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Abstract

Aims—The plasminogen activator system
(PAS) consists of the plasminogen activa-
tors (urokinase (uPA) and tissue-type
(tPA) plasminogen activators), the uPA
receptor (uPPAR), and the plasminogen
activator inhibitors (PAI-1 and PAI-2).
Plasminogen activators activate plas-
minogen to plasmin, which can break
down extracellular matrix (ECM) compo-
nents. Vascular endothelial growth factor
(VEGF) is a mitogen for endothelial cells
and is involved in angiogenesis. VEGF has
been shown to upregulate u’A and this
may facilitate tumour angiogenesis fur-
ther.

Methods—PAS components and VEGF
were determined by enzyme linked
immunosorbent assay (ELISA) in paired
colorectal tumour and normal tissue
(n = 50) and correlated with pathological
staging.

Results—uPA, uPAR, PAI-1, and VEGF
values were significantly higher in tumour
tissue (for example, tumour uPPA: median,
2.3 (range, 0.1-6.7) ng/mg protein v nor-
mal uPA: median, 0.2 (range, 0-2.6) ng/mg
protein). tPA was significantly higher in
normal mucosa and there was no differ-
ence in PAI-2. uPA, uPPAR, PAI-1, and
VEGEF values significantly correlated with
each other and with Dukes’s staging (uPA
in adenomas: median, 0.42 (range, 0.1-
1.2) ng/lmg protein; upA in Dukes’s B
tumours: median, 2.1 (range, 0.4-4.3) ng/
mg protein; and uPA in Dukes’s D tu-
mours: median, 4.0 (range, 3.7-4.2) ng/lmg
protein) and lymphatic invasion. In addi-
tion PAI-1 also correlated with tumour
size and differentiation.

Conclusion—The involvement of the PAS
and VEGF in colorectal cancer appears to
be complex. uPA, uPAR, PAI-1, and VEGF

were upregulated in tumour tissue and
this correlated with Dukes’s staging and
lymphatic invasion.

(¥ Clin Pathol: Mol Pathol 2000;53:307-312)
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Angiogenesis is important for tumour growth
and metastasis.' > The formation of tumour
microvessels is stimulated by angiogenic fac-
tors such as vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor
(bFGF).” VEGF is a 45 kDa glycoprotein that
is mitogenic for endothelial cells. It binds to
specific receptors on endothelial cells, where it
induces endothelial proliferation and capillary
tube formation, enhancing tumour neovascu-
larisation or angiogenesis. Previous studies
have shown that overexpression of VEGF cor-
related with the progression of human malig-
nancies, including colorectal cancer.’* The
properties of VEGF have been reviewed
elsewhere.” °

Tumour invasion and metastasis is a com-
plex process involving many sequential, interre-
lated events including angiogenesis, intravasa-
tion, and extravasation. Many of these stages,
including angiogenesis, involve the controlled
degradation of extracellular matrix (ECM)
components by proteinases. The extracellular
proteinases involved in ECM degradation are
the matrix metalloproteinases (MMPs) and the
serine proteinases.

The plasminogen activator system (PAS)
consists of two serine proteinases, plasminogen
activators, urokinase-type (uPA) and tissue-
type (tPA), the plasminogen activator inhibi-
tors 1 and 2 (PAI-1 and PAI-2), and the recep-
tor for urokinase type plasminogen activator
(uPAR). The plasminogen activators, as the
name suggests, convert inactive plasminogen to
the active serine proteinase, plasmin. Plasmin is

Table 1  Conditions for performing the plasminogen activator system and vascular endothelial growth factor (VEGF) ELISAs

ELISA Dilution Capture antibody Incubation Detection antibody Conjugate Standard curve
uPA 1/10 Mouse antihuman Overnight 4°C Biotinylated antihuman uPA Streptavidin—-HRP 0.1-1.0 ng/ml
tPA None Goat anti-tPA 1 hour RT shaking - HRP anti-tPA 0.5-10.0

uPAR 1/5 Mouse antihuman Overnight 4°C Biotinylated antihuman UpaR Streptavidin-HRP 0.1-3.0 ng/ml
PAI-1 1/10 Mouse antihuman Overnight 4°C Biotinylated antihuman PAI-1 Streptavidin-HRP 0.1-10.0 ng/ml
PAI-2 None Polyclonal antihuman 2 hours RT Biotinylated antihuman PAI-2 Streptavidin-HRP 0.5-10 ng/ml
VEGF None Mouse antihuman 2 hours RT - HRP anti-VEGF 31.2-2000 pg/ml

ELISA, enzyme linked immunosorbent assay; HRP, horseradish peroxidase; PAI, plasminogen activator inhibitor; RT, room temperature; tPA, tissue type plasmino-
gen activator; uPA, urokinase plasminogen activator.
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Table 2  Differences in plasminogen activator, PAI and
uPAR (ngimg protein), and VEGF (pg/mg protein) values
in colorectal tumour and normal tissue samples

Tumour Normal
uPA 2.3% (0.1-6.7) 0.2 (0-2.6)
tPA 3.3 (0.1-23.8) 6.8% (1.1-37.5)
uPAR 2.2% (0.2-14.0) 0.6 (0.2-4.1)
PAI-1 9.8% (0.2-62.4) 2.0 (0.1-20.7)
PAI-2 1.0 (0-7.3) 0.7 (0-4.7)
VEGF 189* (30-4156.0) 27 (3-108)

PAI, plasminogen activator inhibitor; PAR, plasminogen activa-
tor receptor; tPA, tissue type plasminogen activator; uPA, uroki-
nase plasminogen activator; VEGF, vascular endothelial growth
factor.

Values are expressed as median with the range in parentheses.
*p < 0.0001, Mann Whitney.

involved in ECM degradation directly because
it is a broad substrate proteinase that can
degrade most proteins within the ECM (for
example, fibronectin, laminin, and proteogly-
cans).” Plasmin also acts on the ECM indi-
rectly by activating the latent forms of several
MMPs (for example, MMP-1).

The function and regulation of PAS compo-
nents has been reviewed elsewhere.”” In brief,
the two plasminogen activators differ in
biological function and distribution; uPA is
important in tissue degradation in both physio-
logical and pathological processes,’ '* whereas
tPA is important in fibrinolysis.® The plasmino-
gen activators also differ in inhibitory func-
tions. PAI-1 inhibits both uPA and tPA;
however, PAI-2 inhibits only uPA. In vivo it is
the balance between plasminogen activators
and their inhibitors that determines matrix
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degradation by plasmin. The function of the
uPA receptor is to focus the proteolytic poten-
tial of the tumour cells, thereby enhancing
invasion."!

The PAS has been studied extensively in
various human cancers. Combinations of these
components, in particular uPA and PAI-1, have
been found to be of prognostic relevance in
several human cancers, including colorectal” *
and breast cancer."* *°

Most previous studies in colorectal cancer
have determined the expression of individual
components,” '° " or related the expression of
PAS components to specific histological
grades.” "’

In addition to VEGF expression correlating
with tumour progression, several studies have
also found VEGF to increase both uPA and
uPAR on endothelial cells in vitro,® *' and to
correlate with uPA* and uPAR” expression in
vivo.

Our study aims to determine the concentra-
tions of VEGF and the five components of the
PAS in paired colorectal tumour and normal
tissue samples and correlate these with the
clinical pathological grade of the tumour.

Methods

MATERIALS

Enzyme linked immunoassay (ELISA) kits for
uPA, tPA, uPAR, PAI-1, and PAI-2 were
purchased from American Diagnostica
(Greenwich, USA) and for VEGF from R&D
Systems (Abingdon, UK). Phosphate buffered
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Figure 1 Box plots showing the positive correlation between (A) urokinase plasminogen activator (uPA), (B) the uPA
receptor (uPAR), (C) plasminogen activator inhibitor 1 (PAI-1), and (D) vascular endothelial growth factor (VEGE)
values with the Dukes’s stage of the tumour (median and interquartile range) in colorectal cancer tissue (*p < 0.05,
Spearman’s correlation). The line within the box plot corresponds to the median value.
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Figure 2 Box plots showing the positive correlations between (A) urokinase plasminogen activator (uPA), (B) the uPA
receptor (uPAR), (C) plasminogen activator inhibitor 1 (PAI-1), and (D) vascular endothelial growth factor (VEGE)
values and lymphatic invasion (median and interquartile range). Expression was significantly greater in tumours that had
undergone lymphatic invasion (*p < 0.05, Spearman’s correlation). The line within the box plot corresponds to the median

value.

saline (PBS), total protein assay, and sulphuric
acid were from Sigma Aldrich (Poole, Dorset,
UK).

PATIENTS AND TISSUE SAMPLES
Colorectal specimens were collected from the
operating theatre and taken to the department
of pathology, North Tees General Hospital.
Paired tissue samples (tumour margin and
normal colon) were obtained by a consultant
histopathologist within 30 minutes of surgical
resection. Fifty paired colorectal tissue samples
were obtained from consecutive patients be-
tween April 1998 and June 1999.

Each tissue sample was finely diced with a
scalpel, homogenised (Polytron PT 2,100;
Kinematica; Philip Harris Scientific, Lichfield,
UK) in PBS for five minutes, and centrifuged
for 15 minutes at 750 Xg. The homogenate was
removed and stored in aliquots at —80°C until
analysis. The total protein concentration of
each tissue sample was determined by the
method of Ohnishi and Barr.

All the colorectal tumours were classified
according to their pathological staging:
Dukes’s stage, differentiation, tumour depth,
and whether the tumour had undergone
lymphatic and/or vascular invasion.

www. molpath.com

ENZYME LINKED IMMUNOSORBENT ASSAYS

The concentrations of uPA, tPA, uPAR, PAI-1,
PAI-2, and VEGF were measured by enzyme
immunoassay Kkits. Table 1 summarises the
required dilutions, antibodies, conditions, and
detection ranges for each ELISA. The concen-
tration of each protein was measured at
450 nm on a microplate reader (Dynex Tech-
nologies, Billinghurst, UK). Values for the PAS
components (ng/ml) and VEGF (pg/ml) were
determined for each sample from a standard
curve using Revelation Software (Dynex Tech-
nologies, Billinghurst, UK). Final tissue values
were expressed as ng/mg protein or pg/mg pro-
tein for PAS components and VEGF, respec-
tively.

STATISTICAL ANALYSIS

For comparisons between concentrations in
colorectal tumour and normal tissue samples
the Mann Whitney U test for non-parametric
data, with 95% confidence limits, was per-
formed. Spearman’s correlation coefficient was
used to determine whether a correlation
existed between these components and clinical
pathological staging (Dukes’s stage, tumour
depth, differentiation, and vascular and lym-
phatic invasion). The data were considered to
be significant at p < 0.05.
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Results

In our study, paired colorectal tissues (tumour
and normal mucosa) from 50 patients were
analysed for expression of VEGF and compo-
nents of the PAS. Histologically, four tumours
were tubular adenomas, six were Dukes’s A, 18
Dukes’s B, 20 Dukes’s C, and two Dukes’s D
tumours. Eleven patients had well differenti-
ated, 28 moderately, and six poorly differenti-
ated tumours. Twenty one of 46 tumours had
undergone lymphatic invasion (lymphatic ves-
sel invasion at the site of the primary tumour),
and 13 of 46 had undergone vascular invasion
at the time of resection.

EXPRESSION OF PAS COMPONENTS
ulPA

uPA values were significantly higher in tumour
tissue (median, 2.3 ng/mg protein; range,
0.1-6.7) than in the corresponding normal tis-
sue (median, 0.2 ng/mg protein; range, 0—2.6;
p < 0.0001, Mann Whitney; table 2).

tPA

tPA values were significantly higher in normal
colorectal tissue (median, 6.8 ng/mg protein;
range, 1.1-37.5) than in the tumour tissues
(median, 3.3 ng/mg protein; range, 0.1-23.8;
p < 0.0001, Mann Whitney U; table 2).

uPAR

Values for the uPA receptor were significantly
higher in colorectal tumour tissue (median,
2.2 ng/mg protein; range, 0.2—14) than in nor-
mal colon tissue (median, 0.6 ng/mg protein;
range, 0.2-4.1; p < 0.0001, Mann Whitney U;
table 2).

PAI-1

PAI-1 values were significantly higher in
tumour tissue (median, 9.8 ng/mg protein;
range, 0.2—-62.4) than in normal colorectal tis-
sue (median, 2.0 ng/mg protein; range, 0.1—
20.7;p < 0.0001, Mann Whitney; table 2).

PAI-2

Although PAI-2 values were greater in tumour
tissue (median, 1.0 ng/mg protein; range,
0-7.3) than in normal mucosa (median,
0.7 ng/mg protein; range, 0—4.7) the difference
was not significant (table 2).

VEGF

VEGF values were significantly higher in
tumour tissue (median, 189 pg/mg protein;
range, 307-4156) than normal colorectal tissue
(median, 27.3 pg/mg protein; range, 3—108;
p < 0.0001, Mann Whitney U; table 2).

CORRELATIONS BETWEEN PAS COMPONENTS AND
VEGF

uPA, uPAR, PAI-1, and VEGF values within
colorectal tumour tissue correlated signifi-
cantly with each other (Spearman’s correla-
tion, p < 0.05). In addition, VEGF expression
correlated with PAI-2 expression.

PAS, VEGF,; AND PATHOLOGICAL STAGE

The expression of VEGF and the components
of the PAS were correlated with the clinical

www. molpath.com

Downloaded from mp.bmj.com on February 10, 2012 - Published by group.bmj.com

Baker, Bergin, Leaper
A
= 70—
8
o 60—
2
Iy
D 50—
S
=)
£ 40—
c
2 30
7]
17
<
5 20—
X
)
— 10
N I el e
N= 5 11 28 6
Adenoma Well Moderate Poor
Differentiation
B
= 70—
8
S 60— T
2
Iy
D 50—
S
=)
£ 40
c
2 30
12
17
<
S 20 l
X
o —
— 10
g === T
N= 4 2 6 35 3
Adenoma T T2 T3 T4

Tumour depth

Figure 3 Box plots showing the positive correlation
between plasminogen activator inhibitor 1 (PAI-1) values
and (A) tumour differentiation and (B) tumour size
(median and interquartile range). * p < 0.05 Spearman’s
correlation. The line within the box plot corresponds to the
median value.

pathological stage of the tumour; that is,
Dukes’s stage, tumour differentiation, tumour
depth (T,—T,), and finally whether the tumour
had undergone lymphatic and/or vascular inva-
sion.

Three components of the PAS (uPA, uPAR,
and PAI-1), as well as VEGTF, significantly cor-
related with tumour stage. These four factors
correlated with the Dukes’s stage of the tumour
(fig 1) and lymphatic invasion (fig 2). In addi-
tion, the expression of PAI-1 also correlated
with tumour differentiation and tumour depth
(fig 3).

Discussion

The involvement of the PAS in colorectal can-
cer progression appears to be complex. In
agreement with previous studies, values for
uPA," ™ its receptor uPAR," and the inhibi-
tor, PAI-1,"* were higher in colorectal tu-
mours than in the corresponding normal
mucosa. However, tPA values were higher in
normal colorectal tissue."”” * * This differential
expression of uPA and tPA in tumour and nor-
mal tissue confirms their different roles in plas-
minogen activation in vivo: uPA is involved in
tissue degradation and tPA in fibrinolysis.

The balance between the expression of the
activators and inhibitors is important in vivo in
determining whether matrix degradation and
activation of other proteinases is likely to
occur. In our present study, both uPA and the
inhibitor PAI-1 were greater in colorectal
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tumour tissue than in normal tissue. However,
previous studies have shown that this in-
creased PAI-1 expression does not signifi-
cantly inhibit uPA activity in primary tumours;
therefore, the balance will favour proteolysis.’

Within colorectal tumours there is a differ-
ential production and expression of PAS com-
ponents: uPA and the PAIs are produced by
stromal cells, whereas uPAR expression has
been demonstrated on tumour cells. The
increased expression of the receptor for uPA
seen in colorectal tumours is thought to local-
ise the proteolytic potential of the tumour cells
and therefore their invasion."'

Our study has also demonstrated a signifi-
cant correlation between uPA, uPAR, and
PAI-1 and the pathological staging of the
tumour; in particular, Dukes’s staging and
lymphatic invasion. Previous studies have
shown conflicting results on the correlations
between PAS components and tumour pathol-
ogy. Previously, Suzuki and colleagues demon-
strated that uPAR expression increased from
adenomas through to invasive carcinomas."”
Another study found that uPA values at the
tumour-host interface in Dukes’s C tumours
were twice those of Dukes’s A tumours; uPAR
was also significantly greater in Dukes’s C
tumours, but there was no significant
difference in PAI-1 values.”” However, other
studies found no correlation between uPA
expression and tumour stage or the site of the
tumour.'® *

As well as their involvement in tumour
progression, PAS components have also been
implicated in cancer prognosis in colorectal®
and other cancers.”* " In colorectal cancer,
uPA,” " uPAR,” and PAI-1" expression in
plasma has been associated with shorter
survival. Furthermore, PAI-2 values in carcino-
mas and tPA concentrations in normal mucosa
have been shown to have prognostic value on
overall survival."”

In agreement with our results, it has been
reported that VEGF expression (protein and
mRNA) is significantly greater in colorectal
tumour tissue than in normal tissue.” * VEGF
expression was also found to be significantly
greater in tumours with lymphatic invasion
than in those without.”” It has been suggested
that the involvement of VEGF in lymphatic
invasion is similar to vascular angiogenesis, in
that lymphatic endothelial cells may respond
to VEGF by increasing angiogenesis within
the lymphatics, thereby inducing metastasis
via the lymphatics as well as via the blood ves-
sels.” Our study also found that VEGF values
within tumour tissue significantly correlated
with the Dukes’s stage of the tumour. In addi-
tion, one previous study has shown a correla-
tion between VEGF expression and tumour
size.”

Also in agreement with our results, the few
studies that have compared the expression of
VEGF with PAS components found a positive
correlation between VEGF and both uPA** and
uPAR expression.”

Previously, studies have determined the
expression of individual PAS components in
colorectal cancer progression and or survival;
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however, there have been few studies deter-
mining the association of all PAS components
with VEGF. Our results have demonstrated an
increased coexpression of uPA, uPAR, PAI-1,
and VEGF in colorectal tumour tissue com-
pared with normal mucosa. A positive correla-
tion was found between these PAS compo-
nents (uPA, uPAR, PAI-1) and VEGF values,
as well as with the pathological staging of
colorectal cancer. uPA and VEGF are known
to be involved in tumour angiogenesis, one of
the initial stages of the metastatic cascade.
However, further research is needed to deter-
mine their involvement in colorectal cancer
invasion and metastasis. In addition, future
follow up of the patients involved is required to
determine the prognostic relevance of these
factors.
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