated with masTF and hasTF exhibited increased inter-
action with murine monocytic cells under orbital shear. We propose that masTF is a functional homolog of hasTF, exerting some
of its key effects via g3 integrins. Our findings have implications for the development of murine models to examine the interplay
between blood coagulation, atherosclerosis and cancer.
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INTRODUCTION
Tissue factor (TF), an integral mem-
brane glycoprotein, serves as an enzy-

matic cofactor of the serine protease lation cascade. Aside from its role in the
FVII/FVIla and acts as the principle

physiologic trigger of the blood coagu-

maintenance of normal hemostasis and
its involvement in a variety of throm-
botic disorders, TF is known to affect
angiogenesis via protease activated
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receptor-2 signaling and interactions
with a,f, and op, integrins (1).

The term “angiogenesis” collectively
refers to the processes that result in the
formation of new vasculature from pre-
existing blood vessels. Angiogenesis de-
pends on a delicate interplay between
the endothelium and pericytes (2,3). Ini-
tially, tip cells migrate from the existing
vessel and are followed by stalk cells,
which divide and form a lumen, thus
creating a capillary (4). The tip cell also
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mediates recruitment of pericytes, which
then align the capillary (5). This process
is carefully regulated by key angiogenic
molecules such as vascular endothelial
growth factor (VEGEF), platelet-derived
growth factor, various metalloproteinases
and interleukin-8 (6-8). However, angio-
genesis also critically depends on inte-
grin function. Integrins are heterodimeric
receptors that are formed by the combi-
nation of 18 possible a-subunits and 8
B-subunits to form 20 separate extracel-
lular matrix-binding receptors (9). These
receptors, specifically f1- and p3-type in-
tegrins, play a critical role in endothelial
cell and pericyte migration, but are also
indispensable in the formation of capil-
laries (10,11). Although beneficial in cer-
tain physiologic settings, for example,
embryonic development and wound
healing, neovascularization is the sine qua
non of primary tumor growth and metas-
tasis, and in atherosclerosis, vasa vaso-
rum is thought to be the major contribu-
tor to plaque instability (12).

Within the past decade, a soluble, natu-
rally occurring TF splice variant (alterna-
tively spliced tissue factor [asTF]) lacking
a transmembrane domain was discovered
(13). Absence of exon 5 in the mRNA of
asTF results in an open reading frame
shift, giving rise to a unique C-terminus.
asTF can be secreted, exhibits minimal
coagulant potential compared with the
membrane-bound full-length TF (fITF)
and is detectable, alongside fITF, in spon-
taneously formed arterial thrombi. Dis-
cernible procoagulant activity of native
asTF was demonstrated to be low and
phospholipid dependent (14); biosynthe-
sis of asTF in monocytes and endothelial
cells is controlled by several splicing reg-
ulator (SR) proteins, most notably ASF/
SF2 and SRp55, and a group of kinases
comprising Cdc2-like kinase, deoxyri-
bonucleic acid (DNA) topoisomerase I
and phosphatidylinositol 3-kinase
(15-17). After the discovery of human
asTF (hasTF), its murine homolog
(masTF) was identified and characterized
(18). Like hasTF, masTF lacks a trans-
membrane domain because of the exclu-
sion of exon 5 from the primary tran-

script during pre-mRNA splicing and has
a distinct 93—amino acid C-terminus, ren-
dering it soluble. Whereas masTF was de-
tected in abundance in organized arterial
thrombi, as well as FeCl,-induced acute
thrombi in mice systemically challenged
with lipopolysaccharide (18,19), the func-
tional contribution of masTF to any of the
disease states that have been modeled in
vivo (for example, tumorigenesis and
atherothrombosis) has yet to be estab-
lished (20).

We recently reported that hasTF in-
duces angiogenesis and promotes
monocyte-endothelial interactions via in-
tegrin ligation, without engaging pro-
tease activity (21,22). Thus, hasTF may be
of interest in the field of anticancer thera-
pies targeting neovascularization. Intrigu-
ingly, it was recently reported that
overexpression of masTF in murine car-
diomyocytes elicited increased produc-
tion of promigratory and proangiogenic
factors by these cells, although the molec-
ular mechanisms underlying these effects
of masTF were not fully ascertained (23).
Because murine models comprise the pre-
ferred in vivo platform for cancer and car-
diovascular research, it is imperative to
determine whether masTF is a functional
homolog of hasTF, especially with regard
to nonproteolytic, integrin-mediated
events promoting vessel growth.

Here we report for the first time that
masTF possesses integrin-mediated bio-
logic properties highly analogous to
properties of hasTF, indicating that se-
creted variants of mammalian TF may
generally act as agonists promoting neo-
vascularization and monocyte recruit-
ment via integrin ligation.

MATERIALS AND METHODS

Reagents and Antibodies

Murine TF isoform-specific polyclonal
antibodies were described previously
(12). An in vitro angiogenesis kit (Ma-
trigel) was obtained from Millipore (Bil-
lerica, MA, USA). Anti-mouse 1 (9EG7)
and B3 (2C9.G2) antibodies were from
BD Pharmingen (Franklin Lakes, NJ,
USA). Recombinant mouse VEGF was
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purchased from Invitrogen (Carlsbad,
CA, USA). Transwell permeable supports
with 8 um pore size were from Costar
(Corning, NY, USA). Isolectin B4 was
from Vector Laboratories (Burlingame,
CA, USA). Calcein-AM was from BD
Biosciences (San Jose, CA, USA). Anti-
murine p65/RelA polyclonal antibody
was from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). SU5416 was
from EMD Biosciences (San Diego, CA,
USA). Rabbit anti-mouse Ccl-2 antibody
was from Acris Antibodies (Herford,
Germany). Recombinant ectodomain of
murine fITF was produced and charac-
terized as described (24).

Immunohistochemistry

The K-ras induced the pancreatic duc-
tal adenocarcinoma (PDAC) murine
model, and atherosclerosis-prone Ldly /-
mice were described previously (25,26).
Serial sections of formalin-fixed, paraf-
fin-embedded specimens were deparaf-
finized and rehydrated; endogenous per-
oxidase was blocked; and expression of
masTF and mflTF was assessed using
standard immunohistochemical tech-
niques (22). Sections of murine athero-
sclerotic lesions were also assessed for
masTF and mfITF colocalization with
monocytes/ macrophages by staining
with anti-CD68 antibody (Santa Cruz
Biotechnology).

Generation of Recombinant asTF
Proteins

N-terminally His-tagged recombinant
hasTF was generated, purified and char-
acterized as previously described (22).
N-terminally His-tagged recombinant
masTF mature protein was generated in
Escherichia coli, purified, and assessed by
Coomassie staining; the identity of
masTF was confirmed by Western blot-
ting (not shown).

Cell Culture

Murine endothelial cells (ECs) (bEnd.3
from the American Type Culture Collec-
tion [ATCC], Manassas, VA, USA) and
murine embryonic endothelial cells
[MEECs], provided by MJ Goumans, Lei-



den University Medical Center [LUMC],
Leiden, the Netherlands), primary
human retinal endothelial cells (HRECs,
Cell Systems) and murine monocytes/
macrophages (J774A.1, ATCC) were
grown in filter-cap tissue culture flasks
containing Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and peni-
cillin/streptomycin (all from Hyclone/
Thermo Scientific, Rockford, IL, USA).
Incubators were maintained at 37°C and
5% CO,.

EC Adhesion Assay

The 96-well plates were coated with
50 uL of 50 nmol/L masTF and 50 uL
10% bovine serum albumin (BSA)
overnight. The 2 x 10* bEnd.3 cells were
added in 100 uL serum-free DMEM to
each well for both conditions, and the
plates then were placed in a 5% CO, in-
cubator at 37°C for 4 h. The wells were
washed with phosphate-buffered saline
(PBS), and the adherent cells were fixed
in methanol and stained with 0.1% crys-
tal violet. In some experiments, 96-well
plates were coated with 50 uL masTF at a
concentration of 50 ug/mL, 10% BSA
(negative control) or 1% gelatin (positive
control) for 1 h at 37°C; subsequently,
blocking was performed under the same
conditions with 10% BSA. Then, 2 x 10*
bEnd.3 cells were seeded per well after
20-min incubation with integrin-blocking
antibodies depending on the conditions
at a concentration of 50 ug/mL. After
5 h, images were captured using a cam-
era-equipped microscope, and flattened
cells per view field were counted.

EC Migration Assay

The lower sides of 8-um pore transwell
inserts were coated with 50 uL masTF at
a concentration of 50 ug/mL for 1 h at
37°C, 10% BSA (negative control) or 1%
gelatin (positive control). bEnd.3 cells or
MEECs were trypsinized and incubated
with integrin-blocking antibodies for
20 min at a concentration of 50 ug/mL
when appropriate. The 2 x 10* cells were
seeded per well in DMEM containing
10% FBS and left to migrate overnight.
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Figure 1. masTF is expressed in pancreatic cancer lesions and aortic plaques. (A, B) Pres-
ence and extensive colocalization of masTF and mfiTF in serial sections of K-ras-induced
murine PDAC lesions; white arrows denote microvessels in contact with masTF/mflTF-ex-
pressing cells and/or masTF-enriched stroma. (C) p65/RelA is expressed in PDAC tissue but
not normal pancreas. (D) Presence of masTF and mflTF proteins in aortic plaques of Lalr
mice. (E) masTF colocalizes with mfiTF and CDé8-positive cells within the plaques.
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Figure 2. masTF binds B3 intfegrins on murine EC and elicits B3 infegrin-dependent cell mi-
gration. (A) bEnd.3 cells avidly adhere to masTF mflTF and hasTF (n = 6). (B) bEnd.3 cells
were pre-incubated with integrin-blocking antibodies and seeded onto BSA- or masTF-
coated wells (n = 3). Flattened cells were counted. (C) Transwell inserts were coated with
BSA (negative control), 1% gelatin (positive control) and 50 ug/mL masTF. Cells were fixed
with 4% formaldehyde and stained with 0.1% crystal violet; quantifications are shown in
the graph; representative images are on the leff (n = 3). *p < 0.01.

Filters were fixed in 4% phosphate-
buffered formaldehyde, stained with
crystal violet and washed in PBS; here-
after, cells on the top side of the filter
were removed with a cotton swab. Mi-
croscope pictures were taken from the
middle of the inserts, and cells were
counted per magnification field. All ex-
periments were performed in triplicate.

Scratch Assay

bEnd.3 cells and HRECs were grown
to confluence in six-well plates and
maintained overnight in DMEM contain-
ing 2% FBS. Subsequently, eight radial
scratches per well were introduced using
a 20-uL pipette tip. Cells were treated
with masTF, hasTF, VEGF or PBS and
glycerol (vehicle control) in 1 mL DMEM
containing 10% FBS and incubated at
37°C, 5% CO,. After 38 h, the cells were
rinsed with PBS, fixed in methanol and
stained with 0.1% crystal violet. The
plates were placed on the platform of an
inverted microscope, and pictures of a
single radial wound (eight pictures per
well) were captured at low magnification
using a digital camera (SD1200IS,
Canon). Analyses were carried out using

Image] software (U.S. National Insti-
tutes of Health, Bethesda, MD, USA;
http:/ /imagej.nih.gov/ij/). Pictures were
converted to binary, the area of the cells
was measured, and each wound area
was then measured relative to the area of
the cells. The area of the cells was used
to normalize the area of the wound. Final
pixilation of each scratch was converted
to mm?.

Aortic Sprouting Assay

Male C57Bl/6 mice were obtained
from Harlan Sprague-Dawley (Horst, the
Netherlands) and were maintained at the
animal care facility of the Leiden Univer-
sity Medical Center according to the in-
stitutional guidelines. Animal procedures
were carried out in compliance with In-
stitutional Standards for Humane Care
and Use of Laboratory Animals. The Ani-
mal Care and Use Committee of the Lei-
den University Center approved all ex-
periments. Mice ranging in age from 9 to
11 wks were sacrificed by cervical dislo-
cation. Aortas were dissected, cleaned
and flushed with serum-free RPMI-1640.
Subsequently, aortas were cut into
~1-mm segments, embedded into 70 uL
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Matrigel, and left in a 37°C incubator to
polymerize. Matrigel was supplemented
with masTF, hasTF, 5 umol/L SU5416
(VEGFR2 inhibitor), anti-Ccl2 antibody
(final concentration 10.0 ug/mL) or
buffer control depending on the experi-
mental conditions. A 9:1 medium mix-
ture of M199:EGM and 100 ug/mL strep-
tomycin and 100 units/mL penicillin was
used to cover the embedded aortic seg-
ments. Integrin blockade was performed
by addition of antibodies to the Matrigel
at a concentration of 50 pug/mL, when
appropriate.

Microarray Analysis

bEnd.3 cells were grown to confluence
in six-well plates and treated with
50 nmol /L masTF (excluding controls)
for 6 h; total RNA was extracted using a
Qiagen RNeasy Mini Kit (Valencia, CA,
USA), reverse-transcribed, amplified,
fragmented and labeled for microarray
analysis using the Nugen WT-Ovation
FFPE V2 kit, Exon Module and Encore
biotin module, respectively (Nugen), ac-
cording to the manufacturer’s instruc-
tions. An Affymetrix Gene 1.0 ST mi-
croarray platform was used to assess the
gene expression profile (Microarray Core
Facility, Cincinnati Children’s Hospital
and Medical Center). RNA transcripts
were identified on the basis of filtering
for probesets with Robust Multichip
Average-normalized raw expression of
>6.0, which differed between those
treated with either masTF or hasTF and
untreated ECs by at least 1.2-fold for up-
regulated genes and at least 0.9-fold for
downregulated genes with p < 0.05 by
using a Welch ¢ test. Using this approach,
338 probesets were identified that were
differentially upregulated, of which 133
were upregulated and 205 were down-
regulated. Of these 338 probesets, 264
genes were protein-coding genes (listed
in Supplementary Table S1).

Orbital Shear Assay

bEnd.3 cells and HRECs were grown
to confluence in 96-well plates and
treated with masTF or hasTF for 4 h.
Subsequently, J774A.1 cells prelabeled



with Calcein-AM at 1 umol/L final con-
centration, washed free of unlabeled dye,
were added at 1 x 10° cells/well. The
plates were placed on a horizontal or-
bital shaker and left rotating at 90 rpm in
a 5% CO, incubator at 37°C for 20 min.
Nonadherent J774A.1 cells were washed
away with PBS, adherent cells were
lysed in PBS containing 0.5% Triton-X
and fluorescence was measured at Ex-485
and Em-515.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Expression of masTF and mflTF in
Pancreatic Cancer Lesions and
Colocalization with CDé8-Positive
Cells in Atherosclerotic Plaques
Expression of hasTF was detected in
many PDAC cell lines, and hasTF was
previously shown to promote tumor
growth (27,28). We examined the expres-
sion patterns of masTF and mfITF in
pancreatic tissue of genetically modified
mice that spontaneously develop preneo-
plastic lesions (PanINs) and PDAGC; as
shown in Figure 1A, the intensity of
staining for masTF as well as mfITF in-
creased as lesions progressed from early
PanINs to high-grade PDAC phenotype,
indicating that masTF is likely to con-
tribute to pancreatic tumor growth in the
murine setting. Compared to mfITF,
staining for masTF in PanINs and PDAC
tissue appeared to be somewhat more
diffuse; to ascertain whether masTF is
present in the extracellular stromal com-
partment, immunofluorescence studies
were performed and, as shown in Fig-
ure 1B, masTF was found in abundance
in tumor cells as well as extracellular
stroma, whereas mfITF was exclusively
cell associated. K-ras-triggered upregula-
tion of nuclear factor (NF)-«B is a well-
established pathological feature of PDAC
(29), and transcription of human as well
as murine TF-encoding genes (F3 and
Cf3, respectively) is markedly responsive
to NF-xB. Examination of murine pancre-
atic tissue for the levels of p65/RelA re-
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Figure 3. Effects of masTF and hasTF in the scratch assay. bEnd.3 cells (A) and HRECs (B)
were grown to confluence in six-well plates and serum-starved overnight in DMEM contain-
ing 2% FBS. Eight radial scratches per well were introduced (see Materials and Methods).
After 38 h, cells were washed with PBS, fixed in methanol and stained with 0.1% crystal vio-
let. Representative images of the wounds are on the right (n = 4). *p < 0.01 versus vehicle;

#5 < 0.05.

vealed that normal pancreas was nega-
tive, whereas PDAC tissue had high lev-
els of p65/RelA, with some tumor cells
exhibiting pronounced nuclear redistrib-
ution of p65/RelA (Figure 1C). Aside
from neoplastic diseases, neovasculariza-
tion plays a critical role in plaque remod-
eling (12). While we previously demon-
strated that masTF is present in
experimental occlusive thrombi in the
wire injury model (17) and hasTF was de-
tected in aortic plaques (22,30), it is not
known whether masTF is present in aor-
tic plaques. Appreciable levels of masTF
were detectable in Ldlr'~ plaques (Fig-
ure 1D), where extensive colocalization of
masTF with mflTF and CD68-positive
cells was observed (Figure 1E).

masTF and hasTF Bind Integrins on
Murine ECs and Elicit Migration in a
Transwell Assay

Because hasTF was previously shown
to bind integrins, masTF may similarly

influence cell behavior through integrin
ligation. To study this, tissue culture
plates were coated with masTF, mfITF or
hasTF and blocked with BSA, after
which bEnd.3 cells were seeded. bEnd.3
cells avidly bound to masTF-, mfITF- and
hasTF-coated plates, but bound poorly to
BSA-coated plates (Figure 2A). To iden-
tify the possible involvement of inte-
grins, bEnd.3 cells were pre-incubated
with specific blocking antibodies. Inclu-
sion of a B3 integrin-blocking antibody
dramatically inhibited EC binding to
masTF (Figure 2B). We previously
showed that EC binding to hasTF is in-
hibited by p1 blockade. Nevertheless,
binding of bEnd.3 cells to masTF was not
disrupted by B1 blockade, and the com-
bination of B1 and 3 blockades showed
a similar reduction of cell adhesion when
compared with a selective 33 blockade
(see Figure 2B). Thus, 3 integrins (but
not 1 integrins) appear to predominate
in masTF-murine EC interactions. As we
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shown to solely depend on B3 integrins
(Figure 2C); analogous results were ob-
tained when MEECs were used in this
assay (Supplementary Figure S1).

masTF and hasTF Are Potent Agonists
in a Scratch Assay

Scratch assays are often used to assess
cellular motility, invasion and intercellu-
lar interactions (31). To determine if,
aside from the gradient-type/transwell
system, masTF and/or hasTF are able to
potentiate scratch closure, we used a
scratch assay by using bEnd.3 cells and
HRECs to assess the relative degree of
potency. Per scratch, the enhancement of
bEnd.3 closure by masTF (1 nmol/L)
was not distinguishable from that elic-
ited by VEGF (2 nmol/L, approximately
twofold over vehicle control; p < 0.01,
Figure 3A). The effects of mfITF
(1 nmol/L) were similar to those of
masTF, yet hasTF was less potent at
1 nmol/L; at 10 nmol/L, all three forms
of TF exhibited similar potency (see Fig-
ure 3A). When HRECs were used in the
scratch assay, hasTF was markedly more
potent than masTF in the 1-10 nmol /L
range (Figure 3B).

masTF Induces Vessel Growth Ex Vivo
Because hasTF mediates angiogenesis
and the biologic effects of masTF ob-
served in vitro are in line with the in vitro
effects of hasTF, we next assessed
whether masTF promotes angiogenesis
ex vivo. Using aortic sprouting assays, we
confirmed that masTF induces the for-
mation of new vessels with the levels of
potency indistinguishable from that of
hasTF in the 1-100 nmol /L range (Fig-
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Figure 4. masTF induces aortic sprouting. Murine thoracic aortas were isolated and
cleaned of the surrounding tissue in serum-free RPMI-1640 containing 100 units/mL penicil-
lin and 100 ug/mL streptomycin. Dissected aortas were flushed with PBS; sectioned into
equal segments; and embedded in matrigel supplemented with solvent control, masTF,
hasTF or mflTF. Integrin/Ccl2-blocking antibodies (A) or SU5416 (VEGF inhibitor, B) were in-
cluded in the matrigel when appropriate. PMB, polymyxin B. Sprouts were counted on d 4

(n=4).*p < 0.01 versus control.

ure 4A). Next, we determined whether
masTF-induced ex vivo angiogenesis is
integrin dependent, and we indeed ob-
served sprouting comparable to basal
levels in the presence of 33 blocking anti-
bodies; however, a f1 blockade also re-
sulted in downregulation of ex vivo an-
giogenesis, in the absence as well as the
presence of exogenously added masTF
(Figure 4A). Because Matrigel consists
primarily of f1 integrin-ligating extracel-
lular matrix proteins, it is plausible that
the synergy between f1-ligating matrigel
and B3-ligating masTF is required for the
masTF-dependent formation of sprouts
and, as such, masTF possesses angio-
genic properties analogous to those of
hasTF. Strikingly, antibody blockade of
Ccl2—a chemokine recently shown to be
critical for fITF-mediated angiogenesis
(32)—completely eliminated the effect of
masTF, indicating that Ccl2 is indispen-
sable for masTF-mediated proangiogenic
effects (see Figure 4A). However, VEGF
blockade, while diminishing the basal
angiogenesis, did not eliminate the
proangiogenic effects of masTF in this
assay (Figure 4B). We note that we de-
tected low levels of endogenous masTF
protein in our Matrigel cultures by West-
ern blotting (data not shown). When
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mflTF ectodomain was added to the cul-
tures, there appeared to be a weak in-
crease in sprouting that did not reach
statistical significance (see Figure 4B).

masTF and hasTF Elicit Analogous
Changes in the Global Expression
Profile of Murine ECs

Although the signaling events elicited
by hasTF in human ECs were investi-
gated previously (22), nothing is known
about the changes in gene expression in
murine ECs elicited by masTF. bEnd.3
cells stimulated with masTF and hasTF
revealed significant nuclear redistribu-
tion of p65/Rel A (Figure 5A). Microar-
ray analysis revealed that hasTF and
masTF exert similar effects on global
gene expression in murine ECs (Fig-
ure 5B). A significant number of genes
were upregulated as well as downregu-
lated by both masTF and hasTF; the list
of these genes is presented in Supple-
mentary Table S1. The major genes that
were significantly upregulated were
chemokine family genes, such as Cxcl2,
Csf-1 and Ccl2. Integrin-linked kinase
(ILK) is a binding partner for $1 and 3
integrins and helps in anchoring 1 and
(3 integrins to the actin cytoskeleton.
ILK-mediated signaling has been shown



to significantly upregulate SDF1 (Cxcl12)
expression in human ECs (33). Because
we established that hasTF, and now
masTF, ligate integrins, these TF variants
could well trigger ILK-dependent signal-
ing in murine ECs. Analogously to
human microvascular ECs, for which ex-
posure to hasTF resulted in the upregula-
tion of NF-kB pathway-related
chemokines (22), hasTF and masTF elic-
ited activation of NF-kB-dependent
pathways in murine ECs (see Figure 5B).

masTF and hasTF Promote Monocyte
Adhesion to Murine ECs

Whereas the expression of cell adhe-
sion molecules on murine ECs was not
upregulated as dramatically in response
to masTF and/or hasTF as was shown
for human ECs (22), Veam-1 (the gene en-
coding an adhesion molecule critical to
EC-monocyte interactions) was upregu-
lated by ~6.5-fold in response to both
masTF and hasTF (Supplementary
Table S1, Figure 6A), which is significant,
since even a modest increase in the levels
of VCAM-1 reflects a state of activated
endothelium (34). Having established
that masTF, like hasTF, is present in aor-
tic plaques and induces the expression of
chemokines in murine EC (Figures 1, 5),
we sought to determine whether masTF
promotes adhesion of murine monocytes
to murine and /or human ECs. As shown
in Figures 6B and C, masTF as well as
hasTF elicited a significant increase in
the adhesion of murine monocytes to
bEnd.3 cells and HRECs under orbital
shear conditions.

DISCUSSION

While the importance of the TF-integrin
axis has been known for some time, it
has been shown that the fITF-integrin
cross-talk primarily involves f1, not 33
integrins (1); thus, p3-mediated events
may very well be uniquely regulated by
asTF in human as well as murine solid
tissues. Strikingly, murine ECs do not ap-
pear to engage p1 integrins while adher-
ing to masTF (Figure 2), yet both f1 and
B3 integrins are required for masTF-
elicited angiogenesis, analogously to the

p65/Rel A

lon/Protein transport

Metabolic/Catabolic
genes genes
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Cebpd Cxcl2
Vcam1

Ccl2

Csf-1

Figure 5. masTF and hasTF elicit analogous changes in the gene expression profile of
murine ECs. (A) Cellular distribution of p65/RelA in bEnd.3 cells stimulated with masTF and
hasTF (n = 3). White arrows indicate nuclear localization. (B) Heat map, gene cluster analy-
sis of bENd.3 cells exposed to 50 nmol/L of masTF and 50 nmol/L of hasTF for 4 h; 50% glyc-
erol/PBS served as vehicle control. The heat map comprises the genes for which expres-
sion was either significantly upregulated by at least 1.2-fold or downregulated by at least
0.9-fold. Results shown are representative of three independent experiments; red denotes
upregulation and green denotes downregulation.

hasTF (Figure 4) (21). It should be noted
that p3-deficient mice exhibit a pathologi-
cal enhancement of angiogenesis rather
than inhibition of vessel growth (35);
however, aberrations triggered by global
B3 deficiency may not be reflective of the
effects elicited by soluble p3 ligands (for
example, masTF/hasTF) in select tissue
subcompartments (for example, the vas-
culature). Whereas it cannot be excluded
that the relative abundance of f1 versus
3 integrins may influence experimental
outcomes in studies involving distinct EC
lines/subtypes (22), the differences in
global gene expression changes elicited

by hasTF in human ECs and masTF in
murine ECs are also likely to play a role.
The divergence of the gene expression
cascades notwithstanding, the end results
of masTF-murine EC interactions, that is,
angiogenesis and monocyte recruitment,
are remarkably analogous to those of
hasTF-human EC interactions. The struc-
ture of the unique C-terminus of asTF is
another aspect of asTF biology that may
explain the differential “integrin profiles”
of masTF and hasTF. masTF has a longer
C-terminal domain than hasTF and may
confer a distinct, masTF-unique confor-
mation, resulting in the activation of a
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Figure 6. masTF and hasTF promote monocyte adhesion to murine ECs. (A) Reverse tran-
scriptase (RT)-polymerase chain reaction expression of Vcam-1 in masTF/hasTF-stimulated
bEnd.3 cells. (B, C) Representative experiment (n = 3), orbital shear assay performed using
bENd.3 cells (B) or HRECs (C) and prelabeled J7741.A cells. PMB, polymyxin B. *p < 0.01.

different subset of integrins. We note that
in silico searches for potential integrin-
binding sites within unique C-termini of
hasTF and masTF did not yield any can-
didate motifs (RC Godby, R Srinivasan,
VY Bogdanov, unpublished data); thus,
further studies on the functional role(s) of
the hasTF and masTF C-termini and its
physiological implications are warranted.
Our findings are in agreement with
those of other groups who recently
reported upregulation of such proangio-
genic molecules as VEGEF, basis fibroblast
growth factor (bFGF) and Cyr61 as a re-
sult of masTF overexpression in murine
cardiomyocytes (23,36); the VEGF-
independent nature of masTF-elicited ef-
fects in the sprouting assay and the gene
array analysis suggest that murine ECs
may react to masTF in ways not fully
identical to those observed in cardiac tis-
sue (Figures 4, 5). Cxcl2 (a gene analo-
gous to 1I-8) encodes a major inflamma-
tory chemokine involved in the
recruitment of inflammatory cells (37,38),
whereas Csf-1 production by stromal
cells has been linked to the increased re-
cruitment of tumor-associated macro-
phages and propagation of metastases
(39). Genes encoding regulatory tran-
scription factors were also upregulated
in masTF- and hasTF-treated cells, for ex-
ample, Cebpd and Cebpb. We note that
Cebpd is involved in tumor suppression,
and its increased expression might be
due to a feedback response to the upreg-
ulation of inflammatory / tumor-activat-
ing genes. Interestingly, the expression of

Gja5 (the gene encoding a gap junction
protein for which loss is associated with
decreased endothelial relaxation and
eNOS levels in the mouse aorta [40]) was
downregulated by masTF and hasTE,
raising the possibility that the effects of
these soluble TF variants may exacerbate
systemic vasculopathies related to aber-
rant eNOS activity.

While we are currently dissecting what
signaling cascades are engaged by
masTF in murine ECs, the results of our
study clearly demonstrate that there are
many similarities between masTF and
hasTF when it comes to their targets. It is
worth noting that 3 integrins play a
comparably crucial role in cardiovascular
disease and cancer—the conditions hall-
marked by chronic inflammatory events,
a common feature in the pathobiology of
atherosclerosis and solid malignancies
(41,42). As the levels of masTF rise dur-
ing pancreatic cancer progression (Fig-
ure 1), it is worth noting that avp3—the
integrin known to interact with hasTF—
plays a particularly major role in pancre-
atic cancer pathobiology. The av(3
dimer, a major RGD receptor, is per-
ceived to exert its tumor-promoting ef-
fects through adhesion-mediated modu-
lation of tumor cell invasiveness and
proliferative / migratory capacity, as well
as promoting metastatic neovasculariza-
tion: compared with normal microves-
sels, metastatic microvessels express
higher levels of this integrin (43). How-
ever, avf3 is also expressed in PDAC
cells and was reported to play a signifi-
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cant adhesion-independent role in pan-
creatic cancer (44). masTF appears to act
as a cell agonist by ligating 33 integrins
on ECs, which activates the NF-xB path-
way (Figure 5A). The p3-asTF nexus may
thus promote tumorigenesis directly via
autocrine stimulation of cancer cells, as
well as indirectly via neovascularization.
The tenet that the fITF/asTF synergy
promotes primary tumor growth, and
possibly spread, is supported by the ef-
fects of monoclonal antibody 10H10, an
fITF-specific antibody that disrupts con-
stitutive binding of fITF to integrins and
also inhibits tumor growth in xenograft
models (45). Moreover, the Ccl2-
dependent nature of masTF-elicited an-
giogenesis further supports the notion
that asTF and fITF are likely to act in
concert to trigger the formation of new
vessels, using proteolytic as well as non-
proteolytic signaling (32). Inasmuch as
exogenous fITF on microparticles and
lipid vesicles stimulates cell proliferation
largely in a 1 integrin-dependent man-
ner (46), it is reasonable to propose that
asTF similarly promotes integrin-
mediated tumorigenesis, yet with a far
more pronounced engagement of 3 inte-
grins. Future experiments should reveal
whether asTF acts as a proangiogenic as
well as mitogenic agent in vivo.

CONCLUSION

The major novel findings we report
here are as follows: (a) masTF is biologi-
cally active; (b) the biologic effects of
masTF are analogous to those of hasTF
and can be experimentally assessed using
murine as well as human cell cultures;
and (c) masTF-mediated angiogenesis de-
pends on 1 and B3 integrins as well as
Ccl-2, yet is independent of VEGEF. Specif-
ically, we show for the first time that the
murine form of asTF is a functional ho-
molog of hasTF inasmuch as it acts as an
agonist on EC surfaces in promoting cell
adhesion, migration and neovasculariza-
tion in an integrin-mediated fashion.
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