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Abstract

Extra domain-B containing fibronectin (EDB ™ FN), a recently proposed marker of angiogenesis, has been shown to
be expressed in a number of human cancers and in ocular neovascularization in patients with proliferative diabetic
retinopathy. To gain molecular understanding of the functional significance of EDB" FN, we have investigated
possible regulatory mechanisms of induction and its role in endothelial cell proliferation and angiogenesis. Human
vascular endothelial cells were cultured in high levels of glucose, and fibrogenic growth factors, transforming growth
factor-f1 (TGF-f1) and endothelin-1 (ET-1). Our results show that high glucose levels, TGF-f1, and ET-1
upregulated EDB" FN expression. Treatment of cells exposed to high glucose with TGF-f1 neutralizing antibody
and ET receptor antagonist prevented high glucose-induced EDB" FN expression. In order to elucidate the
functional significance of EDB™ FN upregulation, cells were subjected to in vitro proliferation and angiogenesis
assays following EDB peptide treatment and specific EDB™ FN gene silencing. Our results show that exposure of
cells to EDB peptide increased vascular endothelial growth factor (VEGF) expression, endothelial proliferation, and
tube formation. Furthermore, specific EDB™ FN gene silencing prevented both basal and high glucose-induced
VEGTF expression and reduced the proliferative capacity of endothelial cells. In conclusion, these results indicate
that EDB™ FN is involved in endothelial cell proliferation and vascular morphogenesis, findings which may provide
novel avenues for the development of anti-angiogenic therapies.

Introduction

Angiogenesis is an important physiological phenome-
non which occurs during development and wound
healing. However, unregulated angiogenesis is the key
mechanism underlying many pathological conditions
including tumorigenesis, chronic inflammation, and
non-tumoral neovascularization such as proliferative
diabetic retinopathy [1, 2]. Formation of new vascular
network entails interactions between vascular endothe-
lial cells and the extracellular matrix (ECM) [3]. It is
increasingly being realized that ECM is more than a
mere bystander. The composition of the ECM is
important in various physiological and pathological
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conditions [3]. One of the most predominant and spe-
cialized proteins in the ECM, fibronectin (FN), has
been shown to undergo alternative splicing exclusively
during embryogenesis and tumorigenesis [4--10]. These
splice variants called extra domain-B (EDB") FN
species have recently been proposed to be markers of
tumoral angiogenesis [4-7, 10]. However, no definitive
reports provide evidence of functional significance of
these splice variants in the context of either tumoral or
non-tumoral angiogenesis.

EDB* FN has gained significant interest because
of the observation that this isoform is present in neo-
plastic tissue blood vessels and is virtually absent in
mature/adult tissues. However, in the context of
non-tumoral angiogenesis, we have shown preferential
upregulation of EDB™ FN in vitreous specimens from
patients with proliferative diabetic retinopathy (PDR),
a condition which entails proliferation of microvascu-
lar endothelial cells and retinal neovascularization [7].
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In addition, we have shown increased expression of
EDB" FN in the retinal tissues of diabetic rats [7].
Such aberrant expression of embryonic forms of FN
may be mediated, at least in part, through transform-
ing growth factor-f1 (TGF-f1) and endothelin-1
(ET-1) [7]. Concurrent analysis of the other FN iso-
form, extra domain-A (EDA ™) FN, revealed no signif-
icant alteration in PDR [7]. EDA " FN expression has
been shown to increase in response to tissue injury
while its role in cancer is controversial [11]. These
studies suggest that angiogenesis, both tumoral and
non-tumoral, is associated specifically with increased
levels of EDB™" FN species prompting investigation of
possible functional role.

TGF-f1 and ET-1 are potent fibrogenic molecules
that are also implicated in vascular endothelial cell
proliferation and migration. Although, TGF-f has
been reported to exhibit anti-proliferative activity
in vitro, it is implicated in a positive regulation of
angiogenesis in vivo [12]. Such inconsistency in the role
of TGF-f in cultured cells may be arbitrated by the
culture conditions. TGF-f has been shown to increase
endothelial cell proliferation in a concentration- and
cell density-dependent manner [13, 14]. In further
support of a pro-angiogenic role of TGF-f are the
findings, which demonstrate that TGF-f acts as a
chemoattractant for various cell types which are capa-
ble of producing angiogenic factors such as vascular
endothelial growth factor (VEGF) [15]. TGF-f has
also been shown to upregulate both VEGF and ET-1
expression in endothelial cells [16, 17]. ET-1 is a
potent mitogen for endothelial cells [18]. Several tumor
cell lines have been shown to upregulate ET-1 produc-
tion [19]. It has further been demonstrated that
selective ETg receptor antagonist prevents endothelial
cell proliferation and migration, two fundamental
steps in the process of angiogenesis [20].

The response of endothelial cells to TGF-§ and
ET-1 could be modulated by the ECM proteins. We
hypothesize that TGF-f1 and ET-1 confer an angio-
genic phenotype on endothelial cells via the regulation
of ECM protein composition. In this study, we have
investigated the mechanisms inducing EDB" FN
expression in endothelial cells. To do this, we have
generated a polyclonal antibody against the EDB
domain which was used to characterize EDB" FN
protein expression. In addition, we have elucidated a
possible functional role of EDB" FN which could
potentially explain pathogenetic alterations of endothe-
lial cell behavior in both tumoral and non-tumoral
angiogenesis.

Materials and methods
Endothelial cell cultures

Human umbilical vein endothelial cells (HUVECsS;
American Type Culture Collection, Rockville, MD)
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were cultured as previously described [21]. Briefly,
HUVECs were plated at approximately 2500 cells/cm?
in endothelial cell growth medium (Clonetics,
Walkersville, Maryland). Endothelial cell growth media,
modified MCDB 131 formulation, was supplied with
10 mg/l human recombinant epidermal growth factor,
1.0 mg/l hydrocortisone, 50 mg/l Gentamicin, 50 mg/l
Amphotericin B, 12 mg/l bovine brain extract, and 10%
fetal bovine serum. Sub-confluent cells were cultured in
serum-free media for 24 h before exposure to glucose
and other agents. To determine optimal glucose concen-
tration, sub-confluent cells were incubated with 5 mM
(control), 15, 25, or 35 mM D-glucose for 24 h. Follow-
ing incubation, RNA was extracted and subjected to real
time RT-PCR with respect to total FN and EDB” FN mRNA
expression. Total FN mRNA (EDB'+EDB~) was quanti-
fied by designing primers to amplify a FN site which is
not subjected to alternative splicing. Following dose—
response experiments, HUVECs were either incubated
in 5 mM glucose (control) or empirically determined
high glucose (HG) levels which produced maximal
EDB" FN mRNA upregulation. In order to determine
whether endothelial activation, independent of high lev-
els of glucose, can induce total FN and EDB" FN
expression, we analyzed mRNA levels of total FN and
EDB " FN following incubation of the endothelial cells
with varying serum concentrations (0%, 5% and 20%
fetal bovine serum).

The role of fibrogenic proteins in mediating the
effects of high glucose was eclucidated by treating cells
in 5mM glucose with 1 ng/ml recombinant human
TGF-p1 (Sigma-Aldrich, St. Louis, Missouri) or 5 nM
ET-1 (Peninsula Laboratories, Belmont, California). In
addition, we incubated cells in (HG) with either 10 ng/
ml TGF-f1 neutralizing antibody (Sigma-Aldrich) or
10 uM dual ET receptor antagonist, bosentan [22]
(Courtesy of M. Clozel, Actelion Ltd, Allschwill,
Switzerland). In some experiments, TGF-f1 neutraliz-
ing antibody and bosentan were co-administered.
Concentrations of peptides and inhibitors were in
accordance with manufacturer’s recommendations.
Following 24 h of the treatment period, total RNA
and proteins were extracted and subjected to real time
RT-PCR for gene expression analyses and western
blotting for protein expression analyses.

Real time RT-PCR

Real time RT-PCR was performed in LightCycler™
(Roche Diagnostics Canada, Quebec, Canada) as
previously described [23]. The reaction mixture (20 pl
volume) consisted of 10 pl SYBR® Green Taq Ready-
Mix (Sigma-Aldrich), 1.6 pl of 25 mM MgCl,, 1 ul of
each forward and reverse 10 uM primers (Table 1),
5.4 uwl H,O, and 1 pul cDNA template. ET-1 and TGF-
B1 transcripts were quantified by Tagman™ probes
which were designed wusing primer express v2.0
(Applied Biosystems, Foster City, California). The
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Table 1. Oligonucleotide sequences for end point and real time RT-PCR.
Gene Sequence (5° — 3) PCR temperatures®
18S rRNA GTAACCCGTTGAACCCCATT Denaturation 95°C-0s
CCATCCAATCGGTAGTAGCG Annealing 55°C-=5s
(Ref. 24) Extension 72°C-9s
Signal 80°C-1s
EDB" FN CCGCCATTAATGAGAGTGAT Denaturation 95°C-0s
AGTTAGTTGCGGCAGGAGAAG Annealing 55°C-=5s
Extension 72°C-8s
Signal 81°C-1s
EDB spanning CGGCCTGGAGTACAATGTCAGTGT Denaturation 95°C-0s
CAGGTGACACGCATGGTGTCTGGA Annealing 55°C-30s
Extension 72°C -45s
Total FN GATAAATCAACAGTGGGAGC Denaturation 95°C-0s
CCCAGATCATGGAGTCTTTA Annealing 50°C-6s
Extension 72°C-10s
Signal 81 °C-1s
TGF-p1 GCCCACTGCTCCTGTGACA Denaturation 95°C-0s
CGGTAGTGAACCCGTTGATGT Annealing 59°C-5s
6FAM-CAGGGATAACACACTGC-MGBNFQ Extension 72°C-4s
Signal Following
Extension
ET-1 AAGCCCTCCAGAGAGCGTTAT Denaturation 95°C-0s
CCGAAGGTCTGTCACCAATGT Annealing 55°C-=-5s
6FAM-TGACCCACAACCGAG-MGBNFQ Extension 72°C -4s
Signal Following
Extension
VEGF GGCCTCCGAAACCATGAACTTTCTGCT Denaturation 95°C-0s
GCATGCCCTCCTGCCCGGCTCACCGC Annealing 55°C-10s
Extension 72°C-20s
Signal 80°C-1s

“Initial denaturation was carried out at 95 °C — 1 min for real time RT-PCR and 5 min for end point RT-PCR. Ramp rate for real time RT-PCR phases was

20 °Cls.

PCR reaction mixture for ET-1 and TGF-f1 consisted
of 2.5 ul 10x PCR Buffer (Invitrogen Inc.), 1.25 pl of
5mM dNTP, 1.2 ul 50 mM MgCl,, | pl primers,
10.8 ul H,O, 1 pl ¢cDNA, and 0.75 pul 15 mM Tagman
probes. The data were normalized to housekeeping
gene (18S rRNA; ref. 24) to account for differences in
reverse transcription efficiencies and amount of tem-
plate in the reaction mixtures.

Serial dilutions of the standard template (positive
control) were used to construct a standard curve and
identify cycle numbers in which amplification is expo-
nential vs. log concentration. In order to accurately
compare expression of all genes, we have optimized
the reactions such that the average slope of all the
standard curves was —3.29 + 0.28. Such a slope repre-
sents a PCR efficiency of 2.013 (doubling of cDNA
with each PCR cycle) allowing us to compare the
expression level of all genes accurately.

Western blotting

Total proteins from endothelial cells were isolated and
quantified as described previously [23]. Briefly, cells
were homogenized in lysis buffer (0.15 M NaCl, 1%
deoxycholate, 50 mM Tris—-HCl (pH 7.5), 1% Triton
X-100, and 0.1% sodium dodecyl sulfate) and protease

inhibitor. Total proteins were then quantified by using
BCA protein assay kit (Pierce Endogen, Rockford,
Illinois, USA). Protein levels were determined by
western blotting using polyclonal rabbit anti-human
FN (Dako Diagnostics, Canada) (1:1000), EDB im-
mune serum (1:200), rabbit anti-human ET-1 (Penin-
sula Lab., Belmont, California) (1:1000), and rabbit
anti-human TGF-$1 (Promega Corp., Madison, Wis-
consin) (1:1000) antibody followed by secondary anti-
body conjugated with horseradish peroxide (1:10,000).
ECL-PLUS Western Blotting Detection kit (Amer-
sham Parmacia Biotech, Piscataway, New Jersey) was
used for detection.

Immunofluorescence

Endothelial cells were cultured in 12 well plates (Fisher
Scientific, Canada) with coverslips. Sub-confluent cells
were treated with 25 mM glucose for 24 h as described
above. Immunofluorescent microscopy was performed
on methanol-fixed permeabilized cells by using EDB™
FN immune serum (1:200) followed by fluorescein
anti-mouse secondary antibody (Vector Laboratories,
Ontario, Canada) and a confocal microscope equipped
with UV and FITC/TRITC filters (Zeiss LSM 410;
Carl Zeiss Canada Ltd., Ontario, Canada). To show
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FN fibrils, cells were fixed in 4% paraformaldehyde
and stained with Texas Red anti-mouse secondary
antibody (Vector Laboratories, Ontario, Canada).

Production of EDB" FN anti-sera

Antisera against EDB FN was prepared by immuni-
zation of BALB/c mice (The Jackson Laboratory, Bar
Harbor, Maine) with the synthetic EDB peptide
(ITDSSIGLRWTPLNSSTIIGY; ref. 25) conjugated to
keyhole limpet hemocyanin (KLH) (Multiple Peptide
Systems, San Diego, California). Mice were injected
intradermally with an emulsion of the peptide-KLH
conjugate (100 pg per mouse) in complete Freund’s
adjuvant (Difco Laboratories, Detroit, Michigan).
Three weeks later, the mice were boosted twice at two
weeks interval with 50 pg peptide-KLH conjugate
emulsified in incomplete Freund’s adjuvant (Difco
Laboratories, Detroit, Michigan). Immune sera were
obtained 10 days after the second boost and character-
ized by enzyme linked immunosorbent assay (ELISA)
using the pre-immune sera as control. Thus, 96-well
MaxiSorp plates (Nalge Nunc International, Naper-
ville, Illinois) were coated with 15 pg/ml streptavidin,
washed and then blocked with 2% BSA in PBS. Biotin
conjugated peptides were captured at 5 pg/ml concen-
tration. Immune or pre-immune sera at varying dilu-
tions were added and incubated for 3 h. Alkaline
phosphatase conjugated goat anti-mouse IgG (Cedar-
lane Laboratories, Hornby, Canada) was added,
incubated for 1 h, and washed. The substrate, p-nitro-
phenyl phosphate, was then added at 1 mg/ml accord-
ing to manufacturer’s instructions. Antibody binding
was detected by reading the absorbance at 405 nm.
At 1000x dilution, the pre-immune serum absorbance
was <0.1 while the immune serum absorbance was
0.4. Immune sera from mice with antibody titres at
>1000x were used in the study.

EDB" FN gene silencing

We used a siRNA-based technique to specifically
silence EDB™ FN expression in endothelial cells [26].
siRNAs were constructed to target EDB domain of FN
using Silencer ™ siRNA construction kit (Ambion Inc.,
Austin, Texas, USA). Four potential sites in the

Table 2. Oligonucleotide sequences for SiIRNA synthesis.
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EDB domain of human FN mRNA were identified
(Table 2). Target sequences were identified by scanning
the EDB domain for AA dinucleotide sequences. Oli-
gonucleotides for siRNA generation were synthesized
by addition of dinucleotide AA sequence at the 5" end
of target sequence and 8 nucleotide 5-CCTGTCTC-3’
leader sequence at the 3’ end. Endothelial cells were
transfected with all four EDB siRNAs (100 nM final
concentration) in a single reaction using siPORT Lipid
siRNA transfection reagent (1 ul reagent per 500 pl
transfection volume; Ambion Inc.). Seventy-two hours
following transfection, gene expression analyses
and XTT assays were performed. All siRNA experi-
ments included transfection of endothelial cells with
siRNAs which have no sequence homology (negative
transfection; mismatched siRNA) with human genome
(Ambion Inc.). Real time RT-PCR was used to mea-
sure mRNA levels of EDB™ FN to assess transfection
efficiency. Furthermore, we used end point (conven-
tional) RT-PCR with EDB segment spanning primers
to determine the degree of gene silencing. End point
RT-PCR allows detection of multiple products of one
primer set. We have utilized EDB spanning primers
which amplify both EDB* FN (416 bp) and EDB™ FN
(143 bp).

Endothelial cell proliferation assay

Endothelial cell proliferative capacity was assessed
by 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenyl-
amino)carbonyl]-2H-tetrazolium hydroxide (XTT; Sig-
ma-Aldrich). In this assay, viable cells reduce XTT
tetrazolium salt into colored formazan compound
which is measured using a spectrophotometer providing
a reliable means of quantifying cell proliferation [27].
Cells were cultured in 96-well plates to confluence.
EDB™ FN siRNA or negative control siRNA transfec-
tions were carried out in serum-free media. In addition,
cells (without transfections) were incubated with 50 ng/
ml, 2 ug/ml EDB peptide, or 2 pg/ml scrambled EDB
peptide (ILNISSLYSDTIGTSTIGPRW). Following
72 h of treatment, 50 pl XTT reagent (prepared by add-
ing 25 pl of 5 mM phenazine methosulfate to 5 ml of
1 mg/ml XTT) was added to the wells and cells were
incubated for 4 h. Absorbance was measured at 450 nm
to assess cell proliferation.

Oligonucleotide sequences® (5 — 3')

Nucleotide®

EDBI SiRNA AAGGTATCCCTATTTTTGAAGCCTGTCTC

AACTTCAAAAATAGGGATACCCCTGTCTC 1423-1441
EDB2 SiRNA AACTCACTGACCTAAGCTTTGCCTGTCTC

AACAAAGCTTAGGTCAGTGAGCCTGTCTC 1414-1432
EDB3 SiRNA AACCGATTCAAGCATCGGCCTCCTGTCTC

AAAGGCCGATGCTTGAATCGGCCTGTCTC 1386-1404
EDB4 SiRNA AAGCATCGGCCTGAGGTGGACCCTGTCTC

AAGTCCACCTCAGGCCGATGCCCTGTCTC 1500-1518

Targeted site in EDB region of FN is italicized.

*Nucleotide position in reference to Human EDB" FN sequence (Accession number, X07717).
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Tube formation assay

Tube formation was assessed using a three-dimensional
culture method. HUVECs were seeded in 12-well cul-
ture plates with growth factor reduced Matrigel®
Matrix (BD Biosciences) coated coverslips. Matrigel
was allowed to polymerize before seeding cells in com-
plete media. Following cell attachment, the wells were
rinsed and collagen gel was added [28]. Treatments
were initiated in serum-free media and comprised of
media alone, 50 ng/ml EDB peptide, 2 ug/ml EDB
peptide, 20 ng/ml human plasma FN (EDB~ FN), or
2 pg/ml human plasma FN (Chemicon, Temecula,
California). Vascular morphogenesis was evaluated
following Mayer’s hematoxylin—eosin staining (Sigma
Chemical Co.) following 24 h of treatment. The stain-
ing was scored by two investigators unaware of the
treatment. The length of capillary like structures was
expressed as mm/100x field.

Statistical analysis

The data are expressed as mean = SEM and were
analyzed by ANOVA followed by Student’s #-test. Dif-
ferences were considered significant at values of
P < 0.05.

Results
EDB" FN expression in endothelial cells

To elucidate the mechanistic basis of EDB™ FN expres-
sion, we studied endothelial cells, one of the major con-
tributors of FN to the vasculature. Incubation of
endothelial cells in high glucose, which has been shown
to increase proliferation of endothelial cells [29],
increased transcript levels of both total FN as well as
relative EDB* FN (EDB* FN:Total FN) in a dose-
dependent manner (Figures la, b). In order to deter-
mine whether upregulation of EDB™ FN by high levels
of glucose is mediated via elaboration of fibrogenic
growth factors, we exposed endothelial cells to TGF-f1
and ET-1 peptides. Treatment of cells with TGF-f1 and
ET-1 upregulated total FN as well as EDB™ FN expres-
sion (Figures 1c, d). Conversely, cells pre-treated with
TGF-f$1 neutralizing antibody or dual ET receptor
antagonist, bosentan, prior to high glucose showed nor-
malization of EDB™ FN mRNA levels (Figure 1d).
Similar to our previous studies in microvascular endo-
thelial cells [7], high glucose-induced total FN and
EDB ™" FN expression in macrovascular endothelial cells
(HUVECGs) was completely inhibited by co-administra-
tion of TGF-f1 neutralizing antibody and bosentan
(data not shown). In parallel to EDB* FN expression,
both TGF-f1 and ET-1 were found to be increased by
high glucose concentration, TGF-f1 peptide, and ET-1
peptide treatment (Figures le, f). It is interesting to note
that both TGF-$1 and ET-1 exhibited autoregulation.
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Exposure of cells to TGF-f1 increased the respective
transcript levels and also modulated ET-1 expression.
Similar results were obtained with ET-1 peptide expo-
sure. These findings suggest that the high glucose-medi-
ated TGF-f1 and ET-1 upregulation may lead to
induction and re-expression of EDB* FN by the vascu-
lar endothelial cells.

Our next objective was to investigate whether
EDB" FN induction represents a general property of
activated endothelial cells or whether it represents a
specific effect of high glucose concentration and expo-
sure to fibrogenic factors. We cultured endothelial cells
in varying serum concentrations and assayed for FN
mRNA expression. Our results show that increasing
serum levels did not cause a significant change in the
transcript levels of either total FN or relative EDB™
FN (Figures 2a, b). These results suggest that EDB™
FN induction may be an important event in glucose-
mediated endothelial cell alterations.

EDB" FN antibody characterization

We have generated EDB FN antibody to study the
EDB" FN protein expression and localization. We
used both ELISA and western blotting to characterize
our antibody. Immunoblot analysis of HUVEC
protein with either total FN antibody or EDB" FN
antibody revealed similar banding pattern, indicating
specificity of our EDB™ FN antibody (Figure 3a). Our
ELISA results further show that EDB antibody binds
to biotinylated EDB peptide captured on streptavidin-
coated wells (Figure 3b). Moreover, pre-immune sera
failed to produce a detectable absorbance reading.
These findings suggest that EDB” FN antibody recog-
nizes the EDB segment of FN.

In order to further confirm the specificity, we per-
formed western blot analysis using purified human
plasma FN (EDB~ FN; Ref. 30) with ecither total FN
antibody or EDB antibody (Figures 3c, d). Circulating
form of FN is devoid of EDB segment, therefore, no
detection of varying concentrations (5, 10, and 20 pg)
of plasma FN with EDB antibody would indicate that
the antibody does not bind to other FN species or FN
repeats. Total FN antibody, however, would be ex-
pected to accurately detect the different concentrations
of plasma FN. Our data show that EDB antibody
failed to detect plasma FN which lacks the EDB seg-
ment (Figures 3¢, d). However, antibody recognizing
total FN showed a linear association with increasing
plasma FN concentration. We next detected endothe-
lial protein with increasing concentrations of plasma
FN with both total and EDB FN antibodies (Fig-
ures 3e, f). Ten microgram of endothelial protein with
increasing plasma FN protein levels increased the
band intensity only with total FN detection and not
with the EDB" FN detection (Figures 3e, f). As plas-
ma FN lacks the EDB domain, these results confirm
that EDB antibody recognizes the EDB segment of
FN and not other regions of the molecule.
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Figure 1. EDB" FN expression in endothelial cells. Following 24 h of incubation with varying glucose concentrations, RNA was extracted and sub-
jected to real time RT-PCR with respect to total FN (a) and relative EDB” FN (b) mRNA expression [Total FN is expressed as ratio of target to 18S
rRNA; EDB' FN is expressed as ratio of target to total FN]. (c—f) Real time RT-PCR analysis of total FN, EDB" FN, TGF-f1, and ET-1 mRNA lev-
els in endothelial cells following 24 h of treatment. (n = 5/treatment; *P < 0.05 as compared to control; 1P < 0.05 as compared to HG).

EDB" FN protein expression in endothelial cells

In order to determine whether alterations of mRNA
expression coincide with alterations of protein levels,
we performed western blot analyses (Figure 4a). Our
data indicate upregulation of total FN as well as
EDB" FN protein levels in endothelial cells exposed
to high glucose concentration, TGF-f1, and ET-1
peptide (Figures 4a—c). The changes in total FN as
well as EDB" FN protein levels, although significant,
were found to be modest compared to our mRNA
data. It is plausible that a modest increase in protein,
in comparison to the level of increase in mRNA, is
due to the difference in efficiency of the antibodies. In

order to assess such a possibility, we performed wes-
tern blotting with varying concentrations of total
endothelial cell protein. Our results suggest that dou-
bling the concentration of endothelial cell protein pro-
duces a more pronounced change in densitometric
analysis of total FN as compared to EDB" FN (data
not shown). However, regression analysis revealed a
linear association between densitometric reading and
concentration (#*=0.99; data not shown) indicating
inter-assay reliability and accuracy.

In parallel to our mRNA data, western blotting
shows that inhibition of TGF-$1 and ET-1 activity by
neutralizing antibody and bosentan administration
completely prevents high glucose-induced upregulation
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Figure 2. Effect of serum on EDB" FN expression in endothelial cells. Following 24 h of incubation with varying fetal bovine serum concentrations,
RNA was extracted and subjected to real time RT-PCR with respect to total FN (a) and relative EDB” FN (b) mRNA expression (total FN is
expressed as ratio of target to 18S rRNA; EDB" FN is expressed as ratio of target to total FN; n = 5/treatment).

of FN species. Furthermore, protein levels of TGF-f1
and ET-1 also paralleled our mRNA results (Fig-
ures 4d, e). Immunofluorescent analysis of permeabi-
lized cells also showed that high levels of glucose
increase total FN and EDB" FN protein expression
(Figures 5a—d). Newly synthesized EDB " FN was de-
tected in the cytoplasm of endothelial cells exposed to
high levels of glucose. Furthermore, immunofluores-
cent analyses revealed no morphological changes in
endothelial cells due to the upregulation of EDB™ FN.
In order to determine whether EDB™ FN is assembled
in fibrils, immunofluorescent analyses were carried out
with paraformaldehyde fixation but without permeabi-
lizing the cells. Our results show that EDB* FN is
assembled in extracellular fibrils (Figures Se, f).

EDB" FN-mediated VEGF

One of the best characterized angiogenic factors in both
physiological as well as pathological blood vessel forma-
tion is VEGF [31]. Since EDB™ FN has been shown to
be exclusively expressed in neoplastic tissue vessels, we
have investigated whether this embryonic FN isoform is
involved in regulation of endothelial VEGF expression.
To achieve this goal, we transfected endothelial cells

with small interfering RNAs (siRNAs) targeted to the
EDB domain of FN. This technique is based on intro-
duction of small dsSRNA species that act as a guide in
the nuclease complex and target cognate mRNA species
[26]. Using four constructs in concert, we show a very
high transfection and gene knockdown efficiency (Fig-
ures 6a, b). As shown by the melting curve analysis and
gel electrophoresis of post-PCR products, we are able to
completely knockdown EDB" FN mRNA. Moreover,
using EDB spanning primers, we show that FN mRNA
species in siRNA transfected cells are EDB negative
(Figure 6¢). Such dramatic inhibition of EDB™ FN
mRNA expression resulted in decreased VEGF expres-
sion in endothelial cells as compared to non-homolo-
gous sSiRNA transfected cells (negative control)
(Figure 6d). Furthermore, inhibition of EDB " FN pro-
duction by siRNA transfection prevented high glucose-
induced VEGF upregulation (Figure 6d). In order to
determine whether VEGF reduction was due to toxicity
of siRNA transfection, we analyzed other transcripts of
interest, such as TGF-f1 and ET-1. In contrast to
VEGF expression, these transcripts were upregulated in
EDB ™ FN siRNA transfected cells possibly indicating a
feedback mechanism (Figure 7). These results suggest
that EDB" FN may be involved in early molecular
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Figure 3. EDB antibody characterization, showing (a) banding pattern of HUVEC protein with total FN and EDB* FN antibody, (b) binding of EDB
antibody to streptavidin-captured biotinylated EDB peptide (binding was monitored by measuring absorbance at 405 nm; inflection point is shown by
dashed line and arrow), (¢ and d) representative western blot and corresponding densitometric analysis of plasma FN using Total FN (solid bars) and
EDB FN (shaded bars) antibodies [EC = HUVEC; *P < 0.05 as compared to 5 pg Plasma FN; n = 3], and (e and f) representative western blot and
corresponding densitometric analysis of endothelial protein with or without plasma FN using Total FN (solid bars) and EDB FN (shaded bars) anti-
bodies (*P < 0.05 as compared to 10 pg endothelial total protein + 5 pg Plasma FN; n = 3).

alterations which could potentially arbitrate vascular
endothelial cell proliferation.

In an attempt to investigate the role of EDB* FN in
regulation of VEGF expression, we synthesized
recombinant human EDB peptide which is recognized
by human antibody fragment L19 [25, 32--34]. This anti-
body fragment has been shown to bind to recombinant
EDB FN peptide as well as intact EDB" FN with com-
parable affinity [4, 10, 25, 30]. In vivo targeting of newly
formed blood vessels with L19 suggests that the segment
recognized by the antibody fragment may be accessible
in vivo, a region possibly capable of acting as a ligand
binding site to transduce extracellular signals. We incu-
bated endothelial cells with the EDB peptide and mea-
sured pro-angiogenic VEGF mRNA levels as an early
molecular marker of endothelial cell proliferation. In
parallel to our siRNA experiments, EDB peptide upreg-
ulated the VEGF mRNA expression in a dose-
dependent manner (Figure 8a). This peptide-mediated
VEGF upregulation was completely normalized with
anti-sera produced against the EDB peptide (Fig-
ure 8a). Treatment of cells with non-immune sera or

scrambled peptide, however, failed to alter VEGF
expression suggesting a potential role of the EDB seg-
ment in regulating the expression of VEGF.

In order to further characterize the involvement of
EDB peptide in VEGF expression and to elucidate
possible interaction of the peptide with cell surface asso-
ciated EDB* FN, we carried out a pre-EDB immune
serum treatment before exposing cells to the EDB pep-
tide. Our results indicate that cells pre-treated with EDB
immune serum exhibit, although significant, less
pronounced neutralization of peptide-mediated effects
(Figure 8b). Exogenous EDB peptide could potentially
have agonist-like effects or it may behave as a competi-
tive inhibitor of intact EDB" FN deposited by the
endothelial cells in culture. However, our data show
that pre-treatment of cells, which is expected to mask
the EDB domain of intact FN, is unable to completely
neutralize the EDB peptide-mediated changes. These
results suggest that EDB” FN may regulate VEGF
expression, in part, via interacting with endothelial-
derived intact EDB™ FN by the process of fibrillogene-
sis. However, such notions require further investigation.
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Figure 4. Western blot analysis of total FN, EDB" FN, TGF-f1, and ET-1 in endothelial cells showing (a) representative western blots, semi-quantita-
tive analysis of (b) Total FN, (c) EDB" FN, (d) TGF-1, and (e) ET-1 protein levels. Total proteins were extracted and subjected to western blot
analysis using polyclonal antibodies and EDB immune serum (*P < 0.05 as compared to control; 1P < 0.05 as compared to HG).

EDB" FN in endothelial proliferation and tube formation

We next evaluated the role of EDB" FN in endothe-
lial cell proliferation and vascular morphogenesis.
Since endothelial cell proliferation is an early event in
angiogenesis, we designed our experiments to assess
the proliferative index of cells following inhibition of
EDB" FN production. EDB™ FN targeting siRNA
transfection reduced the proliferative capacity of endo-
thelial cells as assessed by measuring the number of
metabolically active, viable cells using XTT assay
(Figure 8c), compared to non-homologous siRNA
transfection (negative control). Conversely, incubation
of cells with either 50 ng/ml or 2 ug/ml EDB peptide
significantly increased the number of viable endothelial
cells as determined by XTT assay indicating increased
cell proliferation.

In order to elucidate whether EDB" FN mediates
morphological alterations of endothelial cells, we have
utilized a well established in vitro model of angiogenesis

in which endothelial cells invade a three-dimensional
matrix gel and form capillary-like tubes in the presence
of pro-angiogenic factors [28]. This in vitro assay allows
assessment of cellular events which are necessary for
the process of angiogenesis including attachment,
migration, invasion, and differentiation. Our results
demonstrate that endothelial cells cultured with EDB
peptide formed cord-like structures within the matrix
gel (Figures 8d—i). Plasma FN, FN lacking EDB seg-
ment, failed to induce endothelial tube formation at
20 ng/ml (equimolar concentration) and 2 pg/ml con-
centrations (Figures 8 g—i) providing further support
for a possible role of EDB domain in vascular morpho-
genesis. Furthermore, scrambled peptide at either
50 ng/ml or 2 ng/l concentration showed no effect on
endothelial tube formation (data not shown). These
findings suggest that upregulation of EDB" FN may
be involved in the alterations of endothelial cell prolif-
eration and differentiation; processes integral to the
pathogenesis of angiogenesis-dependent diseases.
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Figure 5. Immunofluorescent analysis of (a) total FN in 5 mM glucose, (b) total FN in 25 mM glucose, (c) EDB" FN in 5 mM glucose, and
(d) EDB” FN in 25 mM glucose. EDB" FN fibril assembly in (¢) 5 mM glucose and (f) 25 mM glucose. (Original magnification (a—d) 400x, (e and

) 1000x.)
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EDB" FN transcripts as assessed by melting curve analysis of post-PCR products. Low melting temperature of siRNA transfected samples indicate
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Figure 7. Effect of EDB" FN gene silencing on (a) TGF-f mRNA expression and (b) ET-1 mRNA expression in either LG or HG. (*P < 0.05 as
compared to LG negative transfection; P < 0.05 as compared to HG negative transfection.)

Discussion

Although EDB" FN has been shown to be prominently
expressed during embryonic development and tumoral
angiogenesis, little is known about the role of this
embryonic isoform of FN in endothelial cell behavior.
In the present study, we show the functional signifi-
cance of EDB™ FN in endothelial-derived VEGF
expression and cell proliferation. Our results provide a
mechanistic means by which glucose and potent
mitogenic growth factors may lead to elaboration of
VEGF and induce an angiogenic phenotype in the
vascular endothelial cells.

Various growth factors and cytokines have been
implicated in the pathogenic interactions that lead to
neovascularization in PDR and tumorigenesis. Of
these numerous factors, TGF-f and ETs are of signifi-
cance by virtue of their direct effects on ECM protein
regulation. An important phenomenon in angiogenesis
is the regulatory role of ECM on the vascular endo-
thelial cell phenotype. Accumulating evidence suggests
that the composition and the physical properties of the
ECM can modulate endothelial cell behavior facilitat-
ing angiogenesis [35]. Our studies indicate that TGF-f
and ET-1 increased mRNA and protein levels of

EDB" FN which has been shown to specifically be
expressed in newly formed blood vessels. It is plausible
that TGF-f and ET-1, regulate ECM composition and
confer an angiogenic phenotype on vascular endothe-
lial cells via induction of EDB* FN re-expression
(Figure 9). We have previously shown that exposure of
microvascular endothelial cells to high levels of glucose
and fibrogenic factors also upregulates the other FN
isoform, EDA ™ FN [7]. Whether such an upregulation
is also exhibited by macrovascular endothelial cells
requires further investigation. It should be noted,
however, that EDA™ FN does not exhibit the same
restrictive pattern of expression as EDB* FN. Associ-
ation of EDB" FN with tumoral angiogenesis and
organogenesis suggests that this embryonic FN
isoform may regulate the process of angiogenesis. It is
plausible that EDA® FN may regulate cellular events
distinct from those regulated by EDB™ FN.
Expression of EDB" FN has been shown to be
regulated in an onco-developmental manner [4-10].
The biological significance of this restricted pattern of
expression still remains to be fully elucidated. In sup-
port of functional significance of EDB" FN, we have
demonstrated a potential role of this embryonic variant
in endothelial-derived VEGF expression. VEGF has
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Figure 9. Schematic illustrating the putative mechanisms of EDB* FN expression and its functional significance in endothelial cells. High levels of
glucose mediate alteration of ET-1 and TGF-f1 (1) and subsequently cause upregulation of the EDB" FN (2). Increased EDB” FN deposition leads to
endothelial-derived VEGF expression (3) and angiogenesis (4).
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been shown to be an endothelial cell-specific mitogen
and its expression is increased in various human can-
cers and in ocular neovascularization [31, 36, 37].
Recent studies show an important autocrine role of
endothelial VEGF in cell proliferation and blood vessel
formation [38, 39]. An important interaction between
FN and VEGF by which FN potentiates VEGF-
mediated endothelial cell migration has also been dem-
onstrated [40]. It is possible that such interaction is
conveyed via the EDB segment of FN. Our studies do
support such a notion. We have demonstrated that
EDB® FN is involved in VEGF expression which
could be, in part, responsible for EDB" FN-mediated
endothelial cell proliferation and morphogenesis.

In vivo studies aimed at determining functional role
of the EDB segment of FN in both physiological and
pathological angiogenesis have provided somewhat dis-
couraging results [41, 42]. Mice with targeted deletion
of the EDB segment show no phenotypic deficits.
However, in agreement with our in vitro study, cells
isolated from these animals exhibit reduced prolifera-
tive capacity as compared to normal counterparts [42].
A recent study has also shown no alteration of physio-
logical and pathological angiogenesis in mice lacking
EDB segment of FN [41]. Such a discrepancy in our
in vitro study and recent in vivo studies should not rule
out the importance of EDB* FN. It should be noted
that great variability in the assay used to quantitate
angiogenesis in the in vivo studies [4]1] may have
masked some of the effects of EDB" FN. A limitation
of knockout studies is confounding reliance on possi-
ble compensatory pathways during development.
Similar contradictory results have been obtained with
other factors which are believed to be involved in
angiogenesis, such as basic-fibroblast growth factor
(bFGF). bFGF knockout mice exhibit no drastic phe-
notypic deficits [43]. Similar to mice lacking EDB,
FGF deletion also shows no alteration of both physio-
logical and pathological angiogenesis [43]. However,
the in vitro role of bFGF in endothelial cell prolifera-
tion and angiogenesis is very well established [44, 45].
These findings suggest that angiogenesis is a complex
process which entails interaction of various signaling
pathways. Normalcy of EDB-null mice certainly sup-
ports the idea. It is possible that EDB" FN may not
be a requirement for vascular development; however,
it may potentiate and facilitate the process. Our stud-
ies support such a notion. We have demonstrated that
specific silencing of EDB™ FN reduces endothelial cell
proliferation. Furthermore, such inhibited production
of EDB" FN also leads to reduced endothelial tube
formation and expression of VEGF.

The studies described above provide functional
significance of EDB* FN in endothelial VEGF expres-
sion, cell proliferation and differentiation. These results
have direct bearing on our understanding of the mech-
anisms involved in both tumoral and non-tumoral
angiogenesis. It is possible that these embryonic forms
of FN are re-expressed in neovascular membranes in
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order to provide an FN scaffold that is potentially
more appropriate for endothelial cell proliferation and
differentiation. We have identified a novel mechanism
by which upregulated EDB* FN could contribute to
both tumoral and non-tumoral angiogenesis. This
mechanism possibly involves elaboration of potent
angiogenic factor, VEGF, by endothelial cells and
perhaps other bystander cells. Such findings have sig-
nificant implications in the development of anti-angio-
genic therapies for ocular as well as tumor-induced
neovascularization.
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