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may explain rapid metastatic progression after radical cystectomy
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Abstract. Angiogenesis is essential for tumor growth and
progression. It has been demonstrated that the expression of
angiogenesis stimulators (e.g. basic fibroblast growth factor
and vascular endothelial growth factor) correlates to tumor
progression in various human tumor types. Furthermore,
endogenous angiogenesis inhibitors (e.g. angiostatin and
endostatin) have been isolated from human tumor models and
have been successfully used to treat tumors in mice and
humans. In the present study, the expression of angiostatin,
endostatin and thrombospondin-1 in four different human
bladder cancer cell lines with different tumorigenic potential
(MGH-U4, RT-4, RT-112 and UMUC-3) were investigated.
A subset of bladder carcinoma patients demonstrates rapid
metastatic progression after removal of the primary tumor,
although no evidence of metastasis is diagnosed before the
surgical procedure. A potential mechanism to explain this
phenomenon is suggested. Angiostatin, endostatin and
thrombospondin-1 was detected in the conditioned media of
four human bladder cancer cell lines using Western blotting.
Angiostatin was purified and amino acid sequenced via mass
spectrometry. The biological activity of angiostatin was
determined by proliferation assays using endothelial cells,
smooth muscle cells and fibroblasts. Tumor characteristics of
the four human bladder carcinoma models were investigated
in vitro and in vivo. All the bladder carcinoma cell lines
employed in this study produced two biologically active
variants of the angiostatin molecule (38 and 49 kDa).
Endostatin and thrombospondin-1 were only produced by the
low malignancy MGH-U4 and RT-4 bladder carcinoma
models. This study identified the expression of different
antiangiogenic molecules in human bladder carcinoma. The
expression of antiangiogenic molecules seems to be a
characteristic of low malignancy bladder carcinomas. The
sudden lack of expression of antiangiogenic molecules as a
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consequence of surgical removal of highly malignant bladder
carcinomas may explain the rapid metastatic progression of a
subset of bladder carcinomas.

Introduction

Angiogenesis, the formation of new blood vessels from pre-
existing capillaries, is essential for tumor growth and
progression (1). The formation of new blood vessels supports
tumor growth by two different mechanisms: the supply of
nutrients and oxygen and the paracrine stimulation of tumor
growth through the release of factors produced by the
endothelial cells (2). Angiogenesis is modulated by an
assortment of stimulators and inhibitors of endothelial cell
growth. This angiogenic balance can be shifted by the over-
expression of stimulators or the reduction of inhibitors of
endothelial cell growth, either of which will cause vessel
growth.

Approximately 67,000 new cases of bladder cancer are
diagnosed yearly and 14,000 patients die (3) of the disease.
Bladder carcinomas (~95%) are transitional cell carcinomas,
arising from the urothelium. The majority of bladder
carcinomas (70 to 80%) demonstrates superficial growth,
while 20 to 30% are invasive at first presentation (3). The gold
standard therapy for organ confined, locally invasive bladder
carcinomas is radical cystectomy. About 50% of these patients,
preoperatively metastases-free, die from distant metastases
within one to two years after the surgical procedure (4).

In 1979, Prout and colleagues recognized this clinical
phenomenon and stated: ‘...either metastases are a direct cause
of the operation or have been present before the procedure’
(5). It is our hypothesis that these metastases have already
been seeded prior to surgery and that a factor secreted by the
primary tumor is responsible for maintaining a dormant state,
as long as the primary tumor is in place.

In 1994, the first tumor-derived angiogenesis inhibitor,
angiostatin, was isolated (6). Angiostatin is a 38 kDa C-
terminal cleavage product of plasminogen that demonstrates
strong antiangiogenic activity (6). Angiostatin was isolated
from the serum and urine of mice bearing a Lewis lung
carcinoma with a low metastatic phenotype (LLC-LM). This
mouse tumor exactly mirrors the clinical course of bladder
carcinoma patients with rapid metastatic progression after
surgery (6).

The LLC-LM is a mouse tumor variant that, when injected
subcutaneously in mice, metastasizes to the lungs. However, as
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long as the primary tumor is in place the metastases are
dormant and only microscopically visible. Generally, the mice
die of tumor burden within 21 to 28 days after tumor cell
implantation. If the primary tumor is resected, the animals die
of rapidly growing lung metastases within 15 to 21 days
after primary tumor resection (6). O'Reilly and coworkers
demonstrated that the angiogenesis inhibitor angiostatin, when
supplied exogenously, maintained the lung metastases in a
dormant state (6). In this study, we provide evidence that
angiostatin and other angiogenesis inhibitors are produced by
human bladder cancer. Furthermore, we show that angiostatin
produced by human bladder cancer is biologically active and
specific for the inhibition of endothelial cell proliferation.
These findings may explain the rapid growth of dormant
metastases after resection of invasive bladder carcinomas in
humans.

Materials and methods

Cell lines. Four human bladder carcinoma cell lines were
used to investigate the expression of angiostatin, endostatin
and thrombospondin-1 in human bladder cancer. MGH-U4, a
kind gift of Dr W.S. McDougal (Massachusetts General
Hospital, Boston, MA) represents an atypical dysplasia of the
urothelium (7). The RT-4 cell line (ATCC, Manassas, VA) is a
model for a human papillary, well-differentiated bladder
cancer (8). RT-112 (ATCC) is an invasive (pathological stage
T,) moderately differentiated (grade 2/3) model of human
bladder cancer (9) and UMUC-3 (ATCC) is derived from a
deeply invasive (pathological stage T;) poorly differentiated
(grade 3) human bladder tumor (10). All cell lines were grown
in Dulbecco's modified Eagle's medium (DMEM, JRH
Bioscience, Lenexa, KS) containing 10% fetal calf serum
(FCS, Intergen, Purchase, NY) and antibiotics (GPS, Irvine
Scientific, Santa Ana, CA). Cells were grown in a humidified
atmosphere in an incubator at 37°C and 10% CO,.

Tumor cell conditioned media and purification of angiostatin.
For the production of conditioned media, cell lines were grown
in roller bottles (Costar Corning, Corning, NJ) maintained
with 100 ml DMEM containing 3% FCS per roller bottle.
Cells were allowed to condition the media for 48 h. Then the
media was harvested, centrifuged at 3,000 x g for 15 min and
filtered (0.22 pm bottle top filters, Costar Corning).
Conditioned media were collected and stored at 4°C in 2-liter
batches.

Two-liter batches of conditioned media from each of the
four human bladder carcinoma cell lines were applied to a
30 ml lysine Sepharose column (Pharmacia, Uppsala,
Sweden). After washing the column with 200 ml of 50 mM
Tris buffer, pH 7.4 and 0.5 M NaCl, protein was eluted using
150 ml of 50 mM Tris, pH 7.4 and 0.2 M e-aminocaproic acid
(Sigma, St. Louis, MO). Aliquots of the eluted fractions were
applied to a HPLC C, reversed phase column (100x4.6 mm)
(SynChropak, Eichrom Industries Inc., Darien, IL), equilibrated
in H,O containing 0.1% trifluoroacetic acid (TFA). The
column was eluted with a gradient of acetonitrile from 25 to
70% in 0.1% TFA. Eluate was collected in 1 ml fractions.
Protein containing fractions were vacuum evaporated
(Integrated Speed Vac System, Savant, Farmingdale, NY) and
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resuspended in 200 ul of phosphate-buffered saline (PBS,
Sigma).

In case of endostatin and thrombospondin-1 pure
conditioned media were used for Western blot analysis without
further purification.

Western blot analysis of angiostatin, endostatin and
thrombospondin-1. Purified angiostatin was resolved by
SDS-PAGE under non-reducing conditions and electroblotted
onto polyvinylidene difluoride membrane (PVDF, Bio-Rad,
Richmond, CA). PVDF membranes were blocked with 0.5%
Tween-80 (Sigma) in PBS for 1 h at room temperature and
incubated with the primary antibody to plasminogen
(Cedarlane Lab., Hornby, Ontario, Canada) overnight at 4°C.
The membrane was washed three times with 0.5% Tween-80
in PBS at room temperature and incubated with a goat anti-
rabbit secondary antibody conjugated to horseradish-
peroxidase (HRP) (Jackson ImmunoResearch Lab., West
Grove, PA). After washing three times with 0.5% Tween-80
in PBS, the reaction was visualized using ECL. (Amersham,
UK) for 1 min at room temperature. The bands were visualized
by autoradiography.

For the detection of endostatin and thrombospondin-1,
concentrated conditioned media were used in the same
procedure as described above. Endostatin was detected using
a polyclonal rabbit anti-human antibody to Collagen XVIII
(Santa Cruz Biotechnology Inc., Santa Cruze, CA) diluted
1:3000 and a goat anti-rabbit secondary antibody conjugated to
horseradish-peroxidase (HRP) (Jackson ImmunoResearch
Lab). Thrombospondin-1 was detected by a polyclonal goat
anti-human thrombospondin-1 antibody (Santa Cruz
Biotechnology Inc) diluted 1:3000 and rabbit anti-goat
secondary antibody conjugated to horseradish-peroxidase
(Dako Corp., Carpenteria, CA).

Determination of the amino acid sequence of angiostatins by
mass spectrometry. Purified protein sample was subjected to
12% SDS-PAGE (Ready Gels, Bio-Rad) and silver staining.
The silver-stained band was excised from the gel, digested
with trypsin and the amino acid sequences were analyzed by
mass spectrometry as described by Shevchenko et al (11).

Proliferation assays. The purified angiostatin from the tumor
cell conditioned media were tested in proliferation assays with
bovine capillary endothelial cells, human foreskin fibroblasts
and bovine vascular smooth muscle cells. Cells were
trypsinized and suspended in DMEM containing 10% bovine
calf serum (BCS, Gibco BRL, Grand Island, NY) and 1% GPS.
The cell number was adjusted to 25,000 per ml and 0.5 ml of
the cell suspension was pipetted into each well of a 24-well
plate (Costa Corning). Medium was added to a final volume
of 1 ml. The cells were allowed to settle and grow for 24 h.
The media were changed to DMEM containing 5% BCS and
1% GPS and 1 ng/ml of basic fibroblast growth factor (bFGF,
Scios Nova, Mountain View, CA). Various concentrations of
the purified angiostatin were added to the assay wells. After
72 h incubation, cells were trypsinized, resuspended in
Hematall (Fisher Scientific) and counted with a Coulter particle
counter (Coulter, Miami, FL). The results were compared to an
angiostatin-free control in the presence of bFGF.
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was enhanced by tyramide amplification (New England
Nuclear, Boston, MA). 3-amino-9-ethylcarbazole (ACE,
BioGenex, San Ramon, CA) was used as a chromogen and
Gill's hematoxylin (Fisher Scientific) was used as counterstain
(12). Vessel counts were performed in three of the human
bladder carcinoma models, excluding the MGH-U4 cell line,
which does not grow in mice. Multiple areas of highest
vascular density (hot spots) were counted in three tumors of

Figure 1. Western blot analysis of the angiogenesis inhibitors (A) angiostatin,
(B) endostatin and (C) thrombospondin-1. Recombinant human angiostatin or
endostatin proteins served as the controls.

each cell line, as previously described (12). After the hot spots
were identified using low magnification (x100), all vessels
inside a grid (area 0.19 mm?) were counted at a high
magnification (x400). The mean value of all counts was taken

A

mipaspkmehkavvfillifiksglgdliddyvntqgasisisrknlagrsvedcaakceeetdfverafqyhskeqqc
vvmaenskntpvirmrdvilyek 104 riyllecktanggtyrgttaetksgvtcqgkwsatsphvpkfspekfplaglee
nycmpdndengpwcyttdpdkrydycdipecedkecmhcsgenyegkiaktmsgrdcgawdsgsphahgyipsk
fpnknikmnycrnpdgeprpwcfttdpgkrwefcdiprettpppssgpkyqclkgtgknyggtvavtesghtcarw
seqtphkhnripenfpcknleenycrmpngekapwcyttnsevrweyctipscessplstermdvpvppeqtp
vpagdeyhgngasyratssttitark 404 gswssmtphrhiktpenypnagitmnycmpdadkspweyttdprvrw
efenlkkcsetpeqvpaapqapgvenppeadcemigtgksyrgkkattvagvpcgewaagephghsiftpetnpgsgl
emycmpgdvngpdwcytmnprkpfdycdvpqcessfdcgkpkvepkkesgrivggevskphswpwavsirssrh
fcggtlispkwvitaahcldnilalsfykvilgahnekvregsvqeipvsrifrepsqadiallkisrpaiitkevipacipppn
ymvaartecyitgwgetqgtfgeglikeahlpvienkvenmeylidgrvkptelcaghliggtdscqgdsggpivefekd
kyilggvtswglgcarpnkpgvyvrvspyvpwieetmrm

mipaspkmehkavvfillifiksglgdliddyvntqggasisisrknlagrsvedcaakceeetdfvcrafqyhskeqqc
vvmaenskntpvfrmrdvilyek 104 iyllecktangqtyrgttaetksgvtcakwsatsphvpkfspekfplaglee
nycrmpdndengpwcyttdpdkrydycdipecedkcmhcsgenyegkiakimsgrdcgawdsgsphahgyipsk
fpnknlkmnycmpdgeprpwcfttdpgkrwefcdiprettpppssgpkyaclikgtaknyqggtvavtesghtcarw
seqtphkhnrtpenfpcknleenycrnpngekapwcyttnsevrweyctipscesspistermdvpvppeqtpvpqd
cyhgnggsyrgtssttitgrkcgswssmtphrhlktpenypnagltmnycrnpdadkspwecyttdprvrwefcnlkke
setpeqvpaapqapgvenppeadcmigtgksyrgkkattvagvpcqewaagephqghsiftpetnpgsglemycrnp
dgdvni cytmnprk 553 pfdycdvpqcessfdcgkpkvepkkesgrivggevskphswpwaqvsirssrh
fcgatlispkwvlitaahcldnilalsfykvilgahnekvregsvqeipvsrifrepsqadiallkismpaiitkevipaclpppn
ymvaartecyitgwgetqgtfgegllkeahlpvienkvenmeyldgrvkptelcaghliggtdscqgdsggplvefekd
kyilqgvtswglgcarpnkpgvyvrvspyvpwieetmrm

Figure 2. Amino acid sequences of the angiostatin fragments identified by mass spectrometry after tryptic digestion. Amino acid sequences of the identified
fragments (bold and underlined) match those of the 38 kDa (A) or 49 kDa (B) angiostatin molecules.


https://www.spandidos-publications.com/10.3892/ijmm_00000125
https://www.spandidos-publications.com/10.3892/ijmm_00000125

264

positive control = 74860 + 3560 A
|I§Wnn m1000ng D2000ng

ST}

MGHU4 RT4 RT112 umucs
positive control = 162240 + 1880 B
200000 |l5@nu 01000 ng O2000 ng
176000
F 3 —E—
I+ e o I
150000
€
§ 125000 -
3 100000
Q
75000
50000
25000
04
MGHU4 RT4 RT112 uMucs
50000
positive control = 25100 + 260 c
W500ng O1000ng DO2000ng
| JL— e
€ 30000
3
8 3
®
O 20000
10000
0
MGHU4 RT4 RT112 UMuUC3

Figure 3. Biological activity and specificity of angiostatin isolated from human
bladder carcinoma. The proliferation activity of varied concentrations of
angiostatins isolated from MGH-U4, RT-4, RT-112 and UMUC-3 cell lines
was tested on bovine capillary endothelial cells (A), human foreskin
fibroblasts cells (B) and bovine vascular smooth muscle cells (C). Columns
represent mean values from three experiments (two wells per dose per
experiment) and error bars stand for standard errors. The positive controls
were incubated without any angiostatin.

as the vascular density of tumors derived from the particular
cell line.

Results

Identification of angiostatin, endostatin and thrombospondin-1.
Two different forms of angiostatin were purified from
conditioned media of the human bladder carcinoma cell lines.
As determined by Western blot analysis with polyclonal
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Figure 4. Growth curves of the four human bladder carcinoma models in
severe combined immunodeficient (SCID) mice. Mice (n=4 per group) were
implanted with the MGH-U4, RT-4, RT-112 and UMUC-3 cells and tumor
growth was monitored until the mean tumor volume of the group reached
1000 mm?®.

antibodies to plasminogen, all of the investigated cell lines
produced these two different angiostatin molecules (Fig. 1A).
Amino acid sequencing by mass spectrometry revealed that
the smaller angiostatin molecule (38 kDa) comprised the
kringle domain 1 to 3 of the plasminogen molecule (Fig. 2A)
while the larger angiostatin molecule (49 kDa) comprised the
kringle domain 1 to 4 of plasminogen (Fig. 2B).

Endostatin was detected in three of the four human bladder
carcinoma models (MGH-U4, RT-4 and RT-112). However,
endostatin detected in the conditioned media of the RT-112
cell line ran a little longer on SDS gel which might indicate
that this cell line produces a variant of endostatin (Fig. 1B).

Thrombospondin-1 was only detected in the MGH-U4 and
RT-4 cell lines and ran at ~180 kDa. RT-112 and UMUC-3
showed no detectable thrombospondin-1 (Fig. 1C).

Biological activity and specificity of purified angiostatin
from human bladder cancer models. Using different
concentrations of the purified angiostatin, a dose response for
the inhibitory activity on endothelial cells was determined.
Compared to controls, where no angiostatin was added to the
assay, 2 ug of the purified angiostatin inhibited endothelial cell
proliferation by ~50% (Fig. 3A). This inhibition appeared to
be endothelial cell-specific in that neither fibroblasts (Fig. 3B)
nor vascular smooth muscle cells (Fig. 3C) were inhibited by
the purified angiostatin when used at the same concentration.

Growth of human bladder tumors in mice and vascular density.
Tumor growth was not detected in four mice 80 days after
MGH-U4 cells were implanted subcutaneously. Since this cell
line was derived from a urothelial dysplasia, it might lack
certain characteristics for the development of malignant
tumors in mice. However, the RT-4, RT-112 and UMUC-3
cell lines did produce tumors that grew to 1000 mm?®. The
mean tumor volume of 1000 mm?* was reached 80, 44 and
23 days after tumor cell injection, respectively (Fig. 4).
Vascular density inversely correlates with the tumorigenic
potential of the bladder tumors with the exception of MGH-U4
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Figure 5. Vascular density determined in harvested tumors.

which was derived from urothelial dysplasia. UMUC-3, the
fastest growing tumor, exhibited the highest mean vessel count
(VC) (76+4.7 vessels), the slowest growing RT-4 tumor
exhibited the lowest mean VC (1320.7 vessels) and the tumor
with the intermediate growth rate, RT-112 tumor, exhibited an
intermediate mean VC (28+2.2 vessels) (Fig. 5).

Discussion

Since the hypothesis that antiangiogenesis might be a useful
strategy for cancer therapy has been proposed (13), a variety of
antiangiogenic molecules have been discovered and tested in
animal models (12,14,15) and in clinical trials (16). While the
clinical significance of the expression of angiogenic molecules
e.g. basic fibroblast growth factor (bFGF) and vascular
endothelial growth factor (VEGF) has been appreciated in
many different tumors (17-19), the significance of the
expression (or induction) of antiangiogenic molecules by
malignant tumors is still not clear.

For many different tumor types a rapid progression of
metastasis after surgical resection of the primary tumor has
been described. Several different hypotheses have been
proposed to explain this phenomenon: i) production and
secretion of antimitotic factors by the cells of the primary
tumor that inhibit the proliferation of metastatic cells at distant
sites (20), ii) induction of an immunologic response against the
metastasis by the primary tumor - concomitant immunity (21),
iii) depletion of available nutrition by the primary tumor that
leads to malnutrition and growth inhibition of metastatic cells
(22) and iv) surgically induced tumor cell dissemination and
postoperative immunosuppression leading to rapid metastatic
growth after extensive surgical procedures (5). While none of
these proposed mechanisms have been confirmed by a
molecular mechanism, O'Reilly et al in 1993 proposed another
hypothesis, that: ‘...a primary tumor, while capable of
stimulating angiogenesis in its own vascular bed, can inhibit
angiogenesis in the vascular bed of a metastasis or other
secondary tumor’ (23). In 1994, O'Reilly and coworkers
discovered a molecule which is an angiogenesis inhibitor,
angiostatin, that gave strong support to the described
hypothesis and provided a molecular mechanism (6,24).

In bladder cancer, ~25 to 30% of patients die of
disseminated metastases within 12 to 18 months after radical
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cystectomy (4) despite the fact that extensive preoperative
tumor staging, involving bone scan, X-rays and computer
tomography, had not demonstrated any signs of metastasis.
This fatal clinical course in a subset of bladder carcinoma
patients has not been significantly improved by any therapeutic
approach including neoadjuvant and adjuvant strategies.
Furthermore, no molecular mechanism responsible for this
biological behavior was identified.

In this study, we investigated the expression of three
different angiogenesis inhibitors, angiostatin, endostatin and
thrombospondin-1, in a model of bladder carcinoma
progression, consisting of four different bladder carcinoma cell
lines demonstrating different levels of aggressiveness.

Angiostatin was expressed by all four models of bladder
cancer (Fig. 1A). Two different variants of angiostatin were
expressed, one comprises the kringle domain 1 to 3 of the
plasminogen molecule and has a molecular weight of 38 kDa.
The other molecule comprises the kringle domain 1 to 4 of
plasminogen and runs at ~49 kDa on SDS-PAGE. Both
angiostatin molecules have been described in the medical
literature (25,26).

Endostatin was identified in three of the four human
bladder carcinoma models. The most aggressive cell line,
UMUC-3, did not exhibit any endostatin expression. However,
the RT-112 cell line seemed to express a different variant of
the endostatin molecule, that to our knowledge has so far not
been described (Fig. 1B).

Thrombospondin-1 was expressed only in the lower
aggressive MGH-U4 and RT-4 cell lines. The more
aggressive RT-112 and UMUC-3 cell lines did not express
any thrombospondin-1 (Fig. 1C).

It is well known, that the expression of angiogenesis
stimulators correlates to tumor vascular density and tumor
aggressiveness, also in bladder cancer (27). We hypothesize
that the expression of angiogenesis inhibitors inversely
correlates to the malignant potential and vascular density of
tumor growth. By injecting mice following the different
bladder carcinoma models we produced tumor progression
curves and after harvesting the tumors determined the
vascular density of the tumors using immunohistochemistry
(Figs. 4 and 5).

The expression results of the three different antiangiogenic
molecules and the total antiangiogenic activity of these tumors
compared with tumor progression and vessel count support our
hypothesis. This phenomenon might be explained by the
concept that the net angiogenic output of a certain tumor,
which is mirrored by its vascular density, relates more reliably
to the sum of angiogenesis stimulators and inhibitors produced
by the tumor cells than to the expression of a single angiogenic
mediator.

Both angiostatin molecules which we detected in human
bladder cancer have been described as biologically active
(25,26). We show here that the total angiostatin expressed by
human bladder carcinoma cells is inhibitory to endothelial cell
proliferation (Fig. 3A) and does not show any inhibitory effect
on the proliferation of human fibroblasts and bovine smooth
muscle cells (Fig. 3B and C).

In conclusion, the results of this study show that four
human bladder carcinoma cell lines, independent of
differentiation, aggressiveness, rate of growth and vascular
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density show different expression of the angiogenesis
inhibitors angiostatin, endostatin and thrombospondin-1. The
growth of primary tumors of these tumor models in mice
appeared to correlate with the expression of the three
different angiogenesis inhibitors. In two previous studies, we
demonstrated that different models of human bladder cancer
in mice, independent of vascular density and growth rate, were
sensitive to treatments with angiogenesis inhibitors (12,28).
How the expression of angiogenesis inhibitors relates to the
clinical course of bladder carcinoma patients who demonstrate
rapid metastatic progression after removal of the primary
tumor by cystectomy warrants further investigation. However,
this laboratory study, for the first time, begins to explain this
phenomenon by a molecular mechanism and could open an
avenue for clinical application.
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