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To the Editor: Intraocular neovascularisation develops in
many ischaemic retinal diseases, e.g. diabetic retinopathy,
ischaemic retinal vein occlusion and retinopathy of prema-
turity. The new vessels are fragile and often rupture, leading
to vitreous haemorrhage, tractional retinal detachment,
neovascular glaucoma and subsequent vision decrease.
The formation of new vessels is dependent on a local
balance of stimulators and inhibitors of angiogenesis [1].
Among the stimulators, vascular endothelial growth factor
(VEGF) has been shown to play a major role in mediating
active neovascularisation in patients with diabetic retino-
pathy [2]. In addition, several studies have shown that the
concentration of VEGF in the intraocular fluids was
significantly elevated in eyes with proliferative diabetic
retinopathy  (PDR) [3-5]. On the other hand, pigment
epithelium-derived factor (PEDF) is a potent inhibitor of
anglogenesis, and lower levels of PEDF have been found in
the vitreous of eyes with active diabetic retinopathy [4]. It
has also been shown that the vitreous level of endostatin,
another inhibitor of angiogenesis, is correlated with the
level of VEGF and that endostatin is produced in the
fibrovascular membrane of eyes with PDR [5].
Vasohibin-1, a novel angiogenesis inhibitor, is mainly
produced in endothelial cells and is induced by stimulation
with VEGF or fibroblast growth factor 2. Vasohibin-1
selectively affects endothelial cells and inhibits angiogen-
esis [6]. We therefore hypothesised that vasohibin-1 is
present in the vitreous of eyes with PDR and is associated
with the vitreous level of VEGF. To examine this hypoth-
esis, we measured the vitreous levels of vasohibin-1 and
VEGF in 49 samples [rom 46 patients. This study was
conducted in accordance with the tenets of the Declaration
of Helsinki as revised in 2000 and was carried out with the
approval of the Institutional Review Board of Tohoku
University. Informed consent was obtained from all patients
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after an explanation of the purpose and procedures of the
study.

The level of VEGF, measured by ELISA, was signifi-
cantly higher in the vitreous samples from patients with
PDR? (584.0+641.5 7pg/ml *[mean+SD]; n=37) than in
samples from control patients with idiopathic macular hole
or idiopathic epiretinal membrane (19.61 £19.80 pg/ml; n=12;
p=0.004; Student’s ¢ test). Western blot analysis using anti-
vasohibin-1 mouse monoclonal antibody showed a
42 kDa band and/or a 36 kDa band of different intensity
levels in 34 (92%) of the 37 vitreous samples of patients
with PDR (Fig. la). No signal was detected in any control
samples. To investigate the association between the
vitreous levels of vasohibin-1 and VEGF, we determined
the band intensity of the samples relative to that of given
recombinant vasohibin-1 (100 fmol) using the publicly
available Imagel software (National Institutes of Health,
Bethesda, MD, USA; http://rsb.info.nih.gov/ij/). We ob-
served a statistically significant correlation between the
vitreous concentration of vasohibin-1 and VEGF in the 37
samples with PDR (r=0.469, p=0.005; Spearman correla-
tion coefficient by rank test) (Fig. 1b).

What is the source of the 42 kDa and 36 kDa forms of

vasohibin-1 seen in the vitreous samples and detected by
western blotting? An earlier study reported that the 36 kDa
form was generated by processing the 42 kDa form and that
both forms had anti-angiogenesis activity [7]. The forced
production of vasohibin-1 in HUV-SVS cells demonstrated
that secreted vasohibin-1 is mostly the larger 42 kDa form
and that the other major form (36 kDa) of the protein
accumulates within the cells or pericellular milieu [7]. In
our study, immunohistochemical analysis showed that
vasohibin-1 was produced in the fibrovascular membranes
of eyes with PDR (Fig. le.d). We suggest that one of the
sources of vasohibin-1 is the endothelial cells in the
fibrovascular membranes. As the blood retina barrier in
eyes with PDR is damaged. we cannot completely exclude
the possibility that the vasohibin-1 in the vitreous cavity was
from the blood. However, the concentration of vaschibin-|
in the plasma for the samples available from patients with
PDR was very low (1.8£2.6 fimol/ml [mean+SD]; n=7) and
was not statistically correlated with that in the vitreous
(r=0.259, p=0.54; Spearman correlation coefTicient by rank
test), suggesting that the vasohibin-1 in the vitreous is mostly
derived from the intraocular tissues. It remains to be
determined whether the production of vasohibin-1 in the
retinas of eyes with PDR is upregulated and whether
vasohibin-1 is secreted into the vitreous cavity, because
vasohibin-1 is produced in retinal cells as well as endothelial
cells in normal mouse retinas [8].

Hypoxia induces VEGF, VEGF induces the production
of vasohibin-1 in endothelial cells and vasohibin-1 inhibits
angiogenesis as a negative feedback regulator [6]. On the
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Fig. 1 a Detecton of vasohibin-1 in vitreous fluid. Western blot
shows 42 kDa and/or 36 kDa vasohibin-1 bands in cach 7.5 pl of
undiluted vitreous samples. Six vitrcous samples (lanes 1 6) and
100 fmol recombinant vasohibin-1 (contral) were loaded in this
representative western blot. b Correlation hetween the vitreous
concentration of vasohibin-1 and VEGF (#=0.469, p=0.005: Spear-
man correlation coefticient by rank test). The band intensities in the
western blots were determined by Imagel software. Relative vaso-
hibin-1 intensity was calculated as the ratio of sample band intensity
to control band intensity. Sample band intensity represents the sum of
the 42 and 36 kDa vasohibin-1 bands. Exposure time of western blot
was fixed to 30 s before the bands were saturated. Western blot
analyses were performed in duplicate for each sample. VEGF
concentration in the vitreous fluid was measured by ELISA using a
human VEGF immunoassay (R&D Systems, Minneapaolis, MN.
USA). ¢ Expression of vasohibin-1 in the surgically removed
fibrovascular membranes of eyes with PDR. Fibrovascular membrane
contains many new vessels. Immunohistochemistry using anti-vaso-
hibin-1 mouse monoclonal antibody showed signals in the endothelial
cells (arrows). d Absorbed antibody was used for the controls; no
significant signal was seen. Scale bars, 100 um

other hand, hypoxia, as well as inflammatory cytokines
(e.g. TNF-x and [L.-13, levels of which are increased in the
vitreous of eyes with PDR), may reduce the VEGF-
stimulated induction of vasohibin-1 in endothelial cells
[6]. Many growth factors play an important role in the
complex pathogenesis of diabetic retinopathy, in which
hypoxia triggers angiogenesis. The resulls of this study
show that the vitreous level of vasohibin-1 was positively
correlated with that of VEGF, which suggests that vaso-
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hibin-1 regulates retinal angiogenesis as an inhibitor. An
intraocular injection of recombinant vasohibin-1 strongly
suppressed retinal neovascularisation in mice with ischae-
mic retinopathy [9], suggesting that vasohibin-1 could be a
good candidate for development as a therapeutic agent for
diabetic retinopathy, especially in terms of mechanisms
different from those in anti-VEGF therapy.
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ORIGINAL ARTICLE

Transcriptional silencing of ETS-1 efficiently suppresses
angiogenesis of pancreatic cancer
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Japan; ~Department of Ageing, Tohoku University School of Medicine, Sendai, Japan and ﬁSI{f/'an S Nicolau
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In this study, we addressed the hypothesis that transcriptional suppression of erythroblastosis virus E26 oncogene homolog 1 (FTS-1)
is an efficient therapeutic approach to pancreatic adenocarcinoma by investipating the effect of E1S-1 suppression in human
pancreatic cancer cells. We accomplished this by using an adenoviral vector encoding only the DNA-binding domain of wild-type
ETS-1 (ET5-1 dominant negative, ETS-1-DN). ETS-1-DN decreases ETS-1-binding by competing for its binding to DNA. Adenoviral-
mediated transfer of FTS-1-DN (adenoviral ETS-1-DN construct, AdETS-1-DN) into pancreatic tumor cell lines did not affect their
proliferation rate in vitra but did significantly inhibit their in vivo growth in nude mice. Furthermore, to test the efficacy of ETS-1-DN
in vivo, we injected the AdETS-1-DN into established human pancreatic adenocarcinomas grown in nude mice. This treatment
significantly reduced tumor size as compared ta saline injection, without any detectable side effects. Microvessel density in mouse
xenografts displayed significantly lower values in tumors in which ETS-1 was downregulated. In addition, expression of the ETS-1-
DN in the pancreatic cancer cells resulted in downregulation of urokinase-type plasminogen activator (u-PA) and
metalloproteinase-1 (MMP-1) expression. Taken together, these data suggest that transcriptional inactivation of ETS-1 s able to
significantly affect angiogenesis and growth of pancreatic cancer. This effect may be due in part to downregulation of MMP-1 and
u-PA expression. Our results suggest that ETS-1-DN is a promising candidate for antiangiogenic gene therapy in pancreatic cancer.
Cancer Gene Therapy advance online publication, 5 September 2008; doi:10.1038/cgt.2008.65

Keywords: ETS-1; angiogenesis; pancreatic cancer

Introduction data have demonstrated that anti-vascular endothelial
growth factor (VEGF) therapy with bevacizumab (an
anti-VEGF specific antibody) is efficacious when com-
bined with chemotherapy in colorectal and lung cancer.*’
Therefore, antiungiogenesis-based approaches aimed at
preventing tumor vessel growth should be introduced to
improve survival rates.”

However, a recent randomized phase 3 clinical study
showed no benefit from bevacizumab i patients with
pancreatic cancer. Thus, new antiangiogenic approaches
are needed to treat this disease.

Controlled destruction of the principal barriers to
tumor development and spread, that is, the basement
membrane and extracellular matrix (ECM) compart-

————— ments, is mostly influenced by the proteolytic activity

Sumc data included in :htsl article were P!’c:-cmc_d ‘_II the 17th "\\"nt‘id surrounding a tumor mass. Although many factors
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protein profile within and interactions formed between a
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Y R each step of tumor progression. The matrix metallo-

Although pancreatic ductal adenocarcinoma constilutes
less than 2% of new cancer cases in the United States, it is
the fifth leading cause of cancer-related deaths.'! Con-
sidered by many to be one of the deadliest cancers, it is
among the most studied malignancies and associated with
a mean worldwide survival rate below 5%.' Although
significant progress has been achieved with standard
therapeutic approaches such as surgery, chemotherapy, or
radiation, these approaches do not significantly improve
the overall survival rate.’ New vessel formation (angio-
genesis) 1s a critical step in cancer progression. Clinical

University Hospital, 1 Independence Blv, lasi 6600, Romania.
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proteinases (MMPs) have recently been implicated in
primary and metastatic tumor growth and angiogenesis;
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they also be involved in tumor promotion.” The MMP
genes are transcriptionally responsive to a wide variety of
oncogenes, growth factors, cytokines and hormones.®
Notably. several recent studies have highlighted the
erythroblastosis virus E26 oncogene homolog 1 (ETS-1)
protein, which interacts with the urokinase-type plasmi-
nogen activator (u-PA4) gene enhancer and with the
promoters of the stromelysin-1 and MMP genes. The
proto-oncogene ETS-1 is the cellular progenitor of v-ETS,
a viral oncogene found in the genome of the E26 acute
leukemia retrovirus,”'?

ETS-1 is the original member of a growing family of
transcription factors that now includes over 50 members,
each characterized by a conserved DNA-binding domain
(EBD). The EBD binds to a consensus DNA sequence
centered on a core GGAA/T motif, which has been
designated as the ETS-binding site.'' The genes for
several proteins, including u-PA, MMP-I, MMP-3,
MMP-9, integrin B-3, and VE-cadherin, have been
reported to be downstream targets of ETS-1 in endo-
thelial cell.'>"? In addition to their importance in normal
cellular function,' ETS products have also been im-
plicated in several malignant and genetic disorders, based
on their particular target genes. It has been reported that
ETS-1 activity is correlated with the tumorigenic progres-
sion of carcinoma cells of the stomach,'® thyroid,'® and
pancreas.'’ These findings have focused our attention on
the potential role of ETS-1 as a multifunctional target for
antiangiogenic gene therapy. Several studies have used
EBD to downregulate ETS-1 activity in capillary endo-
thelial cells or glioma cells. ETS-1 positively regulates
angiogenesis, and the elimination of ETS-1 activity by
a dominant-negative molecule inhibits angiogenesis
i vivo.'™' Using a similar assay, downregulation of
ETS-1 interfered with the expression of integrin 2.5, which
1s known to accelerate invasive events such as migration
and adhesion in glioma cells.”

Our hypothesis in undertaking this study was that
transcriptional suppression of ETS-1 is an efficient
therapeutic approach for pancreatic adenocarcinoma.

In the present study, we have examined the role of ETS-
1 downregulation using a gene therapy approach in an
animal model in which transductions were carried out
either ex vive or in vivo. We report here the dala
demonstrating the efficacy of this approach for blocking
angiogenesis, and we concomitantly gained insights into
the mechanisms involved. These results suggest that
targeting ETS-1 may be a valid approach for treating
pancreatic cancer.

Materials and methods

Cell lines

The pancreatic cancer cell lines used were: BxPC3, Panc-1
(American Type Culture Collection, Rockville, MD) and
PCI-35 (kindly provided by Dr Hiroshi Ishikura at
Hokkaido University). These lines were cultured accord-
ing to the protocol provided by the suppliers. All cell lines
are well characterized in terms of mutational status, as
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described in a previous report from our group.®' A
normal pancreatic ductal cell line HPDEC-6, a kind gift
from Dr MS Tsao, University of Toronto, was propa-
gated as originally described.”” All cells were routinely
monitored for Mycoplasma contamination as well as for
mouse hepatitis, Sendai, and pneumonia viruses, and the
results were consistently negative.

Adenoviral-mediated gene transfer experiments
Suppression of the ETS-I-binding activity was performed
using an adenoviral vector encoding only the His-6-
tagged EBD (ETS-1-binding domain) but lacking the
transactivation domain and most of the automodulation
module (adenoviral ETS-1-DN construct, AAETS-1-DN).
The adenoviral constructs and transfection conditions
have been described prcviously.m'ﬂ Brielly, adenovirus
vector encoding dominant-negative Ets-1 was constructed
by homologous recombination in 293 cells between the
transfer cassette bearing the expression unit of dominant-
negative Ets-1 and almost the entire adenovirus genome
and restriction enzyme-digested adenovirus genome
tagged with terminal protein.'” The adenovirus was
applied at a concentration of 1 x 108 plaque-forming
units (PFU)/ml, and adenovirus with the genome carrying
an enhanced green fluorescent protein (GFP) gene
(Clontech, Palo Alto, CA) or lacZ were used as controls
as described." Infection efficiency was monitored by
fluorescence, which showed expression in 80% of cells.
Expression of recombinant protein was confirmed by
western blot analysis. Conversely, to overexpress ETS-1,
we used a similar vector (adenoviral ETS-1, AdETS-]
that encodes a lull-length, His6-tagged ETS-1 protein."”
Gene transfer in tumor cells was carried out using
adenoviral vectors at varying multiplicity of infections
(MO from 10 to 100 for 36 h. The LacZ gene transfer
(AdLacZ) efficiency was assessed using [-galactosidase
staining as described elsewhere.” We used the following
nomenclature for the infected cells: BxPC3/ETS-I,
BxPC3/ETS-1-DN, BxPC3/LacZ, PCI-35/ETS-1, PCI-
35/ETS-1-DN, PCI-35/LacZ, Panc-1/ETS-1, Panc-l/
ETS-1-DN, and Panc-1/LacZ. His6-tagged ETS-1 was
detected by immunocytochemistry using an anti-His6
antibody (Sigma Chemical Co., St Louis, MO), according
to the provider’s protocol.

RT-PCR

Reverse transcription (RT)}-PCR was performed using
methods described previously.*>** Expression of the
hMSH?2 gene was monitored as a positive control as the
gene was demonstrated to be expressed in all parental
cells.””

Samples of 29 primary human pancreatic cancers as
well as the corresponding normal pancreatic tissues were
also used. These tissues were obtained at Tohoku
University Hospital with informed consent and were
reviewed by a board-approved pathologist. The protocol
was approved by the Ethical Board of Tohoku University
Hospital,



Northern blotting

Extracted total RNA (10ug) was subjected to electro-
phoresis on a 1% agarose gel containing 5% formaulin and
then transferred to a Hybond N+ membrane (Amer-
sham, Sweden)® We also used human MTN blot
membranes contamning 16 tssues (Clontech). Probes for
ETS-1 and B-actin were obtained {rom RT-PCR pro-
ducts, Direct sequencing using ABI Prism  BigDye
Terminator Cycle Sequencing Ready Reaction kit and a
310 DNA sequencer {Applied Biosystems, Foster City,
CA) conlirmed the sequences of these fragments. Digital
autoradiography and gquantification of the results were
carried out using the BAS 1500 and Image Gauge 3.3
(Fujifilm, Japan) software.

Immunoblotting analysis

Western blotting was performed using 15-20 pg of total
lysate as previously described.” Conditioned media were
obtained, stored. and analyzed as previously described.”
Primary antibodies used were: polyclonal rabbit anti-
human ETS-1, goat anti-human MMP2 and MMP9Y
(Santa Cruz Laboratories, Santa Cruz, CA), monoclonal
mouse anti-human B-actin (Sigma. St Louis, MQO) anti-
His6, and rabbit anti-human VEGF (Sigma). Secondary
antibodies employed were: swine anti-rabbit, swine —anti-
goat (Tago Inc., Burlingame, CA) and a sheep anti-mouse
peroxidase-conjugated antibody (Amersham, Buckin-
ghamshire, UK). A total lysate of HPDEC-6 was used
as a positive control, Immunoreactivity was subsequently
demonstrated using the enhanced chemiluminescence
ECL western blotting kit (Amersham). The relative
intensity of signals was analyzed using the Luminescent
Image Analyzer LAS-1000 Plus and Image software
Gauge 3.3 (FUIl Photo Film, Co. Ltd, Kanagawa,
Japan).

DNA-binding activity, dual luciferase assay and
electrophoretic mobility shift assay

DNA-binding assays for ETS-1 proteins were performed
with 10pg of nuclear extract. as described previously.™
Competition assays were performed with a hundred-fold
excess of unlabeled wild-type (WT) or mutant SBE (MT)
oligonucleotides. For supershift assays, the nuclear
extracts were incubated with 2ul of ETS-1 antibodies
for 30 min at room temperature before the addition of a
labeled probe. Reactions were analyzed on a native 4%
polyacrylamide gel and exposed to an imaging plate,
which was then analyzed with a BAS 2000 image analyzer
(Fuji. Tokyo. Japan).

Transfections and luciferase assays

Luciferase assays were conducted as described pre-
viously.?! Briefly, the reporter construct was generated
by inserting five head-to-tail ligated copies of the oligo
S -TCGAGCAGGAAGTTTCG-3', which contained the
PEA3 ETS-binding site from the polyoma virus enhancer,
into the pGL3-basic vector, which encoded firefly
luciferase (FLS; Promega, Madison, WI). The cells were
infected with AAETS-1, AAETS-1-DN or AdLacZ for
36h at an MOI of 50. Each cell line was then seeded at
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0.5 x 107 cells per 10-mm dish and incubated overnight at
37°C in an incubator containing 3% CO,. For each
transfection, 0.1-03pg of empty vector (pcDNA3;
Invitrogen, Carlsbad, CA) and/or pRL-TK (Promega),
along with 0.3-1ug of promoter-luciferase DNA. were
mixed together in 50 ul of Opu-MEM (Life Technologies
Inc.), and a precipitate formed using Lipofect AMINE
2000 (Life Technologies Inc.), according to the manufac-
turer’s recommendations. The empty vector, pcDNA3J,
was used as a control for normalizing to total plasmid
DNA. Cells were washed with Opti-MEM, and complexes
were applied to the cells. After 36h, FLS and renilla
luciferase (R1.S) gene activities in extracts {rom triplicate
samples were sequentially measured by using a Dual
Luciferase Reporter Assay System (Promega), according
to the manufacturer’s protocol. Measurements were
performed automatically in a Luminescencer (Lumat LB
9507, Berthold, Germany), and results were expressed as
fold increase compared to control cells.

In vitro proliferation assays

Anchorage-dependent proliferation was monitored by an
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT) assay for 5 days, and a daily proliferation
index was calculated for each parental and corresponding
hybrid cell line using previously described methods.?>
The conversion of MTT to formazan dye was spectro-
metrically measured for absorbance at 590 nm, using a
multi-well plate ImmunoReader System. All experiments
were performed in duplicate sets of eight and repeated at
least twice. Anchorage-independent proliferation (colony
formation assay) was assessed in triplicate by two
independent experiments as previously described.”! The
viable colonies were photographed using a Zeiss micro-
scope with x 5 objective. Both colony number and size
were measured and averaged using three randomly chosen
photographs from each plate, employing NIH 1.62
software. Data were pooled, averaged and then slatisti-
cally analyzed,

In viva proliferation assays
Tissue sections of Sum thickness were prepared from
formalin-fixed paraffin-embedded specimens. Immuno-
histochemical reactions were performed using a mouse
anti-proliferating cell nuclear antigen (ant-PCNA, clone
PC10, Dako Corporation) and developed with a Zymed
Immunomouse kit (San Francisco, CA), as described
previously

Proliferating cells were quanufied by counting the
PNCA-positive cells as well as the total cells in 10
arbitrarily selected fields ( x40 magnification) in a
double-blinded manner. The percentage of PCNA-
positive cells per 10 fields was calculated according to
the following formula: (number of PCNA-positive cells)/
(total number of cells) = [00. Negative control slides were
prepared by omitting the primary antibody.

Determination of apoptosis
Apoptotic cells were detected by Annexin V/EGFP
staining using an  ApoAlert Annexin V-EGFP kit

Cancer Gene Therapy
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obtained from Clontech. Stained cells were quantified
using a Becton Dickinson FACScan, and data were
analyzed using CellQuest software (version 3.1, Becton
Dickinson).

Invasion assays

Invasion through Matrigel-reconstituted basement mem-
brane was induced by seeding 5000 cells into the upper
compartment of the invasion chamber (Becton Dickinson
Labware, Franklin Lakes, NJ) using serum-free medium
and allowing the cells to invade for 18 h.*’ The invading
cells were stained and photographed ( x 100 magnifica-
tion). Cells were counted and averaged, and the data were
expressed as the number of migrated cells per high-power
field. All experiments were performed in triplicate.

In vivo gene therapy experiments

Eight-week-old, male, severe-combined immunodeficient
nude mice (Clea Japan Inc., Tokyo, Japan) were
maintained under pathogen-free conditions and used in
accordance with NIH guidelines. For these experiments,
an animal model was employed in which transductions
were carried out either ex vivo or in vive. In the ex vive
transduction model, gene transfer in PCI-35 and Panc-1
cells was achieved using adenoviral vectors encoding for
the gene ETS-1, ETS-1/DN, or LacZ for 36 h at an MOI
ranging from 50 to 100. Logarithmically growing cells
trypsinized from subconfluent monolayers were sus-
pended in medium containing 25% Matrigel Growth
Factor Reduced (Becton Dickinson Labware) at a density
of I x 107 cells per ml. For each inoculation, 3 x 10° cells
in (.3ml of suspension were injected s.c. into the hind
flanks of five nude mice.”* Data from independent
experiments were pooled for statistical analysis. At week
8, when the control tumors reached approximately
2000 mm®, the mice were killed. For the in vivo transduc-
tion we used a preestablished xenogralt model. Cells were
implanted by s.c. injection of 3 x 10° cells in 300pul of
culture medium containing 10% matrigel into the dorsal
surface of the 15 mice. Tumors were allowed to develop
for 5-7 days until a volume of approximately 100 mm?
was reached, and then the mice were divided into three
experimental groups. Each mouse received intratumoral
(1.t.) inoculation with excipient only (phosphate-buffered
saline), Ad/LacZ or Ad/ETS-1-DN (10" PFU in 50pl
excipient) using a 32-gauge needle. Every animal received
five i.t. injections spaced at S-day intervals. The tumor
diameters were measured before cach injection with the
use of a caliper. Mice were weighted and observed
biweekly for monitoring of detectable side effects. One
week after treatment was completed, the mice were killed
and the tumors were excised for tissue sections.

Immunohistochemical analysis

Tumor samples were fixed overnight in phospholysine-
paraformaldehyde, embedded in optimal cutting tempera-
ture compound (Sakura Finetechnical Co., Ltd., Tokyo,
Japan) and stored at —80 "C. Tumor samples fixed in 10%
formalin and then embedded in paraffin were also used.
Tumors grown in nude mice as well as 29 primary human
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pancreatic tumors were immunostained using rabbit anti-
human ETS-1 antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) as previously described.'” The degree of
ETS-1 expression in the human samples was assessed
according to a previously reported method.'™" All
sections were reviewed independently by pathologists
blinded to all clinical and pathologic information (TF and
MA). The expression was graded on a scale from 0 to 3. A
grade of 0 represented no stain uptake by malignant cells.
Neoplastic cells were considered positive when they
revealed cytoplasmic or membrane staining of at least
moderate intensity and were graded as follows: grade 1,
1-33% positive cells; grade 2, 34-66% positive cells and
grade 3, >66% cells positive. Normal ductal structures
admixed in some tumor samples did not stain and served
as internal negative controls. ETS-1 expression was
considered positive when at least one of the pancreatic
tissue intensity in >5% of pancreatic cancer cells.
Immunohistochemical staining with an anti-PECAM-1
antibody (clone MEC13.3; Pharmingen, San Diego, CA)
was performed as previously described.’® Microvessel
density was estimated by counting five non-overlapping
areas of tumor infiltration (1 mm” area) and the data are
presented as means of relative microvessel structures area
{in pixels)+s.d. The immunostaining of gelatinases
(MMP-1 and MMP-2) was performed as previously
described,”™™ using goat anti-mouse antibodies (Santa
Cruz Biotechnology Inc.).

Statistical analysis

A two-tailed Student’s r-test was computed by GraphPad
Prism 3.0 software (GraphPad Software Inc., San Diego,
CA) and used to determine the statistical significance of
measured differences. Statistical significance was judged
hased on P-values <0.05,

Results

Expression of ETS-1 in human pancreatic cancer tissues
and cell lines

The status of ETS-1 expression was defined using three
pancreatic cancer cell lines (BxPC3, Panc-1 and PCI-35), a
normal pancreatic ductal cell line (HPDEC-6) and 29
different pancreatic cancer specimens from our tissue
library. Endogenous ETS-1 was expressed in all the
pancreatic cancer cells. based on mRNA (Figures la-—c) or
protein analysis (Figure 1d). In addition, apparently
higher ETS-I levels were found in SMAD4-null cell lines
(Figures la—c, lines 1-2), in accordance with our previous
findings.® The ETS-1 protein levels in human tissue
samples appeared 1o correlate with tumor histology as
previously reported.!” ETS-1 expression was barely
detectable in normal pancreatic ductal tissue (Figure 1f).
However, whole RNA pancreatic extract (Figure le)
revealed a relatively abundant expression of ETS-1. This
differential expression was confirmed in vitro using
cultured pancreatic ductal cells (HPDEC-6, Figure la,
line 4). Remarkably, ETS-1 expression appeared stronger
in the islets as compared with either normal or pancreatic
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Flgure 1 Expression of erythroblastosis virus E26 oncogene homolog 1 (ETS-1) in pancreatic cancer cells. Pancreatic cancer cells {a-d),
normal pancreas (e, f), and different tissue types: dysplastic (g), moderate (h) and poorly (i) differentiated pancreatic cancers. PCR
amplifications, immunostaining and western blotting were performed using anti-human ETS-1 antibodies as described in Materials and methods
section. Original magnifications were = 400. Lane 1, BxPC2; lane 2, PCI 35; lane 3, Panc-1; lane 4, HPDEC-6. ETS-1 RNA expression in normal
human tissues (e). The MTN RNA membranes containing 16 different normal tissues (Clontech) were probed with **P-labeled ETS-1 cONA.
Probes for ETS-1 and -actin were obtained from reverse transcription (RT)-PCR products.
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Figure2 Pancreatic cancer expressing ETS-1 dominant negative (ETS-1-DN). Northern blotting analysis (a) was performed using 10 ug of total
RNA, showing erythroblastosis virus E26 oncogene homolog 1 (ETS-1) or ETS-1-DN at the indicated levels. Lanes: 1, Panc-1; 2, Panc-1/ETS-1;
3, Panc-1/ETS-1-DN; 4, Panc-1/LacZ; 5, PCI-35; 6, PCI-35/ETS-1; 7, PCI-35/ETS-1-DN; and 8, PCI-35/LacZ. Electrophoretic mobility shift
assays (b) were performed using an ETS-1-binding probe as described in Materials and methods section. Lanes: 1, unbound probe; 2 and 3,
PCI-35/LacZ, 4 and 5, PCI-35/ETS-1-DN, 6 and 7, normal and mutant competitor, respectively. Transactivation of ETS-1 promoter activity (c)
was accomplished by exogenously adding ETS-1 and ETS-1-DN. The indicated cells were infected with adenoviral ETS-1, adenoviral ETS-1-DN
construct or AdLacZ for 36 h at an MOI of 50. Cells were subsequently transfected with pRL-TK (0.25 ug) and 1 ug of ETS-1 expression construct
or control pcDNA3 vector, pcDNA3. Luciferase assays were performed after 36h, and activity is reported as fold induction. Bars, +s.d. in

triplicate assays.

cancer tissues. Among the 29 cases of pancreatic
adenocarcinoma, 24 (70.5%) showed positive staining
for the ETS-1 protein. Of these, 18 had grade 2 expression
and 6 had grade 3 expression. Overall, papillary
carcinoma, well-differentiated adenocarcinoma (Figure 1g),
and moderately differentiated adenocarcinoma (Figure
1h) expressed gradually higher levels of ETS-1. In
contrast, poorly differentiated adenocarcinoma (six cases
had grade 0 expression) expressed relatively low levels of
ETS-1 (Figure 11), suggesting that ETS-1 may play a more
important role in the early stages of pancreatic tumor-
igenesis.

Pancreatic cancer cells expressing ETS-1-DN

Suppression of the ETS-1-binding activily was performed
using an adenoviral vector encoding the His-6-tagged
EBD but lacking the transactivation domain and most of
automodulation module (AdETS-1-DN). The expression
of exogenous ETS-1-DN RNA was first confirmed
by northern blotting, demonstrating expression in
transfected cells but not in noninfected or control
virus-infected cells. Endogenous ETS-1 RNA was also
detected in all parental and infected cells. The RNA levels
of ETS-1-DN in PCI-35/ETS-1-DN and Panc-1/ETS-1-
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DN were significantly higher than those ol endogenous
ETS-1 (approximately 7- to 8-fold; Figure 2a). To
examine the DNA-hinding activity of the ectopically
expressed ETS-1-DN protein, we performed electrophore-
tic mobility assays using a “’P-labeled double-stranded
ETS-1 probe, as previously described.” ETS-l-specific
DNA-binding activities were detected to a similar
extent in both WT and control cells (Figure 2b, lanes 2
and &). Furthermore, ETS-1 specific DNA-binding
activities appeared markedly reduced in the ETS-1-
DN-infected cells (lane 4) when compared with those
of parental or control infected cells (lanes 2 and 8). The
cold competition experiments showed that the ETS-1/
DNA-binding activity was specific (lanes 6), and super-
shift assays showed that the DNA-binding consisted
of ETS-1 (lanes 3, S and 9). Moreover, a mutant *P-
labeled ETS-1 probe failed to exhibit any binding activity
(lane 7).

The ETS-1 transactivation activity was [urther ana-
lyzed using a luciferase construct containing an ETS-1-
responsive promoter region. As shown in Figure 2c,
ETS-1-DN significantly inhibited the transactivation
activity of the construct. Taken together, these data show
that suppression of functional activity of ETS-1 can be
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Table 1 Oncogenic properties of the ETS-1-DN transfectants

Propetties

Cell lines

PCI-35

PCI-35/ETS-1-DN PCI-35/ETS-1 PCI-35/AdlacZ

(A) Anchorage-independent growth in soft agar, proliferation, invasion and apoptosis index. The averaged results + s.d. from three independent

experiments are represented”

Proliferation index 8.3%1:1 8.9+0.95 9.6+ 1.31 94121
Colony formation (number per 3-cm dish) 227+19.13 231 +13.62 238+ 18.61 225+ 12.29
Colony size (um) 384 +32.12 378.4+16.21 381+ 32.93 381z 29.66
Matrigel invasion assay® 1 0.38+0.11 1172 04% 0.9710.17
Apoptosis index (%) 28104 3.11+£05 297103 2702
(B) Tumonigenity and proliferating index of parental and hybrid cells in nude mice®
Size of tumors (mm? at day 32) 1665 + 245 356 £ 98 1716+ 168 1732+ 39
Latency period (days) ax2 14+3 9+3 B+3
Microvessel area® 2231 + 121 875 + 87 2288+ 106 2175+112
Microvessel density 71+£9.8 22+4.9 77116 79+ 141
Proliferating index (PCNA positive cells per = 40 field) 17.7£5.6 16.2+5.1 16.7+6.3 17.1+4.4

Abbreviation: PCNA, proliferating cell nuclear antigen.

The colony number and size were measured and averaged from thr
software. Apoptotic cells were detected by Annexin V/EGFP staining.
CellQuest software.

ee randomly chosen photographs of each plate, using NIH 1.62
Data were quantified using a FACScan and analyzed using the

®The invading cells were counted, averaged, and compared to the control cells.
“Representative averaged results + s.d. from the triplicate experiments are shown. The latency period is defined as the period prior to

tumors becoming palpable (about 5mm in diameter).
“Microvessel area was guantified by HIH 1.62 software, and the data

are presented as means of relative microvessel structures area

in pixels) *s.d. Microvessel density was estimated by counting five non-overlapping areas of tumor infiltration (1 mm? area).
(in p i y g pping

efficiently achieved by adenoviral-mediated gene transfer
of a dominant-negative molecule.

ETS-1-DN reduces the vascular density and growth of
pancreatic cancer xenografts but has no anti-tumor
effect in vitro

Adenoviral-mediated  transfer  of ETS-1-DN (using
AdETS-1-DN) in pancreatic tumor cell lines did not
significantly affect their proliferation or degree of
apoptosis i vitre (Table 1). Nevertheless, AdETS-I1-
DN-infected cells exhibited a significant decrease in their
invasiveness through the matrigel-reconstituted basement
membrane, as compared with parental control cells
(Table 1). In contrast to the in vitre effect, ETS-I
downregulation significantly inhibited the m vive tumaor
growth in nude mice injected with PCT-35 cells transduced
with adenoviral vectors encoding ETS-1-DN, or LacZ
(Figure 3a).

In an attempt to test the efficacy of ETS-1-DN as an in
viva gene therapy agent, we directly delivered the AdETS-
1-DN into preestablished human pancreatic adenocarci-
nomas grown in nude mice. After the fifth injection, there
was a nearly 70% reduction of tumor size in the AJETS-
1-DN-treated group, as compared with the saline-injected
control group (P<0.05). without detectable side effects
{Figures 3b—d).

Microvessel density in mouse xenografts demonstrated
significantly lower values in tumors with downregulated
ETS-1 (Figures 4a and b). A 48% reduction (P=0.026) in
microvessel density was seen in ETS-1-DN-treated tumors
as compared with control cells. The expression of PCNA,
a nuclear marker of cell proliferation, showed no

significant difference between treated and control tumors
(Table 1).

Transcriptional changes in pancreatic cancer cells upon
ETS-1 blockade

The autocrine effect of ETS-1-DN in cancer cells was
investigated by testing the changes in transcription of a
panel of 10 known targets of ETS-1, such as VEGF, basic
fibroblast growth factor (bFGF; data not shown), and
proteases. Among these, expression of MMP-1 and u-PA
were significantly downregulated by transcriptional sup-
pression of ETS-1 (Figures 5a and b). This suggests that
transcriptional inhibition of ETS-1 elicits antiangiogenic
effects through dysregulation of proteolytic factor gene
expression downstream ol ETS-1 signaling.

Discussion

ETS transcription factors regulate many genes associated
with tumeor invasion, angiogenesis, cell adhesion, and
organ development. The ETS family is comprised of more
than 30 members that share a highly conserved DNA-
binding molif termed the ETS domain.™ In endothelial
cells, the ETS-1-DNA-binding site has been reported to
be included within the funcuonal promoter site of many
genes, including those encoding ECM-degrading enzymes
like u-PA, MMP-1, MMP-3, MMP-9 and their inhibitors,
Among them, the expression of several MMPs as well as
u-PA \x;%sﬂcorrc]aled with the progression of various
cancers.
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Figure 3 In vivo experiments. Logarithmically growing cells were suspended in medium containing 25% Matrigel. For each inoculation, 3 x 108
PCI-35 tells were transduced with adenoviral vectors encoding for erythroblastosis virus E26 oncogene homolog 1 (ETS-1), ETS-1 dominant
negative (ETS-1/DN), or LacZ in a 0.3ml suspension and injected s.c. into the hind flanks of nude mice. At week 8, when the control tumors
reached approximately 2000 mm?®, the mice were killed (a). For the in vivo transduction therapy experiments, tumors were generated by s.c.
injection of 3 x 10° cells in 300 ul of culture medium containing 10% Matrigel into the dorsal surface of mice (b—d). Tumors were allowed to
develop for 5-7 days to about 100 mm® volume, and then mice were divided into three experimental groups. Each mouse received intratumoral
(i.t.) inoculation with either excipient only (phosphate-buffered saline), Ad/LacZ, or Ad/ETS-1-DN (10'® PFU in 50l excipient). Each animal
received five i.1. injections spaced at 5-day intervals. The tumor diameters were measured using a caliper before each administration. Data from

independent experiments were pooled for statistical analysis.

Upregulation of ETS-1 expression has been documen-
ted in many types of human tumors. Generally, expres-
sion levels of ETS-1 correlate well with the grade of
invasiveness and metastasis*™* and can therefore be
useful for predicting the prognosis of cancer patients. It
has been reported that expression of ETS-1 1s correlated
with the g)rogression of carcinoma cells of the stomach,"”
thyroid,'® and pancreas.'” ETS-1 possesses a Lypical
oncogene profile as judged by the correlation of its
overexpression with the histological stages of many
cancers, including glioma® and pancreatic cancer.'
Although ETS-1 is strongly expressed in the moderately
and well-differentiated pancreatic lesions, our data reveal
that its levels were lower in poorly differentiated
pancreatic cancers, suggesting that ETS-1 1s inactivated
by an unknown mechanism in these lesions. However, the
latter quality was established by examining tumors
derived from pancreatic cancer cell lines. Specifically,
BxPC-3 produces moderately well-differentiated adeno-
carcinomas,* whereas Panc-1 maintains a poorly differ-
entiated phenotype.*® Furthermore, in an orthotopic
pancreatic cancer model, marked differences with regard
to tumor size, metastatic spread, and survival were found,
depending on the grade of differentiation, Namely, less
differentiated cells (Panc-1) caused higher dissemination
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scores and mortality than cells displaying greater differ-
entiation. However, it is conceivable that the development
of efficacious therapeutic treatments for human cancers
relies significantly upon the presence and activity of the
primary oncogene target.*® In our study, the tumoral
regression observed with local administration of Ad/ETS-
1-DN appears to be significantly higher when the ETS-1 is
abundantly expressed (Figure 1). However, IHC revealed
that ETS-1 appears to be expressed more strongly in islets
than in normal pancreatic ductal tissue or HPDEC-6 cells.
To our knowledge, the significance, if any, of ETS-I1
expression in the pancreatic islets is not known, and
further focused studies may elucidate this phenomenon,
Expression of genes encoding for enzymes involved in
degradation of the ECM, such as MMP-1, MMP-3,
MMP-7 and MMP-9, is regulated by ETS family proteins
such as ETS-1. Hence, it 1s highly suggestive that ETS-1
contributes to tumor invasion and progression through
activation of these enzymes. Indeed, expression of these
ECM remodeling enzymes is often detected along with
c-ETS-1 mRNA in tumor cells, a phenomenon that
correlates with poor survival in human ovarian carcino-
ma.*” Moreover, ETS-1 is upregulated in human hepato-
cellular carcinoma (HCC), where it enhances expression
of MMP-7, thus potentially contributing to the progres-
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Figure 4 Representative data from immunchistochemical analysis of pancreatic cancer xenografts. Cells were infected as described in
Materials and methods section and then inoculated s.c. in nude mice. At day 30, mice were killed and their tumors excised. Sections were stained
with polyclonal rabbit anti-erythroblastosis virus E26 oncogene homolog 1 (ETS-1) antibody. A significant decrease of ETS-1 immunoreactivity
was observed in ETS-1 dominant negative (ETS-1-CN) as compared with wild-type and ETS-1 tumors (a). Microvessel density was estimated
using PECAM-1 reactivity. A 48% reduction in microvessel density was seen in ETS-1-DN-treated tumors as compared with control cells (b).
Original magnifications are indicated on borders and the squares show the subsequently magnified area.

sion of HCC.* Although many potential target genes for
the ETS family proteins have been identified, most studies
have been carried out with the use of in vitro assays
exclusively. Several studies used a truncated molecule
containing EBD to downregulate ETS activity in capillary
endathelial or glioma cells.'®*" Hence, ETS-1 positively
regulates angiogenesis, and using a dominant-negative
molecule to eliminate ETS-1 activity resulted in angio-
genesis inhibition in vive. Consequently, we hypothesized
that ETS-1 may be a useful target for gene therapy to
combat the progression of pancreatic adenocarcinomas.
In this study, we have shown that ETS-| is an effective
target for gene therapy in pancreatic cancer using an
animal model in which transductions were carried out
either ex vive or in vivo. We have investigated the effect of

an ETS-1-DN molecule in a panel of three pancreatic
cancer cells using ex vivo and in vive gene therapy models.
Adenoviral-mediated transfer of ETS-1-DN in pancreatic
tumor cell lines did not affect their proliferation rate in
vitro, but significantly delayed their in vive growth in both
nude mouse xenograft models used in this study. Our data
clearly indicate that the ETS-1-DN molecule acted in a
dominant-negative manner against ETS-1 by competing
for its DNA-binding activity. In our system, the inhibition
of the endogenous ETS-1 could not be completely
abolished, results similar to those reported by Nakano
et al.'” using stable ETS-1-DN stable transfectants. This
could be because of the use of transient transfections or to
an autecrine loop that is able Lo restore ETS-]-binding
activity. ETS-1 is also involved in angiogenesis, which is
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Figure 5 mRNA levels of metalloproteinase-1 (MMP-1) and urokinase-type plasminogen activator (u-PA). The mRNA levels of MMP-1 and u-
PA were downregulated following adenoviral-mediated expression of the ETS-1 dominant negative (ETS-1-DN) molecule. PCI-35 and Panc-1
cells were infected with AdLacZ, ADETS-1, or AdETS-1-DN at the indicated MQI for 36h. Reverse transcription (RT)-PCR showed a MOI-
dependent downregulation of MMP-1 following ETS-1 transcriptional suppression (a). Panc-1 cells were infected with the above vectors at an
MOI of 50 for 36 h, and then 10 g of total RNA were subjected to northern blotting analysis (b). The blot was probed sequentially with u-PA,

MMP-1 and (-actin probes.

essential for tumor progression. In fact, induction of
ETS-1 expression appears to be a common phenomenon
in endothelial cells following stimulation by angiogenic
growth factors.’® Angiogenesis is a necessary and required
step for the transition from a small harmless cluster of
cells to a large tumor, as well as for independent
metastases.*” We achieved a significant suppression of
the tumor-induced angiogenesis by curtailing ETS-1-
binding activity. It has been shown that VEGF and
bFGF induce ETS-1 in endothelial cells, and ETS-1 then
confers an angiogenic phenotype to endothelial cells
through induction of u-PA and MMPs. In support of
previous studies, our lindings clearly indicate that the
ETS-1-DN antiangiogenic effect is partly mediated
through downregulation of MMP-1 and u-PA, both
known downstream targets of ETS-1. Intriguingly. the
expression levels of angiogenic factors such as VEGF,
bFGF, MMP-2 and MMP-9, all well-known ETS-I
targets, were found to be unchanged by the experimental
suppression of ETS-1 activity (data not shown). None-
theless, such discrepancies appear to be based on
differences in cellular make-up, which may include
interactions between positive and negative regulators
specific to different cell types.® For example, ETS-I
induces Fli-1 in endothelial cells but not in fibroblasts.™

Although demonstrating the efficiency of ETS-1-DN as
an antiangiogenic agent, this study raises important
questions regarding the deregulated targets downstream
of ETS-1. Here, we demonstrated that downregulation of
MMP-1 and u-PA occurs after transcriptional repression
of ETS-1. [t is conceivable that other known or unknown
targets could be affected by the ETS-1 signaling cascade,
and further mechanistic studies are warranted. However,
the relevance of these future studies will depend upon the
recognition of all the facets of the physiological roles
of these transcription factors. Moreover, because the
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binding of ETS-1 to various ETS targets in certain tissues
depends on the particular cellular context, future studies
should identify the in vive targets, including known or
novel genes, in specilic cell lineages. To this end, we are
employing microarrays designed to reveal new targets
downstream of ETS-1 signaling in pancreatic cancer.

Taken together, these results suggest that eliminating
the ETS-I-binding activity efficiently suppresses the
angiogenic and invasive abilities of pancreatic cancer
cells. Moreover, this study indicates that ETS-1 should be
considered a potential anticancer target for in vive gene
therapy in pancreatic cancer.

Abbreviations

AdETS-1-DN, adenoviral ETS-1-DN construct; EBD,
ETS-1 DNA-binding domain; ETS-1, erythroblastosis
virus E26 ancogene homolog |: ETS-1-DN, ETS-I
dominant negative.
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ABSTRACT

Latent TGF-§ (LTGF-p) has to be converted to active TGF-f for its activities. Previously, we reported
that certain fragments of latency associated peptide (LAP) augmented LTGF-} activation via increase
in binding of LTGF- to the endothelial cell (EC) surface followed by cell-associated proteolysis. By
searching for EC membrane proteins crosslinked with the LAP fragment, we identified the molecule
bound to LAP fragment as vimentin. Moreover, the LAP fragment-induced LTGF-p activation was
attenuated by anti-vimentin antibody. These results indicate that binding of the LAP fragment to
vimentin on the cell surface is indispensable for LTGF-} activation by the LAP fragment.

Structured summary.

MINT-G806227: vimentin (uniprotkb:P48616) binds (M1:0407) to LAP (uniprotkb:P18341) by competition
binding (MI:0405)

MINT-6806183: LAP (uniprotkb:P18341) binds (MI1:0407 ) to vimentin (uniprotkb:P48616) by cross-linking

studies (M1:0030)

1. Introduction

Transforming growth factor-p (TGF-p) is a multi-functional
cytokine involved in a wide variety of process. TGF-f is synthesized
and secreted as a latent complex composed of mature TGF-p, la-
tency associated peptide (LAP) and latent TGF-f§ [(LTGF-p) binding
protein (LTBP) [1]. In order to execute its activities, TGF-f has to
be converted from a latent form to an active one, namely mature
TGF-j4 [1]. To date, various mechanisms for the activation of
LTGF-p have been proposed including shear forces [2]. However,
those can be mainly classified into two categories [1]. One is the
structural change of LTGF-f through interaction with other mole-
cules, such as thrombospondin-1 (TSP-1) [3] or integrin avi6 [4].
The other is the partial enzymatic cleavage or degradation of
LTGF-} [5]. Among several enzymes that activate LTGF-p, the
best-characterized one is plasmin, a serine protease, which re-
moves LAP from LTGF-§ [5,6]. We have focused on the activa-
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tion mechanism involving in proteolysis on endothelial cell (EC)
[6-9].

Targeting of LTGF-f3 to cell surface of ECs, where protease activ-
ities exist, is one of the impaortant steps for LTGF-p activation, We
developed a monoclonal antibody (mAb) against LAP (KM704),
KM704 inhibited the activation of LTGF-B by blocking its binding
to cells [7]. We assumed that the epitope of KM704 would be the
binding site of LTGF-p to cell surface. Therefore, we synthesized
several peptides containing the sequence of putative epitopes,
and examined if the peptides inhibit the binding of LTGF-p.
Surprisingly, some augmented its binding and enhanced LTGF-8
activation, although none of them inhibited |9]. Next, we synthe-
sized the relevant peptides supposed to be cleaved by plasmin
from LAP, since plasmin activity on the cell surface seems to be
necessary in the unique phenomenon |2]. One of the peptides,
Peptide-25 (Leu132 to Argl152 in the LAP molecule) bound to EC
surface, and increased binding of LTGF-§ to there and the following
LTGF-f} activation [9].

The purpose of this study was to identify the cell surface bind-
ing molecule of Peptide-25. We identified the molecule bound to
Peptide-25 as vimentin and confirmed that Peptide-25 specifically
binds to vimentin protein on endothelial cell surface. Finally, we
demonstrated that vimentin is involved in the LTGF-§8 activation.

0014-5793/5§34.00 © 2008 Federation of European Biochemical Societies. Published by Elsevier B V. All nights reserved.
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To our knowledge, this is the first report to show that vimentin can
play a role in TGF-B activation by the LAP fragment.

2. Materials and methods
2.1. Materials

Peptide-25, Peptide-25N, N-terminally biotin-labeled peptide
and Peptide-21 were synthesized as previously described [9]. Bo-
vine aortic endothelial cells (BAECs) were cultured in Dulbecco's
modified eagle medium containing 10% fetal bavine serum (FBS)
as previously described.

2.2, Cross-linking of Peptide-25N to the target molecule using BAECs

The confluent monolayers were crosslinked with 100 pM Pep-
tide-25N using 2 mM Sulfo-EGS (Pierce Biotechnology, Rockford,
IL) and harvested in detachment buffer (DB; 0.25M sucrose,
0.3 mM PMSF, 10 mM Tris, 1 mM EDTA, pH 7.4, 10 pg/mL of leu-
peptin, antipain, and pepstatin, 50 pg/mL aprotinin, 100 pg/mL
soybean trypsin inhibitor, 10 pg/mL bestatin and benzamidin
hydrochloride, and 300 uM PMSF). In some experiments, cross-
linking of Peptide-25N to the suspended cells was performed as
described above and the precipitated cells were suspended in DB.
Samples were stocked at —20 °C. The cells stocked were thawed,
precipitated, and solubilized in reducing sample buffer for SDS-
PAGE. To purify the target molecule, the membrane fraction was
obtained in supernatant by solubilization in the buffer containing
8.5 M urea and 2% Nonidet P-40 and centrifugation.

2.3. Purification of a target molecule by avidin-biotin affinity
chromategraphy and SDS-PAGE

The membrane fraction was applied onto the avidin-biotin
affinity chromatography column (Ultralink Immobilized Mono-
meric Avidin Gel, Pierce Biotechnology) equilibrated with starting
buffer (SB: 1.25M urea, 2% NP-40, 125mM NaCl, 10 mM Tris,
1 mM EDTA, pH 7.4). After washing the column with SB, strongly
bound molecules including the target molecule of Peptide-25N
were eluted in the buffer (2 M urea, 2% NP-40, 125 mM NacCl,
100 mM glycine, pH 2.8). The target molecules fractionated by
the avidin-biotin affinity chromatography were precipitated by
incubation in cold acetone at —20 °C over night, centrifuged, dried
in vacuo, and applied to SDS-PAGE. The bands corresponding to
the target complex containing Peptide-25N and to the co-eluted
protein were cut out and extracted in reducing sample buffer at
37°C over night. The purity of the target molecule preparation
was confirmed by SDS-PAGE with Ag-staining using 2D-Silver
Stain I1 "DAIICHI" (Daiichi Pure Chemicals, Tokyo, Japan).

2.4. Detection of the complex containing Peptide-25N by avidin
staining

The proteins separated on SDS-PAGE were blotted onto a poly-
vinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA) and
the complex containing Peptide-25N was detected using avidin-
biotinylated horseradish peroxidase (HRP) complex solution (Elite
Vectastain ABC kit; Vector Laboratories, Burlingame, CA) and visu-
alized using ECL substrate solution and ECL film (Amersham Biosci-
ences, Piscataway, NJ).

2.5, Amino acid sequencing of the co-eluted protein

The picce cut from the gel was applied to endoproteinase Asp-N
(Roche Diagnostics GmbH, Mannheim, Germany) digestion and the

produced peptide fragments were separated by RP-HPLC using a
MIC-15-03-MRP column (LC PACKING, San Francisco, CA) on
SMART system (Amersham). Fragments were applied to Edman
degradation by a LC system (492cLC, Applied Biosystems Japan,
Tokyo, Japan) and a protein sequencer (PPSQ-10, Shimadzu, Kyoto,
Japan). The co-eluted protein was identified by the N-terminal
sequence determination of the fragments followed by the compar-
ison with protein database SWISS-PROT.

2.6. Western blot analysis with anti-vimentin moneclonal antibodies

The complex containing Peptide-25N, and the co-eluted protein
extracted above were applied to SDS-PAGE followed by silver
staining or Western blot analysis with anti-vimentin monaoclonal
antibody (mAb), clone V9 (ICN Pharmaceuticals, Aurora, OH),
HRP-linked whole anti-mouse 1gG., ECL substrate solution, and
ECL film (Amersham).

2.7. Binding assay of Peptide-25N to immobilized vimentin protein

The wells of 96-well black plates coated with 2 ug/ml of bovine
vimentin (PROGEN, Heidelberg, Germany) were blocked with PBS
containing 1% bovine serum albumin (PBS-BSA) for 2 h. Five micro-
gram per milliliters of anti-vimentin mAb VIM3B (lgG2a) (PRO-
GEN) or anti-z-actin mouse mAb clone ASM-1 (1gG2a) (PROGEN),
or vehicle and then Peptide-25N solution was added. The wells
were incubated with HRP-conjugated avidin (Amersham) in BSA-
PBS for 1 h. After each step, wells were washed. The wells were
incubated with ELISA Pico (Pierce) for 5 min. The chemilumines-
cence was detected using a plate reader (EnVision 2102 Multilabel
reader, Perkin Elmer, Waltham, MA). In some experiments, the sol-
uble vimentin was added in the presence of 1 pM Peptide-25N,

2.8. FACS analysis

To detect surface proteins, BAECs were harvested non-proteo-
Iytically by cell dissociation buffer (GIBCO BRL, Carlsbad, CA) and
not permeabilized. The first Ab was 5 pg/mL of anti-bovine vimen-
tin mAb clone VIM3B4 (IgG2a) or of mouse [gG2a and the second
Ab was 8 pg/mL of fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG2a Ab (Santa Cruz Biotechnology, Santa Cruz, CA).
Intact living cells which excluded propidium iodide were analyzed
by FACS Vantage (Becton Dickinson, Bedford, MA). The difference
in vimentin expression was evaluated by Kolmogrov-Smirnov test.

2.9, Binding assay of Peptide-25N to BAECs

Binding assays using BAECs were performed at 37 °C as de-
scribed previously |9]. BAECs plated in a 96-well black plate were
preincubated with 5 pg/mL of anti-bovine vimentin mouse mAb
(clone VIM3B4) or with vehicle for 30 min. Cells were incubated
for 60 min with 100 pg/mL of biotin-labeled or unlabeled peptide
and then in HRP-conjugated streptavidin (Amersham) for further
30 min. the amount of bound peptide was detected by the addition
of ECL Western blotting detection reagent {Amersham) and mea-
sured by Luminescencer JNR (Atto Co., Tokyo, Japan).

2.10. Wound migration assay

Wound migration assays were performed as described previ-
ously [9]. Cells were incubated with 100 pg/mL of peptide in pre-
incubation (6 h) and in incubation (24 h) step after wounding. In
some experiments, 5 pg/mL of anti-vimentin mouse mAb clone
VO (IgG1) (NeoMarkers, Fremont, CA) or of mouse [gG1 were added
in both steps.
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2.11. Statistical analysis

The statistical significance of differences in the data was evalu-
ated by use of analysis of variance (ANOVA) and P values were cal-
culated by Tukey's method. For comparison of two groups, the
t-test was used. A value of P<0.05 was accepted as statistically
significant.

3. Results

To identify the membrane protein of binding partner for Pep-
tide-25, the cross-linking experiment combined with avidin stain-
ing was performed (Fig. 1) and revealed a specific band bound to
Peptide-25N in BAECs (the arrow in lane 1), This band was not de-
tected in the absence of Peptide-25 in spite of the presence of Sul-
fo-EGS, a cross-linker (lane 2). Therefore, we decided to purify and
identify this band as the target molecule bound to Peptide-25.

The membrane fraction was applied to avidin-biotin affinity
chromatography and then SDS-PAGE (Fig. 1B). This target mole-
cule (band A) and a co-eluted protein (band B) were further puri-
fied by SDS-PAGE. Firstly, the co-eluted protein with the
consistent molecular size of 55 kDa [10] was identified as vimentin
as a result of amino acid sequencing. To confirm it, the bands A and
B were applied to Western blot analysis (Fig. 2). The band A (lanes
9 and 10} and the band B (lanes 6-8) reacted with an anti-vimentin
mAb (Fig. 2). This result was reproduced, when another anti-
vimentin mAb, clone VIM3B4, was used (data not shown). There-
fore, we concluded that the target molecule to which Peptide-
25N bound was vimentin (band B) and band A was the complex
of vimentin and Peptide-25N (about 2.7 kDa).

We found that binding of Peptide-25 to EC surface was the key
step for the augmented binding and activation of latent TGF-3 |9].
To clarify whether vimentin is involved in this phenomenon, firstly
we performed the binding assay. Peptide-25N bound to the immo-
bilized vimentin protein in a dose dependent manner and anti-
vimentin mAb (IgG2a) inhibited it, whereas anti-a-actin mAb, an
irrelevant 1gG2a, did not (Fig. 3A). Soluble vimentin suppressed
the binding of Peptide-25N in a dose-dependent manner
(Fig. 3B). These results indicate that vimentin could be a binding
partner of Peptide-25. Next, we conducted FACS analysis using
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Fig. 2. Western blot analysis of the target fraction with anti-vimentin monoclonal
antibody. Proteins from band A (lanes 4, 5, 9, and 10) and B (lanes 1-3 and 6-8)
(Fig. 1B) were applied to SDS-PAGE followed by silver staining or Western blot
analysis using anti-vimentin mAb, clone V9. The amount corresponding to culture
area (cm?); 119 for lanes 1,4, 6, and 9; 11.9 for lanes 2, 5,7, 10; 1.19 for lanes 3 and
8. The complex of Peptide-25N and its crosslinked protein, and the co-eluted
protein were indicated by arrows A and B, respectively,

450

alive and membrane-intact BAECs and found that vimentin can ex-
ist on cell surface (Fig. 4A). Moreover, anti-vimentin mAb signifi-
cantly suppressed the binding of peptide-25 to cells (Fig. 4B).
These results indicate that Peptide-25 can directly and specifically
interact with vimentin on cell surface.

Finally, we performed wound migration assay which is widely
uscd to quantify activation of latent TGF-f§ [6.7,9,11,12]. Mature
TGF-3, an active form, shows inhibitory activity to EC migration.
Fig. 5 shows that Peptide-25 decreased the migration of ECs as
we previously reported |9]. This inhibitory activity of Peptide-25
was attenuated by anti-vimentin mAb. In contrast to Peptide-25,
Peptide-21 showed no significant activity (Fig. 5). Peptide-21 (from
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Fig. 1. Detection and purification of the target molecule of Peptide-25N. (A) Membrane fraction of BAEC was applied to SDS-PAGE with avidin staining and the candidate of
the target molecule of Peptide-25N was detected (an arrow). (B) The target molecule fraction was obtained from the avidin-biatin affinity chromatography and applied onto
SDS-PAGE followed by avidin (lane 1) or CBB staining (lane 2). Arrow A indicates the putative complex containing biotinylated Peptide-25N and arrow B does the co-cluted

protein.



