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STELLINGEN

Bestudering van plasminogeen activatie in dikke darmweefsel afkomstig van patiEnten
met familiaire adenomateuze polyposis kan een belangrijke bijdrage leveren aan het
ondezoek van colorectale carcinogenesis.

dit proefschrift

De ratio tussen u-PA en t-PA antigeen heeft een hoger onderscheidend vermogen
tussen normaal en tumor weefsel van het spijsverteringskanaal dan u-PA of t-PA
afzonderlijk.

P.A.F. de Bruin et al. Cancer Res 1988;48:452045524, dit proefschift

Het feit dat 'knock-out muizen', waarvan het u-PA gen volledig uitgeschakeld is en die
dus zelf geen u-PA kunnen produceren, niet vroegtijdig het leven laten verhoogt de kans
op therapeutische mogelijkheden voor patienten met een carcinoom door middel van
interventie in het u rokinase-af hankelrjke pl asminogeen activatie systeem.

Het afwezig zijn van u-PA in tumorcellen en op tumorcelmembranen in de
immunohistologische studie van Pyke et al. duidt op het niet aanwezig zijn van de u-PA
receptor op deze cellen, wat tegenstrijdig is met andere bevindingen van deze auteur.

C. Pyke et al. Cancer Res 1993; 53: 1911-1915

De ontdekking van insuline-gerelateerde peptiden in de poelslak Lymnaea stagnalis
bevestigt het evolutie-model voor de insuline superfamilie.

A.B. Smit et al. Nature 1988; 331: 535'538

De titel van het artikel 'lnvasion of the trophoblasts' van Strickland en Richards is ook
best te gebruiken als naam voor een computerspel of voor een nieuwe film van S.

Spielberg.
S. Stickland en W.G. Richards. Cell 1992;71: 355-357

Op niet iedere i hoort een puntje.

Darmwier, Enteromorpha intestinalis, is geen darmflora.

Onhandig gebruik van wildcards (") bij een gecomputeriseerd literatuur-ondeaoek naar
colorectale tumoren kan een gekleurd beeld opleveren.

Fuzzy logic is niet alleen handig voor huishoudelijke apparatuur en zijn gebruikers, maar
kan ook zeer nuttig zijn voor de medische wetenschap(per).

Een echte Griekse held neemt geen genoegen met een transferium, maar kiest voor het
Olympisch stadion.

Wij zullen die Belgen toch eens serieus moeten gaan nemen nu ze zelfs met zoiets
simpels als het benummeren van autoweg-afslagen kilometers op ons voorliggen.

Homo sapiens non urinat in ventum.
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14. De toestand van de vlaggen in de senaatskamer van de Leidse Universiteit doen
afbreuk aan de gehele ruimte en zij zouden, indien mogelijk, gerestaureerd moeten
worden.

15. Golf is ook voor'gewone mensen'; een golf-vereniging vaak niet.

16. Everything should be made as simple as possible, but not simpler.
A. Einstein

17. Liever 4 jaar Leiden dan 4 dagen Nijmegen.

18. De snip houdt van water, de uil niet.

19. Wie dit proefschrift echt goed gelezen heeft zou bij benadering moeten kunnen zeggen
hoe vaak het woord plasminogeen (geheel, in samenstelling of in afkorting Eng./Ned.) er
in voorkomt.

20. Wie woorden in een proefschrift gaat zitten tellen heeft ze niet allemaal meer op een
rijtje.

C.F.M. Sier
Leiden, 30 november 1993
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Chapter I

GENERAL INTRODUCTION AND AIM OF THE STUDIES



Chapter I

CARCINOGENESIS

lntroduction

Cancer is after the cardiovascular diseases the second cause of death in the

Netherlands and in other Western countries (1). Development of common

human cancers, particularly solid tumours, is a highly complex process with

many potential causes including environmental factors, genetic predisposition,

and somatic mutations. ln contrast to benign tumours, malignant carcinomas

are able to invade foreign tissues and form metastatic foci at distant locations in

the body. During the process of cancer invasion and metastasis a number of

natural barriers have to be surpassed by the migrating tumour cells (Figure 1).

At the early stage of invasion, epithelial cancer cells detach from the primary

lesion, penetrate the subepithelial basement membrane, and migrate into the

stroma of adjacent interstitial connective tissue. Eventually the tumour(cells) will

reach a lymphatic or a capillary vessel and intravasate by traversing the

lymphatic endothelium, or the subendothelial basement membrane and the

endothelial layer of the capillary. Then the tumour cells spread through the

circulatory system. A small percentage of the circulating malignant cells is able

to attach to the vessel wall at a distant site, arrest and proliferate there or even

penetrate the endothelial layer and the underlying basement membrane, and

migrate into the host tissue parenchyma. Ultimately these metastatic cells have

to be able to proliferate in the foreign tissue (2-5).

lumen epithelium stroma->/
carclnoma

basement membranes

Figure 1. Model of the sequential steps in the process of gastrointestinal carcinogenesis.
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lntroduction and aim

G astro i ntestin al carci n om as

Carcinoma of the oesophagus is a relatively uncommon tumour, and it has a

poor prognosis with only four of 100 patients being alive at 5 year after

presentation. About 2o/o lo 5o/" ol the carcinomas are originating from the

columnar epithelium present at the distal part of the oesophagus, the remaining

cancers are of squamous epithelial origin (6-8). Heavy usage of cigarettes and

alcohol are considered to be the most important risk factors for oesophageal

carcinoma. The presence of epithelial dysplasia is considered to be the most

frequent precancerous lesion of the oesophagus (8,9).

As for oesophageal carcinomas the prognosis of stomach cancer is poor

with a 5 year survival of 5o/o lo 20o/o. Gastric carcinomas form a heterogenous

group of cancers which are difficult to classify. A model for the origin of gastric

carcinoma has been proposed going from normal mucosa via gastritis, atrophic

gastritis, intestinal metaplasia, and dysplasia to gastric cancer (8,9).

Cancer of the large bowel and the rectum, colorectal carcinoma, is next to

carcinoma of the lung, the most lethal form of cancer with more than 4000

deaths ayear in the Netherlands only (1). The majority of colorectal cancers

arise from benign adenomatous polyps or adenomas (9-13). Adenomatous

polyps are proliferations of the intestinal mucosa which project into the lumen o{

the gut. They arise through the loss of growth control of cells in the colonic

crypts (Figure 2). Based on their microscopic appearance adenomas are

divided into tubular, villous, and tubulovillous types, but they all represent

variants of the same neoplastic process (14-16). The hypothesis of the origin of

colorectal carcinomas from benign neoplasia, the adenoma-carcinoma

sequence, is supported by various lines of evidence including histological,

biochemical, and epidemiological studies, as well as experimental colorectal

tumours induced in animals (12-20). The study of familial adenomatous

polyposis coli (FAP) has made an important contribution to the understanding ol

carcinogenesis in colorectal tissue. Familial adenomatous polyposis coli is a
dominantly inherited autosomal disorder characterized by an early onset of

multiple adenomatous polyps in the colorectum, which will inevitably lead to

colorectal carcinoma when untreated (21-23). Colorectal tumourigenesis is

thought to proceed through a series of genetic alterations involving oncogenes
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Chapter I

(e.9. Ras) and tumour suppressor genes (e.9. p53) (23-27). The accumulation
of genetic alteration is recognized in the phenotype of the neoplastic cells and in

the formation ol tumour tissue.

NORMAL
EPITHELIUM

APC gene mutation

PROLIFEBATIVE
CHANGES

Ras mutation

INTERMEDIATE
ADENOMA

I

l+-
t

LATE
ADENOMA

chromosome l8q loss

p53 mutation
chromosome 17p loss

CARCINOMA

I
Il.-
+

METASTASIS
LIVER

other alterations

- 

dilferentiated epithelium

- 

proliferative spithelium

@ n"opt"stic epithelium

Figure 2. Schematic representation of the genetic model for colorectal tumourigenesis
according to Fearon and Vogelstein (24,25) showing sequential steps in the process of
neoplastic growth, cancer invasion, and metaslasis.
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lntroduction and aim

Metastasis

Clinical observation of cancer patients and studies with human tumours in

animals, e.g. xenografts by tumour cell injection or orthotopical implantation,

have revealed that tumour cell types may metastasize to specific organs

independent of vascular anatomy. The site specilicity of tumours was shown to

be dependent not only on the properties of metastasizing cells, e.g. motility,

proteolytic capacity, growth factor production, presence of cell surface

receptors, and adhesion molecules, but also of specific organ factors of the

metastasized host tissue. For colorectal cancer and other gastrointestinal

carcinomas the preferable site of metastasis is the liver (28-34). Metastases are

the commonest tumours seen in the liver. The majority ol patients with a liver

metastasis dies within 5 years (9).

EXTRACELLULAR PROTEOLYSIS

lnvasiveness is the ability of (tumour)cells to cross anatomic barriers that

separate tissue compartments, e.g. basement membranes, interstitial stroma,

and intercellular junctions. Basement membranes do not contain openings large

enough to allow the penetration of invading tumour cells and the same is true

for the interstitial stroma (3). Therefore, to invade this eXracellular matrix

(ECM), the components of these structures have to be proteolyzed. The ECM is

composed ol a large number of components that interact with each other and

with the different cell types which are present (Figure 3). The major constituents

of the extracellular matrix, and in fact the most abundant proteins in mammalian

tissues, are collagens (35,36). Thus far 12 types of collagens have been found,

o{ which types l, ll, lll, and V are the most common in interstitial stroma and

collagen type lV is abundant in basement membranes. ln intercellular spaces

collagens assemble into ordered polymers to form fibrils. Aggregation of these

fibrils form collagen fibers, a major structural component of extracellular matrix

(37-40). Other structural components of the basement membrane and interstitial

matrix are adhesive glycoproteins like laminin, fibronectin, elastin,

entactin/nidogen, vitronectin, osteonectin, and proteoglycans/glycosamino-

glycans like hyaluronic acid and heparan sulphate (41-44). From this brief

enumeration of structural components of the ECM it is clear, that migration of

13



Chapter l

cells through these structures requires a large variety of different proteolytic

activities.

lnvasion takes place in numerous physiological processes in the human

body, in which migration of cells is involved, like angiogenesis, ovulation,

spermatogenesis, embryogenesis, corneal re-epithelization, woundhealing, and

inflammation (a5-5a). Migrating cells are capable of temporarily degrading the

extracellular matrix and basement membranes by means of proteinases.

Numerous studies have shown that breakdown of extracellular matrix proteins

by proteinases is also executed by migrating cells of malignant origin. These

cells are able to degrade the surrounding matrix which enables them to invade

the host tissue and ultimately form metastasis at distant locations in the human

body.

Basement
membrane

lnterstitial stroma

Figure 3. Schematic model of composition and structure of the exlracellular matrix (ECM).

PROTEINASES

Proteinases arc enzymes which hydrolyze peptide bonds. Several

proteolytic enzyme systems have been found and they are divided in four major

classes: aspartyl proteinases (e.9. cathepsin D), cysteine proteinases (e.9.

cathepsin B, cathepsin H, cathepsin L, cathepsin N), metalloproteinases (e.9.

collagenases, gelatinases, stromelysins), and serine proteinases (e.9. cathepsin

G, cathepsin E, elastase, kallikreine, thrombin, trypsin, plasmin, plasminogen

Endotheliu m/Epitheliu m
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lntroduction and aim

activators). Proteinases have been shown to be involved in cell migration in

malignant invasion and metastasis. A number of proteinases, which are

reported to have elevated levels in human malignancies are briefly discussed.

The plasminogen activation system, which is the subject of this thesis, is

described in more detail.

Cathepsins

Cathepsins (Gr: to digest) are a diverse group of acidic proteinases present

in most mammalian cells. They are usually found in lysosomes, but enhanced
presence and excretion into the extracellular space has been described in

pathological conditions. Association of cathepsins with malignancy, particularly

cathepsins B and D, has been suggested by several investigators. Enhanced

levels were found in malignant tissues of colorectum, stomach, ovarium and

bladder (55-58). lncreased amounts of cathepsin D have proven to be of

prognostic importance in breast cancer (59-65). Cathepsins are able to degrade

matrix proteins such as collagens, laminin, fibronectin, and proteoglycans

(Figure 3). Next to the fact that cathepsins are proteolytic themselves,

cathepsins have been shown to activate other proteinases, which are present in

a zymogen form in the extracellular matrix (for example pro-urokinase and pro-

metalloproteinases) (66-70).

M atrix m etal I op rotei nases

The family of matrix metalloproteinases (MMPs) form a group of hydrolytic

enzymes, which share the following features: 1) functioning at neutral pH,2) a

zinc ion at their active site, 3) consistent sequence homologies, 4) secreted in a

latent pro-enzyme form and activated after proteolytic cleavage, 5) inhibited by

tissue inhibitors of metalloproteinases (TIMP-1, TIMP-2). They are roughly

divided into three subgroups based on their (main) substrate: the interstitial

collagenases, the type lV collagenases or gelatinases, and the stromelysins

(66,71-74). There is a large body of literature correlating the expression of

MMPs with tumour invasion and metastasis (75). Especially the type lV

collagenases (MMP-2 and MMP-g) and the broad substrate specific

stromelysins (MMP-3, MMP-7, MMP-10)are reported to be enhanced in plasma
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Chapter I

and in malignant tissues of patients with carcinomas (76-79). Several types of

proteinases, e.g. plasmin, stromelysin, cathepsin B, L, and G, and elastase, are

known to be involved in the activation of pro-metalloproteinases (66).

Plasmin

Plasmin, a serine proteinase, is produced as a single-chain glycoprotein

consisting of 791 amino acids, which has no proteolytic activity: plasminogen.

Plasminogen is lound in plasma and tissues. The liver is the principal site of

synthesis but other tissues have been shown to produce plasminogen also (80).

The zymogen plasminogen is converted to active plasmin by cleavage of the

single-chain molecule. After cleavage the two chains stay linked together by

disulfide bonds. Several proteinases have been reported to be able to perform

this activation, but specific plasminogen activators are considered to be the

most important in vivo. Plasmin contains several domains with specific

characteristics; e.g. a proteolytic domain, and five kringle domains (81). Plasmin

is best known for its fibrinolytic activity in the lysis of blood clots. Next to the

breakdown of fibrin, its 'classical' substrate in the circulation, plasmin is also

able to degrade many matrix proteins, for example fibronectin, laminin,

proteoglycans, and gelatins. Plasminogen and plasmin have been found to bind

to several surface components on different cell types (82-84). The existence of

specific plasminogen receptors has been reported but the significance of those

structures for plasminogen activation has not been completely established yet

(82,85-88), although cell-bound plasmin is found to be resistant to inhibition by

alpha-2-antiplasmin (89). Besides degradation of matrix components and the

activation of MMPs, plasmin has also been found to activate latent forms of

growth factors, which on their turn could play a role in the regulation of

plasminogen activation (90).

This preceding short introduction on proteinases makes clear, that the

proteolysis of complicated structures as basement membranes and interstitial

stroma, which are composed of numerous components, cannot be done by one

'almighty proteinase'. ECM breakdown is a concerted action involving different

proteinases, receptors, and inhibitors, which even may outnumber the

16



lntroduction and aim

components of the matrix they degrade. Despite our growing knowledge about

other proteinase systems, a key role in proteolytic degradation is still assigned

to the plasminogen activation system. Plasmin is a broad spectrum proteinase,

it has the ability to activate pro-MMPs, a family of proteinases with high

proteolytic capacity, and the plasmin mediated degrading process can take

place in a strictly localized way at cell-substrate and cell-cell contacts because

of the presence of specific receptors.

PLASM!NOGEN ACTIVATION

History

Hippocrates (460-377 BC) was probably one of the first scientists who

described invasion of malignant tumours in host tissue (2). The putative role of

proteolytic enzymes in this process, however, was only recognized at the turn of

the 2Oth century. Several studies reported that tumour explants dissolved fibrin

clots, a frequently used tissue culture technique at that time (91-93). Thirty

years later Fisher (94) proposed that this clot lysis by tumour explants could be

due to the activation of serum plasminogen to its active form. ln 1973, after the

demonstration of a dramatic increase in extracellular proteolysis of cultured

cells caused by oncogenic vtruses, an enzyme responsible for plasminogen

activation was identified (95). The name urokinase was introduced after it
became clear that human urine contains large amounts of this plasminogen

activator (96). Now it is clear that the plasminogen activation system is a
proteolytic cascade composed of the enzyme plasmin, its precursor

plasminogen, and two types ol plasminogen activators. The catalytic action of

plasmin and its activators is further modulated by specific inhibitors, while

receptors for plasmin/plasminogen and its activators play a role in both

activation and focussing the proteolytic activity at cell-cell and cell-matrix

contact sites.

P I asm i n ogen activators

Plasminogen activators are glycoproteins which convert plasminogen into

active plasmin. Two distinct plasminogen activators are known, tissue-type

(t-PA) and urokinase-type (u-PA) (Table 1). Both types of plasminogen activator
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Chapter I

are the product of distinct genes and are secreted as single-chain proteins.

u-PA and t-PA also exist in a two-chain form. While two-chain t-PA as well as

single-chain t-PA (sc-t-PA) are both able to activate plasminogen, single-chain

u-PA, in contrast, is an inactive pro-enzyme (pro-u-PA), which needs cleavage

by plasmin, kallikrein, or cathepsin to become the active two-chain form (u-PA)

(97-99). The two chains of cleaved t-PA and u-PA remain linked by disulfide

bonds, like in plasmin. The B-chain of both activators has a proteolytic domain

containing histidine, aspartic acid, and serine residues, similar to that of other

known serine proteinase. A cysteine-rich growth factor domain homologous to

epidermal growth factor, and a kringle structure like in plasminogen are found in

the A-chain of both plasminogen activators (Figure 4). Sequential homologies

within serine proteinases suggest common evolutionary ancestor gene(s) (100).

lmportant structural differences between t-PA and u-PA are an additional kringle

domain and a finger domain at the amino-terminus both located on the A-chain

of the t-PA molecule. These extra structures of t-PA are involved in the binding

to fibrin and hence also in the dependence of t-PA activity on the presence of

fibrin. Therefore, t-PA is considered to be the major activator which participates

in the blood clot dissolution. u-PA does not bind to fibrin, although some effect

of fibrin on u-PA activity has been described (101). (Pro)-u-PA can bind to a
specific u-PA receptor via the growth factor domain of the A-chain, which

localizes the effects. Besides proteolytic activity, u-PA has been shown to
possess mitogenic (102-105) and groMh factor-like properties (106), probably

also via the grovvth factor domain.

The involvement of urokinase in malignancy has been demonstrated by a
number ol in vitro experiments. lnvasion and metastasis of human carcinoma

cell lines in nude mice correlates with the enhanced expression of u-PA (107)

and transfection of different cell lines with the u-PA gene resulted in a significant

increase of invasive capacity (108-110). Moreover, the invasive and metastatic

ability of several cell lines could be blocked with antibodies against u-PA (111-

116). Enhanced presence of u-PA has been reported in primary tumours and

metastases from different tissue origin (117-125), but also in plasma and

ascites of carcinoma patients (126-128).

18
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K3 K4
plasminogen

tissue-type
plasminogen activator

urokinase-type
plasminogen activator

Figure 4. Schematic representation of plasminogen and its aclivators. Domains are labeled K
for kringles, P for proteolytic, F for finger, and G for growth faclor. Arrows represent cleavage
sites; - are disulfide bridges; asterisks represent the active sile serine residues; A and B indicate
chains after cleavage.

P lasm i n og en activator in h ib ito rs

Several types of inhibitors of plasminogen activators have been described:
plasminogen activator inhibitor type-1 (PAl-1), type-2 (PAl-2), type-3 (PAl-3),

and protease nexin-1 (129). With respect to occurrence, specificity, and
reactivity in carcinomas, only PAI-1 and PAI-2 seem to be important.

PAI-1, a 50 kD glycoprotein of 379 amino acids, is synthesized by

endothelial cells and is abundantly present in the circulation. lt is also produced

by a variety of cells in culture, including vascular smooth muscle cells,

hepatocytes, fibroblasts, and tumour cells (130). At the cellular level PAI-1 is
located in the cell substratum attached to the ECM (131), regulating pericellular

proteolysis by forming inactive complexes with sc-t-PA, t-PA, and active u-PA,

but not with inactive pro-u-PA. Uncomplexed PAt-1 is unstable and degenerates
into a latent form unless it is stabilized by binding to vitronectin. The occurrence

BA
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of enhanced PAI-1 levels has not only been shown in several tumour cell lines

but also in carcinoma tissues (132-134).

PAI-2 is found to be synthesized in the placenta and by monocytes (135-

137). lt occurs in 2 forms, unglycosylated in cytosols (47 kD) and secreted in a
glycosylated form (60 kD). PAI-2 inhibits u-PA better than sc-t-PA or t-PA, but it

does not interact with pro-u-PA. A role for PAI-2 in inflammatory processes is

suggested (138). PAI-2 has been detected in the medium of several neoplastic

cell lines and in malignant ascites (130,137). Degradation of extracellular matrix

by colon cancer cell lines via the urokinase pathway of plasminogen activation

was inhibited by administration of recombinant PAI-2 (139).

PAI-3 is found in urine and plasma (129,140,141), and is thought to be

identical to the protein C inhibitor. Although PAI-3 has been reported to be

present in occasional colonic and breast carcinoma cells (142,143), the role of

this inhibitor in malignancy is unclear.

Protease nexin-1, a glycoprotein found in fibroblasts, is an unspecific serine
proteinase inhibitor of trypsin, plasmin, and thrombin. Studies on the distribution

of protease nexin-1 in various tissues have shown that it is primarily a brain
protein (144). Although protease nexin-1 is less reactive with plasminogen

activators than PAI-1 or PAI-2, inhibition of tumour cell matrix degradation by

protease nexin-1 has been reported (145).

P lasm inogen activator receptors

Urokinase can bind to the surface of cells via the urokinase receptor

(u-PAR) (146,147). This receptor was first found on monocytes and has been

detected since on a variety of cancer cell lines. lt is a single-chain, cysteine-rich,
highly glycosylated protein of 335 amino acids. The receptor is post-

translationally processed to a protein of 313 amino acids consisting of three

internal repeating domains and it is attached to the cell surface by a glycosyl-

phosphatidylinositol (GPl) anchor. The u-PA receptor binds pro-u-PA and u-PA

with high affinity (Kd 0.1-1.0 nM) (148). The receptor binding site of u-PA is

located at the growth factor domain of the A-chain (amino acids 13-30).
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Table 1. Characteristics of some imporlant components of the plasminogen activation pathway

(1 58).

Component Molecular Weight Amino Acids Chrornosome Specificity

Plasminogen

t.PA

u-PA

PAI.l

PAI2

PAI.3

protease nexin-1

u-PA receptor

791 6q e.g. laminin,
fibronectin,

fibrin, proteoglycans,
u-PA, gelatins

plasminogen

plasminogen

t-PA, u-PA

u-PA, t-PA

u-PA, t-PA, thrombin

trypsin, thrombin,
plasmin, u-PA, t-PA

pro-u-PA, u-PA

72

54

50

47ul6Og

43

43

55.60

530

41'l

379

415

406

374

31 3-335

8pq

1oq

7q

18q

14

?

19q

p = shod arm of the chromosome; q = long arm of the chromosome;
u = unglycosylated; g = glycosylated.

Receptor-bound pro-u-PA can be converted to its active form. u-PA at the cell

surface is still sensitive to inhibition by PAI-1 and PAI-2 in contrast to surface

bound plasmin, which escapes inhibition by alpha-2-antiplasmin. The u-PA

receptor focusses the enzymatic activity of u-PA, and hence ol plasmin, at focal

and cell-cell contacts. On top of that, the receptor also regulates the proteolysis

by internalizing u-PfuPAl complexes. lnternalized receptor releases the ligands

u-PA and PAI to the cell lysosomes, and recycles back to the surface (149)'

Recently, a role of u-PA and its receptor in signal transduction has been

suggested (150,151) in addition to the proteolytic activity and the previously

mentioned mitogenic role.

Several cell surface structures have been reported which bind t-PA.

Although t-PA binding has been reported for human endothelial cells and liver

cells rn vitro,lhe nature of these structures has not been fully characterized yet.

A role for liver cell t-PA receptors is suggested in the rapid clearance of t-PA

from the circulation by internalization of t-PA/PAl-1 complexes (152-155). The

finger domain of t-PA has been reported to be involved in binding to endothelial

t-PA receptors (156).
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AIM OF THE STUDIES

Plasminogen activation is a complex cascade of interactions in between

active enzymes, zymogens, inhibitors, and receptors. ln a number of

physiological and pathological processes in which migration of cells is involved,

plasminogen activation, particularly via the urokinase pathway, seems to play a

key role. ln previous studies carried out by our group (157), the presence of

plasminogen activators in normal and neoplastic epithelial tissue of the

colorectum was investigated. Those studies made clear that in the development

of colorectaltumours urokinase is the most prominent plasminogen activator. ln

the present thesis, the role of the major components which contribute to the

regulation of the function of plasminogen activators in gastrointestinal

malignancies is further investigated. ln order to do so, the studies comprised

analyses of activators and inhibitors on protein and mRNA level, as well as their

functional interactions, and the contribution of the u-PA receptor. The studies

also included tissues from other parts of the gastrointestinal tract than the

colorectum.

ln the first place, the tissue localization of urokinase in colorectal tumours is

investigated using a monoclonal antibody against u-PA in an immuno-

histochemical study. Secondly, the presence of u-PA and t-PA in carcinomas ol

the upper part of the gastrointestinal tract is evaluated using endoscopically

obtained biopsies from oesophageal and stomach origin. Uncontrolled

extracellular proteolysis will eventually be catastrophic for the host tissues as

well as for the tumour. Specific inhibition of a large potential of proteolytic

enzymes could be a way to regulate this activity. ln order to study the possible

regulating role of the two fast-acting inhibitors PAI-1 and PAI-2 in the proteolytic

activity of u-PA and t-PA, both inhibitors are investigated by measuring their

presence and activity in normal and neoplastic colorectal tissues using specific

ELISAs and zymograms. Special attention is focussed on.the presence of the

plasminogen activation system in colorectal adenomatous polyps and in

metastases in the liver, respectively the major precursor and the final stage of

colorectal carcinogenesis. Another important component in the regulation of the

urokinase pathway of plasminogen activation, the urokinase receptor, is studied

with a radioligand binding assay in gastrointestinal carcinomas, colonic
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adenomas and liver metastasis, and in their corresponding normal tissues. ln

the last section of this thesis the regulation of plasminogen activation is studied

in gastrointestinal neoplasia at the level of RNA expression. mRNAs of u-PA, its

receptor, and the inhibitors PAI-1 and PAI-2 are evaluated in endoscopical

biopsies of gastrointestinal neoplasia and adjacent normal tissues using

northern blotting. The imbalance between activation and inhibition of

plasminogen activators in (pre)carcinomatous tissues will be discussed in

relation with the possible diagnostic and clinical value of determining

plasminogen activator parameters in gastrointestinal tumours.
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SUMMARY

Carcinogenesis in the human colon is associated with a marked increase in

the tissue content of the urokinase-type plasminogen activator (u-PA). This

study was performed to determine the type of cells responsible for the u-PA

increase in carcinomas of the colon and in their precursor lesions, the

adenomas, by immunohistological evaluation applying monoclonal antibody

3689 directed to the B-chain of u-PA.

Normal intestinal mucosa (n=12) showed hardly any staining of u-PA, but

some lamina propria cells were laintly positive. Carcinomas (n=17) and

adenomas (n=16) showed a considerable and comparable staining intensity of

u-PA in neoplastic columnar epithelial cells, and this staining was found to be

diffuse and cytoplasmic. ln a majority of the neoplastic tissues the u-PA staining

was found to be patchy and not related to known risk markers of malignancy

such as dysplasia in the adenomas, or to prognostic determinants such as

Dukes' classification or differentiation in the carcinomas. The observation of

strong u-PA positive lamina propria cells in adenomas, but infrequently

observed in normal mucosa and carcinomas, was noteworthy. u-PA staining

intensity of the tissue sections was found to correlate well with the u-PA antigen

level in the tissue extracts determined by ELISA (R=0.52, p=0.0001), but poorly

with the u-PA activity determined enzymatically (R=0.28, p=0.05).

ln conclusion, the u-PA increase in neoplasia of the human colon can be

attributed to an increased diffuse cytoplasmic content of u-PA in neoplastic

columnar epithelial cells.

INTRODUCTION

Malignancies, particularly solid tumours, are associated with a marked

increase in the urokinase-type plasminogen activator (u-PA). This enzyme has

been implicated - either directly by the activation of the plasmin system or

indirectly by the activation of pro-collagenase type lV - in the processes of

tumour growth, invasion, metastasis, and prognosis (1-7). ln colon cancer tissue

increased u-PA activity and antigen levels (8-12), and enhanced secretion of

u-PA by explants (13) have been reported. Moreover, elevated levels of u-PA

antigen in serum (14) and urine (15) have been observed. ln addition, colon
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cancer cell lines with enhanced u-PA production were found to have increased

numbers of u-PA receptors (16), indicative of autocrine mechanisms, and a high

level of breakdown of basement membrane components (17). Colon tumour

cells rn vitro are able concomitantly to produce u-PA and the plasminogen

activator inhibitor PAI-1 (18); the inhibitor PAI-2 was found to reduce their matrix

degradation (19). Analysis of adenomas and carcinomas of the human colon,

however, provided evidence ol in vivo inaccessibility of u-PA to both inhibitors

(20).

Most of the studies on u-PA in colon have involved biochemical and

immunological detection of the enzyme in cell or tissue homogenates, and only

a few studies have focused on the localization of u-PA within tissues. Several

reports have provided illustrative evidence of u-PA in cancer tissue by

immunohistological methods (13,15,21), but only a few of these reports

evaluated larger series of tissues. Burtin et al. (22) found weak positive u-PA

staining by immunofluorescence in 50% of the 34 colon carcinomas studied,

whereas Kohga et al. (23) found all of their 33 carcinomas to be u-PA positive

using immunoperoxidase techniques, with apical staining of malignant cells and

a correlation with the u-PA activity in tissue homogenates. A small series of

eight adenomas, the colonic precursor lesion to carcinomas, were also shown

to have increased staining of u-PA in the neoplastic epithelial cells.

The present study was performed to determine the localization of u-PA,

using the well-defined monoclonal antibody 3689 directed to an epitope within

the B-chain of u-PA, in normal mucosa and in adenomas and adenocarcinomas

of the human colon. The u-PA immunohistological results were correlated with

risk Iactors for malignancy in adenomas (dysplasia and architecture) and with

prognostic determinants in adenocarcinomas (Dukes' stage and differentiation).

The immunohistological results were correlated with u-PA activity and with u-PA

antigen levels in the tissue extracts, determined in assays with polyclonal

antibodies to u-PA.
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PATIENTS, MATERIALS AND METHODS

Tissue

Adenocarcinomas (n=17) of the human colorectum were from fresh

resection specimens obtained from the Department of Surgery, University

Hospital Leiden. Adenomas (n=16) were freshly obtained by polypectomy at the

Department of Gastroenterology in Leiden. Representative parts were selected

and divided into two: one part was routinely fixed in 10% phosphate-buffered

formaldehyde (pH 7.0) and embedded in paratfin wax, the other was

immediately frozen and stored at -70oC. Normal colonic mucosa (n=17) was

obtained from the resection margins of the surgery specimens and was

processed in a similar way.

Routine histology

Tissue sections, 5 pm thick, were stained with hematoxylin and eosin for

routine histological evaluation. Classilied according to Dukes (24), eleven of the

carcinomas were stage B and six were stage C; differentiation grading showed

three to be poor, eight moderate and six well-differentiated. Seven of the

adenomas showed tubular mucosal architecture and nine villous; assessment

of the degree of epithelial cell dysplasia showed four to be mild, six moderate

and six severe (25).

I m m unohistology for u-PA

Adjacent serial sections were mounted on gelatine-coated glass slides,

deparaffinized by xylene and alcohol and used for immunohistology, employing

the alkaline phosphatase-anti-alkaline phosphatase (APMP) procedure (26) as

previously described (27). lon exchange purified lgG of monoclonal antibody

3689 (1.8 mg/ml), was used at a 1:2000 dilution in Tris buffer (0.02 M Tris-HCl,

0.125 M NaCl, pH 8.5) containing 1olo (w/v) bovine serum albumin for 16 hours

at 4oC. Monoclonal antibody 3689 (American Diagnostica, Greenwich, CT,

USA) is directed against an epitope within the B-chain of u-PA and recognizes
pro-u-PA, high molecular weight (HMW) u-PA, and low molecular weight (LMW)

u-PA (27). Subsequently the sections were incubated with rabbit anti-mouse

lgG (1:25; Sigma, Mtinchen, Germany) and mouse APAAP complex (1:50;
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Dakopatts, Copenhagen, Denmark) lor 20 minutes each at 23oC, with washing

between steps. The alkaline phosphatase activity was visualized by incubation

with the naphthol AS-MX phosphate plus Fast-Red TR substrate solution,

containing 1 mM levamisole. lntrinsic alkaline phosphatase activity, particularly

found in microvilli of epithelial cells from normal colonic mucosa, was found to

be absent from control sections incubated with this concentration of levamisole.

The nuclei were counterstained with haematoxylin. Negative controls consisted

of incubations with omission of primary antibodies. Seclions from normal

kidney, in which tubule cells are positive, served aS positive controls.

lmmunohistochemical staining of u-PA was evaluated for intensity and

estimated percentage of positive (neoplastic) epithelial cells as follows: 1 = flo

positive cells; 2 = few cells with weak positivity; 3 = few cells with distinct

positivity; 4 = weok positivity of all cells; 5 = we?k to distinct positivity in most

cells (with negative areas); 6 = weak to distinct positivity in all cells; 7 = distinct

positivity in all cells.

u-PA determinations

For u-PA determination, tissue samples were homogenized in 1 ml 0.1%

(v/v) Tween 80, 0.1 M Tris-HCl buffer (pH 7.5) per 60 mg wet tissue, as

described previously (12). The homogenates were centrifuged twice at 8 x 103

g tor 2.5 minutes, the supernatants collected and used in the assays. Protein

concentrations were determined by the method of Lowry (28). u-PA antigen was

determined by a sandwich ELISA with rabbit anti-u-PA as catching antibody,

and affinity purified goat lgc anti-u-PA as second antibody (29). The samples

were incubated overnight at 23'C in a 1:10 or 1:2O dilution before the second

antibody was applied. Finally, samples were incubated with rabbit anti-goat

lgG-alkaline phosphatase conjugate for 2 hours, followed by the substrate,

para-nitrophenyl-phosphate. The ensuing colour reaction was measured

spectrophotometrically. All steps were followed by appropriate washing. A

standard curve of 0-5 ng/ml HMW u-PA was included in the assay. u-PA activity

was determined in a spectrophotometric assay which consisted of incubating

the tissue extract with plasminogen, fibrinogen fragments, and a chromogenic

plasmin substrate (5-2251). Specific u-PA activity was calculated by adding
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inhibiting antibodies to u-PA to parallel incubations and determining the

inhibition kinetically by subtraction (12,30). HMW u-PA standard preparation,

batch nr 66/46 (National lnstitute of Biological Standards and Control, London,

UK) was used as reference in both assays.

Calculations and statistical analysis

u-PA activity is expressed as mlUimg protein and u-PA antigen as ng/mg

protein. The relation and differences between the different parameters studied

were evaluated by the analysis of variance, linear regression statistics,

Student's f-test or separate variance estimate, and 72 or Fisher's exact-test.

Differences were considered significant when p<0.05.

RESULTS

Remarkable differences were observed between the immunohistological

u-PA staining intensities of normal mucosa, adenomas, and carcinomas.

Normal mucosa showed hardly any u-PA positivity (Figure 1a). Sometimes the

surface epithelium showed some weak u-PA positivity. Besides the occasional

positive epithelial cell, there were no positive goblet cells, but some faint

staining of incidental lamina propria cells, i.e. scattered lymphocytes,

histiocytes, and granulocytes, was observed (Figure 1b).

Carcinomas showed a wide range of staining intensities for u-PA in

neoplastic epithelial cells (Figures 1c & 1d). ln general, we found diffuse

cytoplasmic staining of u-PA in the tumour cells, and no particular membrane

staining was observed. ln the majority of the carcinoma specimens, stromal,

muscle, and occasionally endothelial cells were also found to be positive for

u-PA. Within the carcinomas the central part of the tumour showed the highest

u-PA staining intensity in only 24o/o (4117) of the cases. There was no

correlation between intensity of staining and Dukes' stage or grade of

differentiation. ln the adenomas as well as in the carcinomas an evident patchy

distribution of u-PA staining intensity was frequently observed (respectively in

12116 =75o/o and 12117 =71o/o ol the specimens, Figures 1e & 1f ).
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Figure i. lmmunolocalization of urokinase-type plasminogen activator (u-PA) antigen rvith

m6noclonal antibody 3689 in a & b normal mucosa, c & dcarcinorna, e & f adenoma of the

human colon. a & b ln norrnal colonic mucosa, only scattered cells of the hmina propria show

weak positivity, whereas epithelial cells (and goblet cells) are negative in this area (u-PA scorg

= 1). ; & dClrcinomas show distinct positive for u-PA with variable intensily of the individual

tumour cells and some staining of the strorna (u-PA scores = 5). e & f Adenomas show a ditfuse

and patchy staining of epithelial cells. Heterogeneous intensity of u-PA staining in tubular
glands is fromineniwith scattered positively stained cells the lamina propria (u-PA score = 6).

APAAP: a, q & ex160; h d, and fx640.
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flNormal mucosa Z Ad.no^a ffi carcinoma

2345
u-PA immunohistological score

Figure 2. Distribution ol the immunohistological score for urokinase-type plasminogen activator
(u-PA) in normal mucosa, adenornas, and carcinornas of the human colon. Adenomas and
carcinornas showed a significantly higher u-PA staining intensity than normal mucosa (X2=47.5,
p<0.000005).

Adenomas sometimes showed areas of high staining intensity of u-PA in

epithelial cells with dysplasia (Figure 1e). However, no significant correlation

was found between the degree of dysplasia and u-PA staining intensity: for mild

dysplasia the mean u-PA score was 4.8 (n=4); for moderate dysplasia the mean

score was 5.7 (n=6); and for severe dysplasia the mean score was 4.3 (n=6).

Moreover, no ditference was found between u-PA staining in tubular and villous

adenomas. ln a majority of the adenomas, in addition to epithelial cell staining,

cells in the lamina propria were found to contain u-PA, in particular between the

crypts (Figure 1e). This phenomenon of u-PA positive lamina propria cells was

not observed in any sample of normal mucosa, and was seen infrequently in the
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o Normal mucosa a Adenoma o Carcinoma

234s
u-PA immunohistological score

Figure 3. Correlation between the urokinase-type plasminogen activalor (u-PA)

immunohistological score of tissue sections, using monoclonal antibody 3689, and the u-PA
antigen levels, determined by ELISA with polyclonal antibodies to u-PA, in the corresponding
tissue homogenales. Norrnal colonic mucosa, adenomas, and carcinomas combined showed a
significant correlation (R=0.52, P=0.0001 ).

carcinomas (3117; 18%), but was very {requently observed in the adenomas

(12116;75%, p<0.002 versus normal mucosa and carcinomas).

The immunohistological staining intensity of u-PA, as evaluated by our

scoring system, was found to increase significantly from normal mucosa

through adenoma to carcinom a (X2=42.5, p<O.OOOOOS, Figure 2). Moreover, the

mean staining intensity of u-PA increased in parallel with both the activity and

the antigen levels found in the respective tissues (Table 1). ln alltypes of tissue

combined, the linear correlation coefficient of the u-PA immunohistological

score with activity levels was rather low (R=0.28, P=0.05), whereas the

correlation with the antigen level was found to be fairly good (R=0.52, p=0.0001,

Figure 3).
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Table 1. Urokinase-type plasminogen activator (u-PA) profile of human colonic lissues. Results
are mean values + SEM.

Determination
Normal mucosa Adenorna

(n='17) (n=16)
Carcinoma

(n=17)

u-PA aclivity mlU/mg protein

u-PA antigen ng/mg protein

u-PA immunohistology

64.8 t 9.8

4.8 + O.gb,c

4.9 + O.sb

Significance of difference from normal mu@sa: a p<0.05 and b p<0.001
Significance of difference from carcinoma: c p<0.005

DISCUSSION

Neoplastic tissues of the human colon were found to express elevated levels

of u-PA antigen as determined by immunohistology using monoclonal antibody

3689. The u-PA staining intensity of the tissue sections corresponded well with

the u-PA antigen level, determined by ELISA, and to a lesser extent with the

u-PA activity level, determined enzymatically, in homogenates of the same

tissue specimens. The neoplastic epithelial cells were found to be the

predominant u-PA containing cell type, with u-PA identified by a diffuse

cytoplasmic staining. Adenomas also showed a prominent staining of u-PA in

cells of the lamina propria. No relation was found in adenomas or carcinomas of

the colon between the intensity of the u-PA staining and other leatures of

(pre)malignancy such as dysplasia and differentiation ol the tumours.

Human carcinomas originating from the colon (13,15,21-23,31), oesophagus

(15), stomach (15), uterus (32,33), ovary (33), breast (27), and prostate (34)

have been found to be positive for u-PA by histological evaluation. These

observations illustrate that malignant transformation of epithelial cells is

associated with an increased intracellular content of u-PA, an antigen which is

only sporadically observed in their normal tissue counterparts. ln the present

study we sometimes found a weak positivity of the luminal epithelium and an

occasional lamina propria cell positive for u-PA in normal mucosa. The type of

cell could not definitely be identified, but granulocytes (23), natural-killer cells

(35), and fibroblast or macrophage-like cells present in the lamina propria

(32,36) have been reported to show positive u-PA staining. ln contrast to earlier

reports where polyclonal antibodies to u-PA were used (23,31)we did not find

43.6 !7.7

1.0 r 0.2

1.1 I 0.1

121.1 t 29.7a

10.3 r 1.5b

s.1 * o.4b
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any positively stained globlet cells when monoclonal antibody 3689 was used.

With respect to the subcellular localization of u-PA in the (pre)malignant

epithelial cells of the colon, we found a diffuse cytoplasmic staining which is in

accordance with most other studies: some workers (23,31) have shown an

intense apical or luminal cell membrane staining of u-PA, but they did mention

that the localization of the u-PA staining depended on the polyclonal and

monoclonal antibodies used (31). The distribution of the staining within the

malignant tissues in both our study and those of others was found to be patchy,

and some studies even reported that the invasive part of the tumours contained

the highest intensity of u-PA staining (23,34). This observation was not

confirmed in the present study as a general phenomenon, but was observed in

a minority of the tissues evaluated.

Adenomas were found to show a similar distribution of u-PA staining as the
carcinomas, as observed previously in a preliminary study by Kohga and

co-workers (23). The high frequency of u-PA positive lamina propria cells in the

adenomas, which has not been reported before, was a remarkable observation

in the present study. Although a definite identification of the type of cell was not

established, they appeared to be eosinophilic granulocytes.

The present study showed a good and statistically significant correlation

between the antigen level, determined by an ELISA, and the immuno-

histologically determined presence of u-PA in neoplastic tissues of the human

colon. The correlation with the activity level of u-PA, however, was found to be

less good. This observation can be explained by the fact that, as reported in a
previous study (37), 75o/o ol u-PA is present in its inactive pro-enzyme form

(pro-u-PA), which, although not detected in the activity assay, is recognized by

the antibodies used in the ELISA and immunohistology. Markus et a/. (13) and

Kohga et al. (23) also found an associalion between u-PA histology and tissue

extract u-PA activity in the colon which was not further quantified. Similar to the
present findings on colon cancer, was the observation of a significant

association between u-PA histology and antigen level in breast cancer made by

Jdnicke et al. (27), applying another monoclonal antibody (394).

We found no relation between u-PA staining and risk factors for malignancy

in adenomas (such as mucosal architecture and dysplasia) or prognostic

43



Chapter ll

determinants in colorectal malignancy, such as differentiation and Dukes'stage.

Although some reports have indicated an association between u-PA antigen

and epithelial dysplasia in adenomas (38) and between u-PA activity and

Dukes' stage in colon carcinomas (39), most studies show no statistically

significant association between such parameters and u-PA expression (10-15,

23,27,37). Studies on breast cancer have revealed, however, that an increased

level of u-PA antigen is a potent predictor for early relapse and survival (27).

These observations further support the notion that u-PA may act as an

independent prognostic determinant for solid tumours.
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SUMMARY

Carcinogenesis in the human colon is associated with a marked increase of

urokinase-type plasminogen activator and a decrease of tissue-type

plasminogen activator. This study was performed to determine the

concentrations of urokinase-type plasminogen activator (u-PA) and tissue-type
plasminogen activator (t-PA) in normal tissue and carcinomas along the upper

part of the gastrointestinal tract. Activity and antigen levels of both activators

were determined in homogenates of endoscopically obtained biopsies from

normal and carcinomatous tissues. Although the concentrations of both t-PA

and u-PA in normal squamous epithelium of the oesophagus were low

compared with those in columnar epithelium from the stomach, the u-PA/t-PA

antigen ratio of the different locations showed hardly any difference. Significant

but heterogeneous increases were found in u-PA concentrations of biopsy

specimens originating from carcinomas of both epithelial celltypes. A decrease

in tissue-type plasminogen activator concentrations, as found in human colon

carcinomas, could only be shown in carcinomas of columnar epithelium origin

but not in squamous cell carcinomas of the oesophagus. The increase of

urokinase-type plasminogen activator and u-PM-PA antigen ratio, and the

decrease of tissue-type plasminogen activator in the carcinomas did not show a

significant correlation with known prognostic determinants as differentiation

grade, TNM classification, intestinal metaplasia, inflammation, and ulceration.

The heterogeneous increase of urokinase in oesophageal and stomach

carcinomas, together with the recently described association of u-PA in tissue

extracts of breast carcinomas with aggressiveness and prognosis, may be of

relevance to prognostic studies in oesophageal and gastric cancer.

INTRODUCTION

Plasminogen activators are involved in many protein degrading processes

by converting plasminogen into the active enzyme plasmin. Tissue-type

plasminogen activator (t-PA) is a key enzyme in thrombolysis, while urokinase-

type plasminogen activator (u-PA) plays a major role in extracellular matrix

breakdown related activities like tissue remodelling and tumour invasion (1,2).

Tumour e*racts of different origin such as breast, lung, prostate, stomach, and
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colon were found to have raised concentrations of plasminogen activator

activities. lmmunological characterisation revealed that most malignant cells

and tissues predominantly produce u-PA rather than t-PA depending on their

origin (1-8). Little is known, however, about plasminogen activators in solid

tumours of the upper gastrointestinal tract. Early studies using crude fibrinolytic

activity assays and histochemical fibrin slide techniques revealed plasminogen

activators to be present in cancer tissue and cell lines obtained from the oral

cavity and stomach (9-11). A significant increase of urokinase-type plasminogen

activator antigen in carcinomatous tissue extracts of oesophagus and stomach

has recently been reported by Nishino et al. (12), while Takai etal. (13) have

found a significant increase of total plasminogen activator and urokinase-type

plasminogen activator activity in gastric carcinomas. Moreover, increased

secretion of u-PA by gastrointestinal tumours has been shown by raised plasma

and urine urokinase-type plasminogen activator concentrations in patients with

carcinomas of the pancreas, stomach, and colorectum (12,14). We have

previously shown that adenocarcinomas of the colon have a five to ten fold

increase in u-PA content accompanied by a three to five fold decrease of t-PA,

based on activity and antigen measurements (15). Comparison of plasminogen

activator content between colon carcinoma resection tissue and endoscopically

obtained biopsies of the same patients showed good agreement. ln the same

study a small group of six carcinomas of the stomach showed comparable

results (16). The aim of the present study was to determine the concentrations

of tissue-type plasminogen activator and urokinase-type plasminogen activator

in carcinomas along the upper part of the gastrointestinal tract using

endoscopical biopsies. For that purpose a comparison was made between

plasminogen activator content of normal and carcinomatous biopsies of the

oesophagus aligned with squamous epithelium, and of the distal oesophagus

and different parts of the stomach aligned with columnar epithelium. Also the

relation of plasminogen activator concentrations with histologically scored

parameters such as differentiation grade, TNM classification, inflammation,

ulceration, and intestinal metaplasia of the carcinomas was investigated.
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PATIENTS, MATERIALS AND METHODS

Patients and biopsies

Normal mucosal biopsy specimens from three different locations of the

upper gastrointestinal tract (squamous oesophagus, corpus/antrum,

bulbus/duodenum) were taken during endoscopy from six dyspeptic patients

without demonstrated pathology (2 men, 4 women, age 45-48 years). These

biopsy specimens were confirmed endoscopically and histologically to have no

signs of underlying disease. From patients with a carcinoma in the oesophagus

or stomach (37 men, 10 women, age 49-88 years) biopsy specimens were

obtained from macroscopically suspected tissue and from normal mucosa 5-10

cm distal and/or proximal to the tumour. One male patient had two separate

oesophageal carcinomas. The biopsies were immediately frozen at -70oC. For

routine diagnostic purposes and for reference, adjacent biopsies were

histologically examined by the pathologist and scored for inflammation,

ulceration, intestinal metaplasia, and grade of differentiation. TNM classification

of the carcinomas was performed, when possible, according to Hermanek and

Sobin (17) based on routine clinical evaluation. All patients included were

histologically confirmed to have a carcinoma. The carcinomas were divided into

two groups - that is, squamous cell carcinomas of the oesophagus and

adenocarcinomas of the lower oesophagus and stomach, and for distinctness

called respectively oesophageal and stomach carcinomas.

Iissue ertraction and protein concentration

Biopsies were homogenized in 1 ml O.1Y" (vlv) Tween g0; 0.1 M Tris-HCl

(pH 7.5) per 25 mg wet tissue as described before (16). The homogenate was

centrifuged twice at 8 x 103 glor2.5 minutes,4oC. Protein concentration of the

supernatants was determined by the method of Lowry et al. (18).

ELISA for u-PA

The sandwich ELISA for urokinase-type plasminogen activator was carried

out according to Binnema ef a/. (19). Rabbit anti-u-PA was used as catching

antibody and after incubation of the samples, affinopurified goat anti-u-PA lgG

(0.8 pg/ml) was added and incubated overnight. After washing, 100 pl optimal
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dilution of rabbit anti-goat lgG conjugated with alkaline phosphatase was added

and 100 pl para-nitrophenyl-phosphate (1 mg/ml) was used as substrate. The

amount of u-PA antigen in the samples was calculated from an eight-point

standard curve of u-PA (0-5 ng/ml).

ELISA for t-PA

Tissue-type plasminogen astivator antigen was measured essentially as

described by Rijken et al. (2O). Rabbit anti-t-PA was used as catching antibody,

an anti-t-PA horseradish peroxidase conjugate (Biopool, Sweden) as second

antibody and 3,3',5,5' tetramethylbenzidine was used as substrate. Absolute

quantities of t-PA antigen in the samples were calculated from an eight-point

standard curve of tissue-type plasminogen activator (Biopool, Sweden, 0-4

ng/ml).

P lasm inogen activator activity assay

u-PA and t-PA activities were measured by a spectrophotometric enzyme

assay as described previously (15). ln brief, tissue extract was incubated with

plasminogen, fragments of fibrinogen and the chromogenic plasmin substrate

5-2251 (Kabi, Stockholm) to detect total plasminogen activator activity.

Tissue-type plasminogen activator and urokinase-type plasminogen activator

activities were determined by adding specific inhibiting antibodies against t-PA

and u-PA, rabbit anti-human t-PA lgG and goat anti-human u-PA lgG

respectively, to parallel incubations and calculating the amount of inhibition.

Urokinase-type plasminogen activator and tissue-type plasminogen activator

standard preparations (National lnstitute of Biological Standards and Control,

London, UK, batch nrs 66/46 and 83/517 respectively) were included. The

inhibiting antibodies used were monospecific, showed no cross-reactivity, and

blocked maximum standard u-PA and t-PA activity completely.

Calculations and statistical analysis

Activator activities were expressed as mlU urokinase-type plasminogen

activator or tissue-type plasminogen activator per mg protein. Antigen

concentrations were expressed as ng antigen per mg protein. Results are given
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as mean t SEM. Difference between group means were statistically tested for

significance using paired and unpaired Student's t-test with separate variance

estimate if the standard deviations were significantly different according to the

F-test. Differences were considered significant when p<0.05.

RESULTS

The antigen and activity levels of both plasminogen activators in normal

tissue showed a steady increase going from squamous oesophagus to the

stomach and duodenum. u-PA and t-PA in squamous oesophagus were

significantly lower than in the stomach. Duodenal tissue contained more

tissue-type plasminogen activator than stomach tissue, but the concentration of

urokinase-type plasminogen activator in duodenal mucosa was found to be

similar to that of the stomach (Table 1).

Table 1. Plasminogen activators in endoscopical biopsies from squamous oesophageal and stomach
carcinomas compared with normal tissue biopsies lrom patients wilhout (controls) or with (normal mucosa)
carcinoma. Results shown are mean values t SEM.

Tissue-typeplasminogen activator Urokinase-typeplasminogenactivator

(n) antiqon (n) activitv (n) antiqon (n) activiW
ndmg mlU/mg
protein protein

ngmg
protein

mlU/mg
protein

Squamous oesophaqus

controls

normal mucosa

carcinoma

Stomach

controls

normal mucosa

carcinoma

Duodenum

controls

(5) 2.0 + 0.5 (6) 11 + 6

(22\ 4.1 r 1.1 (24) 175 r 56b

(16) 4.3 + 1.0 (16) 2es r 1ss

1re1 o.et o.oh (12) 1351 + rsTh (12)

1zs1 z.+rt.st (s0) tazs+'rzsh (so)

(32) s.8 r 1.s (s2) 442+ BBe @z)

(s) 0.7 !0.2 (6) 4t 2

(23) 1.4t0.4 (24) 17t 5a

(16) 1 8.3 r 4.5d (1 6) 60 r 23

s.g t o.7s 1r zy +o t es

1.8r0.3c 1SO1 Serttg

12.4 t 1 .4e (32) 78 I 14

(i2) 10.1 t r.oh'i 1rz; zzzax+othi (12) +.2t.o.th 1tz1 so t tor

Signilicance of ditlerence lrom:
controltissue: 1p<0.05; Dp<0.01; cp<0.005

normal mucosa: d p<0.005; e p<0.0005 .

(comparable)oesophagealtissue: ! p<0.05; 9p<0.001; hp<0.0005

stomach tissue: I p<0.05; I p<0.01
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ln general, the normal mucosa of the patients with a carcinoma showed a

similar pattern although normal mucosa of squamous carcinomas contained

higher concentrations of plasminogen activators, in particular based on activity,

than corresponding normal mucosa of control patients. For u-PA antigen in the

stomach the opposite was observed.

Urokinase-type plasminogen activator antigen in carcinomas showed a six

to seven fold increase in the stomach and a more than thirteen fold higher

concentration in oesophagealtissue compared with normal mucosa. Although in

both carcinomas and normal mucosae u-PA antigen and u-PA activity showed a

Stomach Duodenum

NlControl tissue fl Normal tissue Z}arcinoma

Figure 1: Ratio between urokinase-type plasminogen activator antigen and tissue'type
plasminogen activator antigen in endoscopical biopsies from squamous oesophageal and

stomach carcinomas compared with normal tissue from patients without (controls) or with a
carcinoma. Significance of difference from normal lissue: * p<0.01 ; # p<0.0001 .
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significant correlation (respectively, R=0.38, p<0.01 and R=0.41, p<0.005) and

the activity of u-PA in carcinomas was higher than in normal mucosa, this

difference did not reach statistical significance (Table 1). Also with respect to

t-PA, antigen and activity were in general significantly correlated in carcinomas

(R=0.58, p<0.0001) and normal mucosa (R=0.32, p<0.05). Moreover, t-PA

antigen as well as t-PA activity in oesophageal carcinoma tissue were not

different from normal tissue concentrations. Tissue-type plasminogen activator

in stomach carcinomas, however, showed a significant reduction in activity

compared with normal stomach tissue, which was not seen in t-PA antigen

concentration. The u-PM-PA antigen ratio showed no differences between

normal and control mucosa independent of the origin of the tissue.

.E 30
o
L
CL
o
E
EDc20
co
.s)
c6

t,o

Squamous
oesophagus

n=12

Cardia

]l=1 5

Corpus/
lundus

n=4

Antrum

Il=8

Figure 2: Urokinase-type plasminogen activator antigen in endoscopical biopsies from patients

with squamous oesophageal or stornach carcinomas. N: norrnal mucosa, C: carclnoma lissue.
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Carcinomas of the oesophagus and stomach had respectively 14 and 10 times

higher ratios than normal tissues but were not different from each other

(Figure 1). u-PA antigen and the u-PA/t-PA antigen ratio of carcinoma tissue

and the corresponding normal mucosa of the same patient are shown in figures

2 and 3. Although all carcinomas contained more u-PA antigen than the

matching normal tissues, the individual carcinoma samples showed great

heterogeneity which was not associated with the localization (Figure 2). ln 38

out of the 39 tissue pairs tested the u-PA/t-PA antigen ratio of the carcinomas

was higher than the corresponding normal mucosa (Figure 3). Again

considerable heterogeneity within the carcinomas was observed.
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n='15

Corpus/
fundus
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Figure 3: Ratio between urokinase-type plasminogen activator antigen and tissue-type
plasminogen activator-antigen in endoscopical biopsies of patients with squamous oesophageal

or stomach carcinomas. N: normal mucosa, C: carcinoma tissue.
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Table 2. Urokinase-type plasminogen activator activity and antigen, and u-PM-PA antigen ratio
in endoscopical biopsies from oesophagus and stomach carcinomas.

u-PA activity u-PA antigen u-PM-PA antigen
mlU/mg protein ng/mg protein ratio

Differentiation

Well

Moderate

Poor

lnflammation

No inflammation

lnflammation

Ulceration

Liver metastasis

Absent

Present

Unknown

lntestinal metaplasia

n

47

4 8+22
20 58+ 19

23 91118

47

15

12

20

48

13

18

17

73!23
59 l '19

81+21

82+ 24

65+21

71+19

6.5 + 3.3

19.5 t 3.7
't't.1 + 1.34

11 .2 r.2.6

12.1t2.0

17.9 r 3.5

13.4 + 2.3

12.5 r.2.O

16.914.3

14.O + 3.2

11.8r1.5

3.5!2.2
8.7 !2.3
4.7 !O.7

3.2 + 1.1

4.3 r 1.0

g.8 + 2.1b,c

7.4!2.O

4.7 + 1.5

7.1!2.0

8.2t 3.4

5.4 r 1.2

32 (only stomach)

lntestinal metaplasia I 117 t 38

No intestinal metaplasia 24 65 1 13

Results shown are mean values t SEM.
Significance of difference from: ] moderate differentiation p<0.05

b no inflammation p<0.01 ; 
c inflammation p<0.05

t-PA = tissue-type plasminogen activator, u-PA = urokinase-type plasminogen aclivator

The heterogeneity in u-PA antigen and u-PM-PA antigen ratio of the

carcinomas, however, was not found to be related to differentiation,

inflammation, metastasis formation, and the presence of intestinal metaplasia

(Table 2), although some minor differences between subgroups were observed.

Moreover, dividing of the carcinomas into different stages according to the TNM

Clinical Classification revealed no association between antigen or activity of

both plasminogen activators and the clinical staging (data not shown).
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DISCUSSION

ln this study a survey was made of the activity and antigen concentrations of

plasminogen activators in normal mucosa biopsies obtained from three different

locations of the upper gastrointestinal tract in control patients. At the same time

a comparison was made of tissue-type plasminogen activator and

urokinase-type plasminogen activator concentrations between normal mucosa

and carcinoma tissue in endoscopical biopsies from patients with a carcinoma

of the oesophagus or the stomach.

Oesophageal tissue was found to contain significantly less u-PA and t-PA,

both in antigen and activity, compared with stomach tissue. This remarkable

difference in expression of plasminogen activators between both normaltissues

is most likely caused by differences in the type of epithelium, as squamous

oesophageal tissue biopsies contain relatively more epithelium compared with

columnar epithelial type tissues of the stomach because of its multilayer cell

construction. The concentrations of urokinase-type plasminogen activator in the

duodenum resemble the quantities found in normal stomach tissue biopsy

specimens. The increase of t-PA antigen and activity in normal duodenal

mucosa might be caused by a different vascularisation of the mucosa of this

tissue, because tissue-type plasminogen activator is expressed mainly in
endothelial cells of vessels (1,10,12). ln the normal mucosa of patients with a

carcinoma a similar increase in u-PA and t-PA from oesophagus to stomach

was observed as in controls.

Surprisingly, plasminogen activator antigen and activity levels of

oesophageal and stomach carcinomas did not show signilicant differences

between the two epithelial tissue types. With regard to the corresponding

normal tissue, u-PA antigen concentrations in both carcinoma types were

significantly higher and u-PA activities were also increased but not significantly.

The t-PA antigen concentrations in both oesophageal carcinomas and stomach

carcinomas were similar to those of the normal tissues. ln an immuno-

histochemical study of squamous cervical epithelia with dysplasia and

(pre)invasive squamous cell carcinoma an increase in t-PA concentration has

been repofied throughout the whole thickness of the epithelium (21). ln the

present study t-PA activity in columnar carcinomas of the stomach, however,
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was significantly decreased. This decline was comparable with what we

previously lound in colon carcinomas (15,16). The difference in alteration

between t-PA antigen and activity, and u-PA antigen and activity in columnar

epithelial carcinomas has been seen before in colonic neoplasia (15) and is a

consequence of the complex regulation mechanism of the activity of both

proteases. ln colonic carcinomas urokinase-type plasminogen activator is

predominantly found in the inactive pro-enzyme form (pro-u-PA), which can be

activated in the presence of plasmin. An important role in the control of (pro)-

urokinase-type plasminogen activator catalyzed proteolysis is played by the

u-PA receplor (22). Plasminogen activator inhibitors (PAl) also control the

activity of both tissue-type plasminogen activator and urokinase-type
plasminogen activator by forming inactive inhibitor-enzyme complexes (23).

lncreased concentrations of these inhibitors have been found in plasma and

ascitic fluid of patients with malignancies of the gastrointestinal tract or breast

(14,24,25). ln colorectal carcinomas and in adenomatous polyps increased

levels of plasminogen activator inhibitor type-1 (PAl-1) and type-2 (PAl-2) have

been demonstrated concurrent with higher u-PA concentrations and inactivation

of t-PA (26). Enhanced u-PA activity and PAI-1 antigen concentrations were

also found by Tanaka et al. (27) in resected carcinomas of the colorectum and

stomach, but PAI-2 antigen concentrations were not increased in carcinomas.

Therefore, divergence of antigen and activity levels ol the plasminogen

activators is the consequence of a complex regulation cascade of pro-enzyme

activation, receptor binding, and inactivation by inhibitors.

The heterogeneity, especially of the urokinase-type of plasminogen activator

concentration within the carcinomas, as shown in figures 2and 3, could not be

explained by the histologically scored parameters in this study. Classification of

the carcinomas based on differentiation grade, inflammation, metastasis, and

intestinal metaplasia did not reveal major differences in t-PA or u-PA between

subgroups. ln contrast with the study of Takai ef a/. (13) the division of gastric

cancer tissues into groups with different differentiation grades did not show a

significant increase of plasminogen activator activities in well differentiated

carcinomas. ln fact, we found well differentiated carcinomas to contain

significantly less u-PA antigen compared with poorly differentiated carcinomas
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(Table 2). The high u-PA antigen and u-PM-PA antigen ratio in ulcerating

carcinomas was remarkable. This increase was not detected in the activity level

of urokinase-type plasminogen activator in the same carcinomas, which

suggests the presence of pro-u-PA instead of active u-PA or complexes of

urokinase with plasminogen activators inhibitors in this tissue.

Gastric cancer and especially oesophageal cancer are two of the most lethal

gastrointestinal cancers in terms of cure rate and survival. lt would be usefulto

be able to separate patients into good and poor prognostic groups. Many

histological criteria have been analysed in resection material for their prognostic

significance but were found to have little value (28,29). Recent studies on

breast carcinomas showed that high u-PA concentrations in tissue extracts are
positively and independently associated with aggressiveness and poor

prognosis while low t-PA concentrations were found indicative for a shorter

disease-free interval and survival (30-33). The heterogeneous increase of u-PA

antigen concentrations in homogenates of endoscopical biopsy specimens from

carcinomas of the upper gastrointestinal tract, which was not associated with

several other prognostic determinants, as presented in this study, might

perhaps be of value in determining prognosis in (early) oesophageal and gastric

cancer.
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SUMMARY

Neoplastic growth and metastatic spread of adenocarcinomas is characterized

by a marked increase of urokinase-type plasminogen activator (u-PA) and a

decrease of tissue-type plasminogen activator (t-PA). ln this study, the authors

determined the activity and antigen levels of u-PA and t-PA, and their inhibitors,

plasminogen activator inhibitors type-1 and type-2 (PAl-1 and PAI-2), in normal

mucosa, adenomatous polyps, and adenocarcinomas of the human colon. The

decrease in t-PA activity in the neoplastic tissues, determined enzymatically and

zymographically, was significantly correlated with an increase in PAI-1 and PAI-2,

in particular in carcinomas. ln spite of significantly higher inhibitor levels in the

neoplastic tissues, u-PA was found to be increased as well, both in antigen and in

activity. The authors conclude that PAI-1 and PAI-2 are significantly increased in

neoplastic tissue of the human colon and contribute considerably to the decrease

of t-PA activity in carcinomas. However, the malignancy-associated increase in

u-PA seems not to be affected by the plasminogen activator inhibitors. Thus, it

appears that there is an imbalance between plasminogen activators and their

inhibitors in colonic neoplasia in favour of u-PA, which may contribute to plasmin-

mediated growth, invasiveness, and metastasis. This feature was also noticed in

adenomatous polyps, supporting the malignant potency of adenomas.

INTRODUCTION

Plasminogen activation leads to the conversion of plasminogen into plasmin,

a serine proteinase capable of degrading most extracellular proteins. Plasmin is

not only the primary effector enzyme in thrombolysis, it also participates in the

extravascular breakdown of matrixand basement membrane glycoproteins, playing

a role in events such as cell migration, tissue reorganization, and invasive growth.

The formation of plasmin is regulated by a complex network of molecular

interactions. Two types of serine proteinases, tissue-type plasminogen activator

(t-PA) and urokinase-type plasminogen activator (u-PA), have been described,

which are predominantly responsible for the conversion of plasminogen to plasmin

(1-4).

The dissolution of and migration through basement membrane and interstitial

extracellular matrix is a critical step for malignant tumour cells. Plasminogen
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activation is thought to be a major biochemical system responsible for this event
(5,6). ln colorectal adenomatous polyps and carcinomas, plasminogen activator

activity can largely be ascribed to u-PA, whereas in normal mucosa this activity
consists almost totally of t-PA (7-11). Neoplastic lesions of the colon are

characterized by a strong increase of the u-PA antigen content that is found
predominantly in the inactive pro-enzyme form and consequently accompanied by

a less impressive increase of u-PA activity (9,12). Enhanced secretion of u-PA by

tumours of the gastrointestinal (Gl) tract is not only observed in vitrobulalso found

in plasma and urine of patients with carcinomas of the pancreas, colorectum and

stomach (13-15).

The activity ol plasminogen activators is controlled by plasminogen activator

inhibitors, members of the serine proteinase inhibitor (serpin) family (16). The
plasminogen activator inhibitor type-1 (PAl-1) is produced by endothelial cells,

hepatoma cells, fibrosarcoma cells, and hepatocytes. PAI-1 inhibits both t-PA and

u-PA through the formation of a covalent inhibitor-enzyme complex (1), and it is

oneof themajorsecretedproductsof thevascularendothelium. Synthesisof PAI-1

is regulated by many of the same effectors that regulate the expression of t. PA (3).

The second well-characterized rapid and specific plasminogen activator inhibitor

(PAl-2) has been isolated from placenta and monocytes. Plasminogen activator

inhibitor type-1 has a higher inhibition rate constant to both activators than PAI-2.

Moreover, PAI-1 has been lound to give a more rapid inhibition of t-PA; whereas

lor PAl2 this has been found with u-PA (16,17).

The mechanism by which the plasminogen activators regulate the growth and

invasiveness of malignant cells at the cellular level is still unclear. To investigate

the role of PAls in colonic neoplasia, we determined the antigen levels of PAI-1

and PAI-2 in homogenates of normal mucosa, adenomatous polyps, and

adenocarcinomas of the human colon. Moreover, t-PA, u-PA, and complexes of

PAI-1 and PAI-2 with the activators were also determined.
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PATIENTS, MATERIALS AND METHODS

Patients and Tissue samples

Twenty-nine patients (aged 41-84 years; mean age 67 years; 18 men and 11

women) underwent operations for colorectal carcinoma at the University Hospital,

Leiden. From each resection a fresh sample of normal colon mucosa and/or a

sample of tumour was obtained. After removing fat and muscle layers, the samples

were frozen at -70oC until extraction.

ln another group of 27 palients (aged 32-88 years, mean age 62;14 men and

13 women), endoscopic polypectomy was performed, providing tissue samples of

32 adenomatous polyps that were similarly stored at -70oC. For alltissue samples,

adjacent fragments were evaluated bythe pathologist, confirming the nature of the

tissues in all cases. All neoplastic tissues were evaluated for malignancy
parameters, i.e., diameter, histological type, and grade of dysplasia in the

adenomatous polyps, and differentiation and Dukes' classification (A-D) in the

carcinomas (18).

Tissue extraction

E*racts were prepared from 50-100 mg wet tissue samples as described

before (1 1 ). Essentially, the samples were weighed and homogenized in 1 ml 0.1 o/o

(v/v) Tween 80, 0.1 M Tris-HCl (pH 7.5) per 60 mg wet tissue at 0oC. The

homogenate was centrifuged twice at 8 x 103 g lor 2.5 minutes,4oC, and the

supernatant was stored at -70"C until analysis.

P rote i n concentration s

Protein concentrations of the e*racts were determined according to the method

of Lowry et al. (19).

ELISA for PAL1

Total PAI-1 antigen, i.e. latent, active, and complexed PAI-1, was determined
using the Tintelize PAI-1 ELISA (Biopool, UmeA, Sweden) without prior

denaturation of the samples. ln brief, mouse monoclonal anti-human PAI-1 was

used as catching antibody. After incubation with the tissue homogenates a second

mouse monoclonalanti-human PAI-1, conjugated to peroxidase, was used to form
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a "sandwich" enzyme-linked immunosorbent assay (ELISA) and ortho-
phenylenediamine was added as substrate. The assay included the use of
quenching and non specific antibodies to exclude falsely elevated results. To

increase the sensitivity of the assay sample volumes of up to 80 plwere used in

stead of the recommended 20 pl, resulting in a detection limit of 0.3 ng/ml.

ELISA for PAI-2

The determination of PAI-2 antigen was performed using the Tintelize PAI-2

ELISA from Biopool. The first antibody used was mouse monoclonal anti-human

PAI-2 and the second was goat polyclonal anti-PAl-2 immunoglobulin (lgG)

conjugated to peroxidase. Ortho-phenylenediamine was added as substrate,

Unspecific response was excluded using quenching antibodies. The detection limit

was decreased to 0.5 ng/ml by using 50 pl homogenate instead of 20 pl and by

increasing sample incubation, conjugate incubation, and substrate incubation

times.

ELISA for u-PA

The sandwich ELISA for u-PA was carried out according to Binnem a et al. (2O).

Rabbit anti-u-PA was used as catching antibody. After incubation of the samples,

affinopurified goat anti-u-PA lgG (0.8 pg/ml)was added and incubated overnight.

After washing, 100 pl of an optimal dilution of rabbit anti-goat lgG conjugated with

alkaline phosphatase was added and 100 pl para-nitrophenyl-phosphate (1 mg/ml)

was used as substrate. The amount of u-PA antigen in the samples was calculated

from an 8-points standard curve of u-PA (0-5 ng/ml).

ELISA for t-PA

This antigen was measured essentially as described by Rijken et al. (21).

Rabbit anti-t-PA was used as catching antibody, an anti-t-PA-horseradish
peroxidase conjugate (Biopool) as second antibody, and 3,3',5,5'

tetramethylbenzidine was used as substrate. Absolute quantities of t-PA antigen

in the samples were calculated from an 8-points standard curve of t-PA (Biopool;

0-4 ng/ml).
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Plasminogen activator activity assay
Plasminogen activator activities were measured by a spectrophotometric

enzyme assay as described previously (10,11). ln brief, tissue extract was

incubated with plasminogen, fragments of fibrinogen andthe chromogenicplasmin

substrate 5-2251 (Kabi, Stockholm, Sweden) to detecttotalplasminogen activator

activity. The activities of t-PA and u-PA were determined by adding specific

protein-A affinity purified inhibiting antibodies against f PA, rabbit anti-human t-PA

lgG, and u-PA, goat anti-human u-PA lgG, to parallel incubations and calculating

the amount of inhibition. Standard preparations of u-PA and t-PA (National lnstitute

of Biological Standards and Control, London, UK, batch nrs 66/46 and 83/517,

respectively) were included. The inhibiting antibodies used were monospecific,

showed no cross-reactivity, and blocked maximum standard u-PA and t-PA

completely.

Zymography

Tissue extracts were electrophoresed on 10% polyacrylamide gels with sodium

dodecylsulphate (SDS-PAGE), and plasminogen activator activities were visualized

on fibrin/plasminogen containing agarose underlay gels according to the method

of Granelli-Piperno and Reich (22). Belore electrophoresis, samples were

incubated for t hour at 37oC in 2Yo (w/v) SDS to induce activator activity in the

PA-PAI complexes (23).

Calculations and statistical analysis

Activator activities in the tissue samples were expressed as milli-international

units u-PA or t-PA per milligram protein. Antigen concentrations were expressed

as nanograms antigen per milligram protein. Results are given as mean t SEM.

Differences between group means were statistically tested for significance using

Student's t-test, with separate variance estimate if the standard deviations were

significantly different according to the F-test. To correlate plasminogen activator

parameters, analysis of variance was used. Differences were considered as

significant below p=0.05.
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RESULTS

The PAI-1 antigen was ten fold increased in carcinoma samples compared with

the corresponding normal mucosa samples, mean 1.7 ng PAI-1/mg protein (range,

O.2-9.1) versus 0.2 ndmg protein (range, 0.02-0.5), respectively. The

adenomatous polyps showed an intermediate mean PAI-1 value,0.5 ng/mg protein

(range, 0.05-1.4), which was significantly different from both normal mucosa and

carcinoma tissue (Figure 1).

25

' tr PAt-1 ZPAvz

Figure 1 . Quantities of plasminogen aclivator inhibitors PAI-1 and PAI-2 antigen in normal mucosa,
adenomalous polyps, and adenocarcinomas of the human colon.
Significance of difference from normal mucosa: * p<0.05, ** p<0.01 , *** p<0.005

Significance of difference from carcinoma: o p<0.02

321611 2225
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Similar results were observed for the PAI-2 antigen. The mean antigen level of

PAI-2 was two to three times higher in carcinoma tissue compared with normal

mucosa tissue, 2.7 nglmg protein (range, 0.2-12.8) versus 0.8 ngimg protein

(range, O.1-2.2), respectively. Comparison of the adenomatous polyps, mean PAI-2

antigen level of 1.4 ng/mg protein (range, 0.04-4.9), with the adenocarcinomas

showed no significant difference. Moreover, PAI-1 and PAI-2 were positively

correlated in alltissues (R=0.78, p<0.0005) and predominantly in the carcinomas

(R=0.80, p<0.0005).

The level of u-PA antigen was about eight times higher in the

adenocarcinomas, whereas t-PA antigen showed a significant decrease.

Adenomatous polyps had an intermediate value of u-PA antigen, but the t-PA

antigen level was comparable to that in the carcinomas (Table 1). Activity of u-PA

was about three times higher in carcinomas. ln adenomatous polyps, u-PA activity

showed an intermediate value between normal and carcinoma tissues, although

the difference with normal mucosa was not significant. Activity ol t-PA within the

carcinomas was even more reduced, compared with that in normalmucosa, than

t-PA antigen. However, t-PA activity in adenomatous polyps was decreased to a

similar levelas in carcinomas Clable 1).

Table 1. Urokinase-typeplasminogenactivator(u-PA) andtissue-type plasminogen activator (t-PA)
in colonic tissue. Results are mean values + SEM.

Normal mucosa Adenornatous polyp Adenocarcinoma

n Mean 1 SEM n MeantSEM n Mean+SEM

u-PA antigena

u-PA activil/

t-PA antigena

t-PA activityb

13 1.2tO.2

20 3918

17 5.6 + 0.5

20 1476!211

gz +.0 t o.sfe

g2 53+69

32 3.6 + O.2e

92 552+ 8f

29 9.6 t 0.8/

26 138t21f

26 269.9 + o.3e

26 6891 76d

'ndmg protein, b mlU/mg protein
signiticlnce of ditferencei,'Lm, nor"nf mucosa: c p<0.01 , 

d p<0.002, o p<0.001 , 
f p<0.0005

Significance of difference from: adenocarcinorna: 9 p<0.0005

The zymograms also showed an increase in u-PA activity and a decrease in

t-PA activity, as determined by the lysis areas, in adenomatous polyps and
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adenocarcinomas compared with normal mucosa (Figure 2). Zymographic analysis

did not show any correlation between the inhibitors and u-PA specific lysis in any

of the tissues studied. However, reduction of t-PA specific lysis was significantly

related (all tissues R=-0.54, p<0.0005; Figure 2, Table 2) to increasing PAI-1 and

PAI-2 antigen, in particular in carcinomas (respectively, R=-0.70, p<0.0001 and

R=-0.64, p<O.OO2). The negative correlation of PAI-1 and PAI-2 with t-PA activity

in the carcinomas was also recognized in the enzymatic assays (coefficients

respectively, R=-0.53, p<0.01 and R=-0.57, p<0.01)' ln contrast, u-PA activity,

which increased in the normal mUcosa-adenoma-carcinoma Sequence, did not

showa negative correlation with PAI antigen levels. Moreover, u-PAantigen levels

were found to increase in parallelwith the PAI-1 and PAI-2 levels (respectively,

R=0.59, p<0.0005 and R=0.50, p<0.0001). The zymogram experiments also

showed a positive correlation between PAI-1 antigen and PA-PAI complex lysis

areas in adenomatous polyps (R=0.46, p<0.01). Analysis of the PA-PAI complexes

with regard to their electrophoretic pattern showed predominantly complexes with

t-PA in both adenomas and carcinomas (Figure 2)-

. I.PA/PAI
- u-PA,/PAl

- t.PA
- u-PA

NPT NTNT

Figure 2. Zynngraphic analysis of human colonic tissues for plasminogen activator activity.

N: normal mucosa, P: adenomatous polyps, T: adenocarcinomas.
Brackets indicate one individual patient.

t-PA: tissue-type plasminogen activator, u-PA: urokinase-type plasminogen activator.

PA/PAI: complexes of plasminogen activaiors wilh plasminogen activator inhibitors.

NT TNNTPPP
TJUU
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Table 2. Antigen levels of plasminogen activator inhibitors PAI-1 and PAI-2 in all samples of colonic
tissue compared wilh t-PA and u-PA activily determined by scoring specific lysis areas from
zymographic analyses.

t-PA specific lysis u-PA specific lysis

PAI-1 a PN.zA PAI-14 PN-24

Lysis area n Mean I SEM n MeantSEM n MeantSEM n MeantSEM

not detectable 5

hardly visible 17

readily visible 36

strong lysis 5

5.4 + 1.4

o.7 + o.1b,c

0.5 + o.1b

o.2+ oib
R=-0.59

p<0.0005

3 7.6!2.7

16 2.O + O.4d

31 1.3 + 0.2

't't 0.8 I 0.2

R=-0.54

p<0.0005

7 0.4 !.O.1

't3 1.0 + 0.6

36 1.0 r 0.3

7 1.'t r 0.3

n.s.

13 0.9 t 0.2

11 2.4 + O.7

31 1.8 r 0.4

16 1.7 + 0_3

'n/mg protein
Signiticlnce of difference from: not detectable: b p<0.05; strong lysis: c p<0.05, d p<0.02
n.s.: not significant

Comparison of the PAI antigen levels with malignancy parameters of neoplastic
growth showed no relation with diameter, histologicaltype, or grade of dysplasia

in the adenomatous polyps, norwith Dukes'classification in carcinomas. However,

there was a significant correlation (both R=-0.47, p<0.05) between the inhibitor

antigen levels and the differentiation of the carcinomas (Table 3).

Table 3. Antigen levels of plasminogen activator inhibitors PAI-1 and PAI-2 in adenocarcinomas
of the colon in relation to their differeniiation.

Adenocarcinoma
differentiation

PAI-14

Mean + SEM Mean + SEM

PAI-24

poor

moderate

well

2

14
o

6.9 !2.2
1.4 t O.sb

1.1 + O.4c

R=-0.47

p<0.02

1

12
o

12.8

2.4 r.0.6
2.0 t 0.4

R=-0.47
p<0.05

'ndmg protein
Signiticance of difference from poor differentiation: b p<0.005, c p<0.001
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DISCUSSION

ln the present study we surveyed the relation between plasminogen activators
and their inhibitors in human colonictissues based on antigen and activity analysis.

An increased antigen level of PAI-1 and PAI-2 was found in homogenates of

neoplastictissues, i.e., adenomatous polyps and adenocarcinomas, compared with

normal colon mucosa. A negative relation was found between PAI-1 and PAI-2 and

t-PA activity in the zymographic analyses, in particular in the carcinomas which

showed no strong t-PA bands at all, as well as in the enzymatic t-PA activity
assays. ln contrast, u-PA activity seemed not affected by the inhibitors, but was in
fact increased in neoplastic tissues. Moreover, u-PA antigen was found to increase
in parallel with PAI-1 and PAI-2 in the colonic tissues. These observations may be

important with respect to the process of tumour groMh and invasiveness as well
as to the prognosis of these Gl malignancies.

The association between plasminogen activation and neoplastic groMh has

been established by in vitro studies in animals and clinical observations (5,6). The
cascade by which the plasminogen activators break down extracellular matrix is

shown to be direct lysis and activation of plasmin and other proteinases like latent
collagenase. The result of this proteinase activation is lysis of extracellular matrix
constituents like laminin, collagen, and fibronectin (5,24,25). Subsequenily, tumour
cells are able to invade the basement membrane and cause metastasis formation
(26,27). ln most of the malignancies, u-PA is the activator involved in these
dissemination processes of tumour cells. Moreover, in vitro studies in animal
models showed that antibodies to u-PA were able to block human tumour cell

invasion (28,29).

ln several studies, human colorectal neoplasia was found to be associated with
increased u-PA levels, both on the active enzyme level and on the antigen level in

the tissue (7-11,30-32). Moreover, these tumours showed enhanced secretion of

u-PA rn vitro, and patients with Gl malignancies were found to have increased
plasma and urinary levels of u-PA (13-15). Under normal physiological conditions,

u-PA forms complexes with inhibitors, PAI-'1 and PAI-2, when present. ln patients

with malignancies of the Gl tract or the breast increased levels of plasminogen

activator inhibitors have been found in the circulation, i.e., plasma and ascitic fluid
(14,33,34). Complex formation of the inhibitors was mainly observed with t-PA and
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complex formation with u-PA was either not observed or not studied. The presence

of plasminogen activator inhibitors in colorectal carcinomas as shown in our study

has also been observed in a previous qualitative study by Tissot et al. (8).

Zymography showed inhibitor complexes with t-PA and u-PA in some of the

carcinomas. Moreover, extracts were found to contain high concentrations of

fibrinolytic inhibitors that preferentially formed complexes with u-PA. However, no

quantitative data are given and specific assays for PAI-1 and PAI-2 were not

available at that time. ln the present study we were able, for the first time, to

quantitate the amount of inhibitors in colorectal neoplasia. Moreover and more

importantly, we could determine the relation and complex lormation with both

activators separately. The predominant presence of t-PA in the inhibitor

complexes, as observed in the zymograms, confirms our previous observation that

activator activity in the complexes could be inhibited by antibodies to t-PA but not

to u-PA (32). As mentioned earlier, u-PA in colorectal neoplasia was enhanced

both in the amount of antigen present and in activity. The difference in increase

between the two parameters could be attributed to the presence of increased

quantities of the inactive pro-enzyme form of u-PA as published previously (31)

and seems not to be due to inactivation by either PAI-1 or PAI-2.1n contrast, the

decrease in t-PA activity in colonic neoplastic tissue is due to a decrease in the

production of antigen and inhibition by both PAI-1 and PAI-2. The identification of

the cells from which both inhibitors originated in the neoplastic lesions of the colon

was not established in the present biochemical study, but they could probably be

identified by immunohistological evaluation of tissue sections.

Because either active t-PA or u-PA was found to be present in our tissue

homogenates it is obvious that in colonic tissues there is an excess of activators

compared with their inhibitors, i.e., t-PA in normalmucosa and u-PA in neoplastic

tissues. Receptor binding of active u-PA or inactive pro-u-PA, allowing the latter

to convert into the active enzyme, has been found to be very important in the

regulation of plasminogen activation by u-PA (35). However, studies on the

accessibility of receptor-bound u-PA to PAI-1 and PAI-2 provided contradictory

results. Cell-bound u-PA was readily inhibited by either one or both inhibitors using

human HT-1080 fibrosarcoma cells (36), U-937 monocyte-like cells (37,38), and

peripheral blood monocytes (39). ln contrast, other studies with human blood
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monocytes showed less inhibition of receptor bound u-PA compared to fluid phase
u-PA by PAl-1 and PAI-2 (40). More importantly, studies with human colorectal
cancer cell lines showed high numbers of u-PA receptors and shielding or
insensitivity of receptor-bound u-PA to PAI-2 and PAI-1, respectively (41-44).

These observations put more emphasis on the malignancy associated increase of
u-PA in the colon which seems to escape the normal physiological control
mechanisms of the body.

From recent studies on plasminogen activator expression and the prognosis of
cancer, two observations with major implications emerged. Firsily, u-pA was found
to be a marker that was positively associated with aggressiveness and prognosis

of breast cancer (45,46). High u-PA levels in breast cancer tissue were signif icantly

associated with a short disease-free interval after operation with a relative risk of
21.1 compared with less than 6 for hormone receptor status and lymph node
involvement (47). secondly, low tPA levels, inverse to the u-pA levels, were
indicative for a shorter disease-free interval and survival of these patients as
opposed to those with high t-PA levels (48). These observations show a

remarkable parallel with the increased u-PA and decreased t-pA levels in

colorectal neoplasia we have found. Moreover, they are indicative for a crucial role

of u-PA in the progression of malignancies.
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SUMMARY

Plasminogen activators are able to degrade a broad spectrum of

components of the basement membrane and the extracellular matrix via the

activation of plasminogen. Colorectal neoplastic tissues have previously been

shown to contain high concentrations of urokinase-type plasminogen activator
(u-PA) and inhibitors type-1 and type-2 (PAl-1 and PAI-2), accompanied by

decreased levels of tissue-type plasminogen activator (t-PA), compared to

normal colonic mucosa. ln this study we evaluated plasminogen activator

activity and antigen levels, and antigen levels of PAI-1 in homogenates of

normal colonic mucosa, adenomatous polyps, and adenocarcinomas of 19

patients with familial adenomatous polyposis coli. Adenomas and carcinomas

contained significantly more u-PA antigen than normal appearing mucosa. The

increment of the u-PA antigen concentration in carcinomas was also reflected in

the activity level of u-PA. The antigen and activity levels of t-PA in neoplastic

tissues were significantly decreased compared to normal tissue. Moreover,

there was a signilicant linear correlation between the decrease in t-PA,

particularly t-PA activity, and the increase in size of the adenomas. The PAI-1

antigen levelwas found to be low in normal mucosa and adenomas, and high in

carcinomas. Zymographic analyses showed that u-PA and plasminogen

activator/inhibitor complex bands increased in the normal mucosa-adenoma-

carcinoma sequence.

These data indicate that the conversion of normal mucosa to neoplastic

tissue in familial adenomatous polyposis coli patients is associated with an

increase in u-PA and the inhibitor PAI-1, accompanied by an increase in

activator/inhibitor complexes. ln contrast, the level of t-PA is decreased in

neoplastic tissue of these patients. These observations are essentially similar to

those found in sporadic adenomas and carcinomas of the colon.

INTRODUCT!ON

Tumourigenesis is considered to be a multistep process (1). Most human

colorectal carcinomas arise from pre-existing benign adenomatous polyps or

adenomas: the adenoma-carcinoma sequence (2). The existence and

availability of these recognizable premalignant stadia provide an exceptional
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opportunity to examine human colorectal carcinogenesis. Familial adenomatous
polyposis coli (FAP) is a dominantly inherited autosomal disorder, characterized

by an early onset of multiple adenomatous polyps in the colorectum, which,

when untreated, will inevitably lead to colorectal carcinoma. Recently the gene

which is responsible for adenomatous polyposis coli (APC) has been identified

and characterized (3). Several investigators have documented the
hyperproliferative state of the colonic mucosa in sporadic adenomatous polyps

and in adenomas from polyposis coli patients (4-8). Cell proliferation and DNA-

aneuploidy of FAP adenomas were not found to be significantly ditferent from

sporadic adenomas (5). This increased proliferation is generally associated with

an increased cancer risk (1,8). Cell proliferation has also been linked to
plasminogen activator expression via the phosphatidyl-inositol-diphosphate

(PlP-2) pathway. lnappropriate expression of oncogenes seems to operate via

the cleavage of PIP-2 and this mechanism provides a link between oncogene

associated transformation, cellular proliferation, plasminogen activator

expression, and tumour invasion (9).

Plasminogen activators, tissue-type (t-PA) and urokinase-type (u-PA),

convert the inactive pro-enzyme plasminogen into active plasmin, a potent

protease which is able to degrade several proteins of the extracellular matrix.

The proteolytic activity of plasmin is controlled by a complex cascade of

interactions involving receptors, (pro-)activators, and inhibitors (10,11). ln

addition, u-PA appears to influence the proliferation ol (tumour) cell lines in an

autocrine fashion (12). ln tumour cell lines and in solid tumour tissues of

different origin, the coordination of the balance between the components of this

cascade seems to be disturbed resulting in high proteolytic activities of mainly

the urokinase-type plasminogen activator (1 3-21 ).

lmmunohistochemical studies have shown, that in normal colonic mucosa

t-PA is present in abundant amounts, mainly in endothelial cells of capillaries,

venules, small veins, and arteries, while u-PA staining was confined to
occasional epithelial cells and to some cells in the lamina propria (22). l-PA
staining in carcinoma tissue resembled normal mucosa, showing positive

endothelial cells varying from similar to rather weak compared to normal

mucosa. Staining of colonic adenomas and carcinomas for u-PA, however,
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showed a dramatic ditference with normal mucosa. Several studies found u-PA

to be located in (pre)malignant epithelial cells and in the cytoplasm of fibroblast-

like cells (15,20,22-25). The presence of u-PA mRNA in fibroblast-like cells, but

not in malignant cells of colonic carcinomas was revealed by in situ

hybridization (26). These data indicated, that especially the urokinase-type

plasminogen activator could play a role in the genesis of adenomas and

carcinomas of the colon, probably by promoting local growth and proteolysis.

ln the present study normal tissue, adenomatous polyps, and carcinomas

were collected from patients operated because of familial adenomatous

polyposis coli. The contents of plasminogen activators and inhibitor type-1 were

determined in homogenates of the normal appearing mucosa and neoplastic

tissues with ELISA's, enzymatic activity assays, and a zymographic method.

Adenomatous polyps were classified according to their diameter which was

found, in other studies, to be correlated with the onset of malignancy (1,27), and

the relationship with the presence and activity of plasminogen activators and

inhibitor type-1 was investigated.

PATIENTS, MATERIALS AND METHODS

Patients

Nineteen patients (9 men, 10 women; mean age 26 years) undergoing

colectomy for familial adenomatous polyposis coli were included in this study,

providing us with 3 invasive carcinomas, 85 adenomatous polyps, and 31

representative parts of normal-appearing mucosa from various parts of the

colon. Of all samples, adjacent fragments were histologically evaluated by the

pathologist to confirm the diagnosis and origin of the tissue. One of the

adenomatous polyps was found to be a carcinoma in situ and was considered

carcinoma in the further study. Alltissues were immediately frozen at -70oC until

analysis.

Tissue ertraction and protein concentration

Tissue specimens were homogenized in 1 ml 0.1% (v/v) Tween 80; 0.1 M

Tris-HCl (pH 7.5) per 60 mg wet tissue as described before (28). The

homogenates were centrifuged twice at 8 x 103 g for 2.5 minutes, 4oC. Protein
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concentration of the supernatants was determined by the method of Lowry et a/.

(2e).

Plasm inogen activator activity assay

Activities of u-PA and t-PA were measured by a spectrophotometric enzyme

activity assay as described previously (30). ln brief, tissue extract was

incubated with plasminogen, fragments ol fibrinogen and 5-2251 a chromogenic
plasmin substrate (Kabi, Sweden) to detect total plasminogen activator activity.

t-PA and u-PA activities were determined by adding specific inhibiting

antibodies against t-PA and u-PA, rabbit anti-human t-PA lgG and goat anti-

human u-PA lgM/lgD respectively, to parallel incubations and calculating the

amount of inhibition. u-PA and t-PA standard preparations (National lnstitute of

Biological Standards and Control, London, UK, batch nrs 66/46 and 83/517,

respectively) were included. The inhibiting antibodies used were monospecific,

showed no cross-reactivity, and blocked maximum standard u-PA and t-PA

completely.

ELISA for u-PA

The sandwich ELISA for u-PA was carried out according to Binnema et al.

(31). Rabbit anti-u-PA was used as catching antibody and after incubation of the
samples, affinopurified goat anti-u-PA lgG (0.8 pg/ml) was added and

incubated. After washing, 100 pl of an optimal dilution of donkey anti-goat lgG

conjugated with alkaline phosphatase was added and 100 pl para-nitrophenyl-

phosphate (1 mgiml) was used as substrate. The amount of u-PA antigen in the

samples was calculated from a 9-points standard curve of u-PA (0-3.3 ng/ml).

ELISA for t-PA

t-PA antigen was measured essentially as described by Rijken et al. (32).

Goat anti-t-PA was used as catching antibody, an anti-t-PA-horseradish
peroxidase conjugate (Biopool, Sweden) as second antibody and 3,3',5,5'

tetramethylbenzidine was used as substrate. Absolute quantities of t-PA antigen

in the samples were calculated from an 8-points standard curve of t-PA
(Biopool, Sweden, 0-4 ng/ml).
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ELISA for PAL1

Total PAI-1 antigen, i.e. latent, active, and complexed PAI-1, was

determined using the Tintelize PAI-1 ELISA (Biopool, Sweden) without prior

denaturation of the samples as described previously (33). ln brief, mouse

monoclonal anti-human PAI-1 was used as catching antibody. After incubation

with the tissue homogenates a goat polyclonal anti-human PAI-1, conjugated to

peroxidase, was used to form a "sandwich'-ELISA and ortho-phenylenediamine

was added as substrate. The assay included the use of quenching and non-

specific antibodies to exclude falsely elevated results. ln order to increase the

sensitivity of the assay sample volumes of up to 80 pl were used, in stead of the

recommended 20 pl, resulting in a detection limit of 0.3 ng/ml.

Zymography

Tissue extracts were incubated for t hour (2Y" (wlv) SDS, 37'C) to induce

activator activity in plasminogen activatoriinhibitor complexes (34).

Electrophoresis of the samples took place on 10% polyacrylamide gels with

sodiumdodecylsulphate (SDS-PAGE). Plasminogen activator activities were

visualized on agarose underlay gels containing plasminogen and fibrin (35).

Statistical analysis

Results are given as mean t SEM. Differences between group means were

tested for significance using Student's t-test with separate variance estimate if

the standard deviations were significantly different accordlng to the F-test.

Correlations were evaluated using linear regression statistics. Differences and

correlations were considered significant when p<0.05.

RESULTS

Within the normal colon no significant differences in the plasminogen

activators levels were detected in relation to the location of the tissue.

Therefore, the mean value of the whole colon per patient is given (n=15).

The mean plasminogen activator levels in normal and neoplastic colonic

tissue from patients with polyposis coli are shown in figures 1 and 2. Significant

differences were found between normal mucosa and neoplastic tissues for both
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Figure 1. Activity and antigen of urokinase-type plasminogen activator (u-PA) in homogenates
of normal appearing colonic mucosa and neoplastic tissue from patients with familial
adenomatous polyposis coli.
Significance of difference from normal mu@sa: * p<0.05; ** p<0.005.

Significance of difference from adenomatous polyp: # p<0.05.

plasminogen activators. u-PA levels were two to four fold increased and t-PA

concentrations were approximately three fold decreased in carcinomatous

tissue compared to normal mucosa. ln general, plasminogen activator levels in

homogenates of adenomatous polyps were in between normal and

carcinomatous tissue values. As expected, the calculated ratio of the increased

u-PA antigen concentration and the decreased t-PA antigen level in tumour

tissue homogenates was significantly increased in comparison with normal

mucosa (Table 1).
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Figurc 2. Activity and antigen of tissue-type plasminogen activator (t-PA) in homogenates of
normal appearing colonic mucosa and neoplastic tissue from patients with familial adenomalous
potyposis coli. Significance of difference from normal mucosa: * p<0.05; ** p<0.005.
Significance of difference from adenornatous polyp: # p<0.05.

Table 1. Antigen ratio of urokinase-type plasminogen activator (u-PA) and tissue-type
plasminogen activalor (t-PA), and the level of plasminogen activator inhibitor type-1 (PAl-1) in
nonnal appearing mucosa and neoplastic tissue from patients with familial adenornatous
potyposis coli.

Normal mu@sa Adenorna Carcinorna

u-PA/t-PA
antigen ratio

PAI.1
ng/mg protein

0.8 i 0.1
(n=15)

0.2 r 0.1
(n=3)

3.0 t O.7b
(n=84)

0.3 r 0.0

$=zq)

11.4 t 3.6c
(n=4)

1.2 + O.3a
(n=4)

Significance of difference from normal mu@s.r: a p.0.05; b p<0.005.
Signfficance of difference from adenorna: c p<0.05.
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With respect to PAI-1, normal mucosae and adenomas were found to have low

levels of this inhibitor compared to the concentration in the carcinomas

(Table 1).

Figure 3 shows the distribution of t-PA activity in adenomatous polyps,

classified according to their diameter, in comparison with normal mucosa and

carcinomas from the colon of patients with polyposis coli. t-PA activity was

found to decrease with increasing size of the adenomas (R=-0.47, p<0.0001), in

R=-0.58
p<0.0001
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Figure 3. Distribution of the activity of tissue-type plasminogen activator (t-PA) according to size
of adenomatous polyps from patients with familial adenomatous coli compared to normal
appearing mucosa and carcinomas of the same patients. Bars indicate mean values of lhe
groups.
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line with the changes seen in the normal mucosa-adenoma-carcinoma

sequence (R=-0.58, p<0.0001). t-PA antigen in adenomas showed a similar

tendency in relation with the diameter. u-PA and PAI-1 were not found to
change in parallel with the size of the adenomas. The results of the

zymographic analysis of the homogenates confirmed the results of the activity

and antigen assays, normal tissues and adenomas showed strong lysis in the

t-PA area, whereas carcinomas and many adenomas were found to give strong

u-PA lysis bands on the fibrin containing underlays (Table 2). Complexes of

plasminogen activators with their specific inhibitors were hardly seen in normal

tissue but regularly in the neoplastic tissues.

Table 2. Number of strong lysis bands of tissue-type plasminogen activator (t-PA), urokinase-
type plasminogen activator (u-PA), and plasminogen activator/inhibitor complexes, scored on
zymographic underlay gels of colonic tissue homogenates derived from patients with familial
adenomatous polyposis coli.

Lysis
band

Normal
mucosa

n=15

Adenoma
<0.5 cm

n=49

Adenoma
>0.5-1 .0 cm

n=20

Adenoma
>1 .0 cm

n=1 3

Carcinoma

n=4

t.PA

u-PA

Complexes

15 100

2 '13

17

o/

49 100

17 35

612

o/

20 100

10 50

840

13 100

646
215

375
4 100

250
Complexes: plasminogen ac{ivator/inhibitor complexes.

DISCUSSION

Although the existence of a colonic disorder like familial adenomatous
polyposis coli offers an excellent opportunity to study the relation between

plasminogen aclivators and the genesis of colorectal tumours, only few studies

reported about the presence of these proteinases in tissue from these patients.

Corasanti ef a/. (36) found low plasminogen astivator activity in normal mucosa

and adenocarcinoma of a single patient, while Sim et al. (37) reported high

u-PA activity levels in adenomas but also in normal mucosa from two polyposis

patients. The presence of microscopic polyps in the normal appearing tissue in

the latter study, however, could not be excluded.
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ln the present study neoplastic tissues from patients with familial

adenomatous polyposis coli were found to have high concentrations of

urokinase-type plasminogen activator and inhibitor type-1, and decreased levels

of tissue-type plasminogen activator compared with normal appearing colonic

mucosa of the same patients. These phenomena have already been observed,

by several investigators, in colonic tissue from patients with a sporadic, i.e.

without a known hereditary background, adenoma or carcinoma. ln fact, the

changes of u-PA, t-PA, and PAI-1 levels of neoplastic polyposis tissue were

comparable to those found in our previous studies on patients with sporadic

adenomas and carcinomas of the colon (21,33).

Many studies, mainly in vitro, have been published about the role of u-PA in

physiologic processes in which this enzyme could be involved, for instance

promotion of migration of cells in tissue remodeling, myogenic differentiation,

and wound healing (38-40), but also in the regulation of cell groMh and

proliferation (41,42). Cell proliferation in normal colonic epithelium takes place in

the lower 113 zone of the crypts of Lieberkuhn, and was found to be extended in

adenomas of the colon (6-8). ln a study with 171 polyps from 20 FAP patients,

large adenomas (>0.5 cm) showed a higher level of cell proliferation than

smaller adenomas, with no difference in the grade of dysplasia between the two

groups (5). lmmunohistochemical studies have not shown intensive staining of

normal colonic epithelium cells for u-PA. Extensive u-PA positive staining has

been observed, however, in colonic adenomas, especially in areas with

dysplasia, and carcinomas (23,24), suggesting a role for this enzyme in the

enhanced process of cell proliferation. The significant correlation between the

decrease in t-PA and increasing size of the adenomas, as found in this study,

was also found in sporadic colonic adenomas (21).

Neoplastic colonic cells have been shown to possess less organized

cytoskeletal structures (43). Disruption of the microfilament structure of cultured

cells has been shown to inhibit the production of t-PA, and to stimulate

production of u-PA, inhibitor PAI-1, and other proteinases (44-46). PAI-1 levels

are not only enhanced in breast cancer, but also in carcinomas and sporadic

adenomatous polyps from the colon (33,47,48). Also in the present study,

increased amounts of PAI-1 in neoplastic tissues were found to be
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accompanied by high molecular lysis zones of these tissue homogenates on the

zymograms representing complexes of activators and inhibitors. The

enhancement of the urokinase-type plasminogen activator and the specific

inhibitor PAI-1, which was also found rn vivo and in vrtro with melanoma cell

lines (13), could be associated to the disruption of the cytoskeletal organization

within the neoplastic cells.

Genesis of adenomatous polyps in polyposis coli is characterized by

increased cell proliferation, a process which is closely related to cell migration

and cell growth. The urokinase-type plasminogen activator has been shown to

be involved in a great number of this kind of processes and is also found to be

present in increased amounts in colorectal adenomas and carcinomas of

patients with or without polyposis coli. Further studies of the plasminogen

activation system in tissue from these patients, in which successive stadia of

(pre)malignancy are present in one patient, could make an important

contribution to the understanding of the mechanism ol plasminogen activation in

human colorectal carcinogenesis.
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SUMMARY

Human colorectal carcinogenesis was previously found to be associated

with an increased urokinase-type plasminogen activator (u-PA) expression of

which the activity was not inactivated by the simultaneously enhanced levels of

plasminogen activator inhibitors PAI-1 and PAI-2. The increased proteolytic

activity might contribute to invasive growth and metastasis of the tumours. ln

the present study homogenates of liver metastases, primary colorectal

carcinomas, and their respective adjacent normal tissues were evaluated

regarding the level and composition of u-PA, t-PA (tissue-type plasminogen

activator), PAI-1, and PAI-2. The antigen level of u-PA was significantly

increased in primary carcinomas and liver metastases compared to normal

colorectal and liver tissue. Concentrations of t-PA were significantly decreased

in neoplastic tissues. Liver metastases showed, in contrast to the carcinomas,

hardly any plasminogen activator activity, u-PA nor t-PA. The difference

between primary carcinomas and liver metastases in plasminogen activator

activity could be attributed to the enhanced presence of u-PA in the inactive

pro-enzyme form in combination with an increased complex formation ol u-PA

and t-PA with inhibitors in the metastases. Liver metastases were found to have

an eight fold higher content of PAI-1 antigen compared to the primary

carcinomas, whereas the level of PAI-2 was found to be similar. The excess PAI

antigen in the homogenates of the metastases was able to form complexes with

added exogenous t-PA or u-PA, indicating the presence of uncomplexed active

inhibitors. Thus, colorectal cancer metastasis in the liver is associated with an

inactivation of the enhanced u-PA cascade as present in the primary

carcinomas, which might cause tumour cells to reside in the liver.

!NTRODUCTION

The process of tumour cell invasion and metastasis involves sequential

breakdown and re-establishment of the extracellular matrix. Plasminogen

activation appears to be an important mechanism in the degradation of a broad

spectrum of substrates in this matrix. Conversion of plasminogen into active

plasmin is regulated by a complex system containing activators, receptors, and

activator inhibitors (1-3). Extracts of carcinomas of different origin contain

96



u-PA in liver metastasis

increased levels of mainly the urokinase-type of plasminogen activator (u-PA)

compared to normal tissue extracts (4-6). lmmunohistological studies have

indeed shown intensive staining with antibodies against u-PA in neoplastic

tissues of stomach, colon, breast, and lung, particular at the sites of invasive

groMh (4,6-15). Other experiments indicate that u-PA plays a key role in tumour
proliferation and metastasis. Antibodies against u-PA have been found to
prevent extracellular matrix degradation by RSV transformed chick fibroblasts

(16) and by human melanoma cell lines (17). Ossowski and Reich (18) have

shown inhibition of metastasis, but not of primary growth, of human squamous

carcinoma cells in chick embryos by anti-u-PA antibodies. ln vitro and in vivo

studies with human tumour cell lines from melanomas, breast, lung, stomach,

and colon show strong correlations of u-PA levels of the cells with invasive and

metastatic potential (1 9-23).

Markus et al. (12) have compared the secretion rate of u-PA in short term

organ cultures of primary and metastatic colon tumours. The secreted activities

of plasminogen activators of liver metastases were lower than those of the

primary colon tumours, which is in agreement with the microthrombus theory of

the carcinoma-metastasis cascade. Extracts of bone metastasis from prostatic

carcinomas, however, have been found to contain a significantly higher amount

of u-PA activity than the primary tumours (5). Recent u-PA localization studies

in adenocarcinomas of breast, colon, and lung and their corresponding lymph

node metastases in general showed more u-PA positive tumour cells in the

metastatic lesion than in the original carcinoma (6,24). ln a preliminary study

Jdnicke et al. (7) found the u-PA content in extracts of tumour-occupied lymph

nodes not to be different from primary breast carcinomas of the same patients,

while the concentration of PAI-1, a specific plasminogen activator inhibitor, was

twice as high in the metastases. These apparently controversial results

demonstrate the complexity of the matter. The different nature of the primary

tumours, the existence of two different activators and of an inactive pro-enzyme

form of urokinase-type plasminogen activator, the influence of the specific

inhibitors PAI-1 and PAl2, and last but not least the presence of receptors on

the tumour cells, complicate the study on the role of plasminogen activators in

invasion and metastasis (25).
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ln this study we have evaluated the presence of plasminogen activators

u-PA and t-PA, plasminogen activator inhibitors PAI-1 and PAI-2, and

complexes between activators and inhibitors in homogenates of human

colorectal carcinomas and liver metastases. The neoplastic tissues were

compared with the corresponding normal tissues and with tissues of liver

affected by other diseases. The results might contribute to a better

understanding of the role of plasminogen activation in the process of tumour

invasion and metastasis.

PATIENTS, MATERIALS AND METHODS

Patients

Twenty-five patients underwent a partial liver resection providing us with

fourteen representative parts of colorectal metastases, three from livers with

{ocal nodular hyperplasia, three from hepatocellular carcinomas, and five from

livers with miscellaneous diseases. Representative parts of adjacent

macroscopically normal tissue were selected, if possible. From four of the

patients we also had frozen tissue of the former resected primary colorectal

carcinoma and normal mucosa. Tumour tissue and adjacent normal mucosa of

eight patients operated for colorectal carcinoma were used as extra reference

tissue. All tissues were immediately lrozen at -70oC until analysis and of all

samples, adjacent fragments were histologically evaluated by the pathologist to

confirm the diagnosis of tissue origin and disease.

Tissue extraction and protein concentration

Tissue specimens were homogenized in 1 ml 0.1Y" (vlv) Tween 80; 0.1 M

Tris-HCt (pH 7.5) per 60 mg wet tissue as described before (26). The

homogenates were centrifuged twice at 8 x 103 g for 2.5 minutes, 4oC' Protein

concentration of the supernatants was determined by the method of Lowry (27).

P lasm inogen activator activity assay

Activities of u-PA and tPA were measured by a spectrophotometric enzyme

assay as described previously (28). ln brief, tissue extract was incubated with

plasminogen, fragments of fibrinogen and the chromogenic plasmin substrate
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5-2251 (Kabi, Stockholm) to detect total plasminogen activator activity. t-PA
and u-PA activities were determined by adding specific inhibiting antibodies
against t-PA and u-PA, rabbit anti-human t-PA lgG and goat anti-human u-PA
lgM/lgD respectively, to parallel incubations and calculating the amount of

inhibition. u-PA and t-PA standard preparations (National lnstitute of Biological

Standards and Control, London, UK, batch nrs 66/46 and 83/517 respeclively)

were included. The inhibiting antibodies used were monospecific, showed no

cross-reactivity, and blocked maximum standard u-PA and t-PA completely.

ELISA for u-PA

The sandwich ELISA for u-PA was carried out according to Binnema et al.

(29). Rabbit anti-u-PA was used as catching antibody and after incubation of the

samples, affinopurified goat anti-u-PA lgG (0.8 pg/ml) was added and

incubated. After washing, 100 pl of an optimal dilution of donkey anti-goat lgG

conjugated with alkaline phosphatase was added and 100 pl para-nitrophenyl-

phosphate (1 mg/ml) was used as substrate. The amount of u-PA antigen in the

samples was calculated from a 9-point standard curve of u-PA (0-3.3 ng/ml).

ELISA for t-PA

t-PA antigen was measured essentially as described by Rijken ef a/. (30).

Goat anti-t-PA was used as catching antibody, an anti-t-PA-horseradish
peroxidase conjugate (Biopool, Sweden) as second antibody and 3,3',5,5'

tetramethylbenzidine was used as substrate. Absolute quantities of t-PA antigen

in the samples were calculated from an 8-point standard curve of t-PA (Biopool,

Sweden, 0-4 ng/ml).

ELISA for PAI-1

Total PAI-1 antigen, i.e. latent, active, and complexed PAI-1, was

determined using the Tintelize PAI-1 ELISA (Biopool, UmeA, Sweden) without

prior denaturation of the samples as described previously (31). ln brief, mouse

monoclonal anti-human PAI-1 was used as catching antibody. After incubation

with the tissue homogenates a goat polyclonal anti-human PAI-1, conjugated to
peroxidase, was used to form a "sandwich"-ELISA and ortho-phenylenediamine
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was added as substrate. The assay included the use of quenching and non-

specific antibodies to exclude lalsely elevated results. ln order to increase the

sensitivity of the assay sample volumes of up to 80 pl were used, in stead of the

recommended 20 pl, resulting in a detection limit of 0.3 ng/ml.

ELISA for PAI-2

The determination of PAI-2 antigen was performed using the Tintelize PAI-2

ELISA (Biopool) as reported before (31). The first antibody used was mouse

monoclonal anti-human PAI-2 and the second was goat polyclonal anti-PAl-2

lgG conjugated to peroxidase. Ortho-phenylenediamine was added as

substrate. Unspecific response was excluded using quenching antibodies. The

detection limit was decreased to 0.5 ng/ml by using 50 pl homogenate instead

ol 20 pl and by increasing sample incubation, conjugate incubation, and

substrate incubation times.

Zymography

Tissue extracts were incubated for t hour (2Y" (wlv) SDS, 37"C) to induce

activator activity in PA-PAI complexes (32). Electrophoresis of the samples took

place on 10% polyacrylamide gels with sodiumdodecylsulphate (SDS-PAGE).

Plasminogen activator activities were visualized on agarose underlay gels

containing plasminogen and fibrin (33).

Bio-immunoassay for u-PA (BIA)

This assay is a combination of the u-PA ELISA and the enzymatic

determination of u-PA in the chromogenic assay and detects u-PA and pro-

u-PA separately (34). Total u-PA antigen was immuno-immobilized as in the

ELISA. After incubation of the samples, 4 wells of the microtiter plate were

incubated with plasmin (30 minutes, 14 U/ml)to convert pro-u-PA to active u-PA

and 4 wells with buffer (0.01% (v/v) Tween 80,O.O2o/" (v/v) NaN3, 0.1o/" (wlv)

BSA in PBS). After washing the activities were spectrophotometrically

measured using plasminogen and 5-2251 as substrate. Enzyme activities were

calculated from a standard curve of u-PA (National lnstitute of Biological

standards and control, London, UK, batch nr 66/46). Specificity was checked by

100



u-PA in liver metastasis

inclusion of activity inhibiting goat antihuman u-PA lgM/lgD in 4 of the wells.

Pro-u-PA was calculated by subtraction of plasmin activated total u-PA activity

and the non-activated u-PA activity.

Statistical analysis

Results are given as mean t SEM. Differences between group means were

tested for significance using Student's f-test with separate variance estimate if

the standard deviations were significantly different according to the F-test.

Differences were considered significant when p<0.05.

RESULTS

The mean amounts of urokinase plasminogen activator in homogenates of

colorectal carcinomas and liver metastases, cOmpared to nOrmal Colorectal

mucosa and normal liver tissue, are shown in figure 1. The conCentration Of

u-PA antigen in colorectal carcinomas and liver metastases was significantly

increased compared to their respective control tissues. This high antigen level

was accompanied by a high u-PA activity in the primary carcinomas but, in

contrast, liver metastases showed hardly any u-PA activity (Figure 1). The

concentration o{ t-PA antigen was significantly lower in neoplastic tissues

compared with their respective normal tissues, which was associated with a

decrease or absence of t-PA activity in the carcinomas and metastases

respectively (Figure 2).

Zymography of the homogenates from neoplastic and normal controltissues

showed good agreement with the results of the enzymatic activity assay, i.e.

increased u-PA activity and decreased t-PA activity in colon carcinomas

compared to normal colon tissue, and virtually no t-PA or u-PA activity in liver

metastases or normal liver tissue (Figure 3a). Especially colon carcinomas and

metastases, and to Some eldent normal livers, showed plasminogen activator

activity in high molecular weight regions (95-110 kd) of the zymogram'

representing complexes of either t-PA or u-PA with plasminogen activator

inhibitors (Table 1). After prolonged exposure of the underlay to the gel,

eventually weak u-PA lysis bands appeared in most of the metastasis

homogenates, suggesting the presence of u-PA in the pro-enzyme form'
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u-PA antigen u-PA activity

J'l = 12

Z Normal colon E Carcinoma NlMetastasis ffi Normal liver

Figure l. Concentration and activity of urokinase-type plasminogen activator (u-PA) in
homogenates of human colorectal carcinoma and liver metastasis compared with adjacent
normal tissues (mean + SEM). Significance of ditferences: * p<0.05; # p<0.005.

Table 1. Number of homogenates in which specific lysis bands appeared after zymography of
tissue homogenates of norrnal colon, colorectal carcinoma, liver metastasis, and normal liver.
Homogenates were incubated with SDS and electrophorized on SDS-PAGE gels. Plasminogen
activator activity lysis bands were scored on underlay gels containing plasminogen and fibrin.

Tissue t-PA u-PA
complex complex

c'6
o
L
o-50 o,
E
f
E

14141212141412

n u-PA lysis
bands

t-PA lysis complex
bands lysis bands

normal colon 11

carcinorna colon 12 12

liver metastasis 14 13b

normal liver '14 4b

11 3

I 11

oa 13

1a 10

ga 1a

105
139
10 1a

a very poor lysis, b lysis appeared after prolonged exposure.
u-PA = urokinase-type plasminogen activator, t-PA - tissue-type plasminogen aclivator.
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t-PA antigen t-PA activity

1200

300

f'f = 12 12 14 '14

Z Normal colon E Carcinoma N Metastasis ffi Normal liver

Figure 2. Concentration and activity of tissue-type plasminogen activator (t-PA) in homogenates

of human colorectal carcinoma and liver metastasis compared with adjacent normal tissues
(mean I SEM). Significance of differences: * p<0.05; t p<0.02; # p<0.005.

The portion of u-PA which was present in the active form or plasmin activatable

pro-enzyme form was determined with a (BlA) for u-PA. lt was found that the

percentages for the colorectal carcinomas (n=12) werc 29o/o versus 71o/o andlor

the metastases (n=14) 37o versus 97olo, respectively (Table 2).

Regarding the inhibitors we found the mean antigen concentration of PAI-1

in liver metastases to be significantly higher than in all ol the other tissues, even

compared to the primary carcinomas. Less pronounced differences were found

with PAI-2. Normal liver tissue contained the lowest level of PAI-2 antigen, while

colon carcinomas showed the highest concentration (Figure 4). These

differences were found to be not significant.

c
eoo t
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E

E

14141212
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a

patient 2

M
+

t-PA

ffi
u-PA

t -PA/PAI
u-PA/PAl

t -PA

u-PA

c McM

t.PA/PAI
u-PA/PAl

t -PA

u-PA

t-PA MM
+

U-PA

Figure 3. Zymographic analysis of plasminogen activator activily in homogenates of human
colorectal and liver tissues of two patients (a). Zymographic analysis of liver metaslasis tissue of
patient 1 witVwithout exogenous u-PA or tPA added to the homogenate (b).
N: normal colon mucosa, C: colorectal carcinoma.
M: liver metastasis of colorectal carcinoma, L: normal liver.
u-PA = urokinase-type plasminogen activator, t-PA = tissue-type plasminogen activator.
u-PfuPAl and t-PA/PAl = complexes of plasminogen activator inhibitors with u-PA or t-PA.
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At least part of the PA|-antigen in the homogenates of metastases appeared to
be present in an active form, since addition of external t-PA or u-PA to the

extracts resulted in increased lysis bands on zymograms in (high molecular

weight) complex regions at the cost of free uncomplexed regular t-PA and u-PA

lysis zones (Figure 3b).

PAI-1 antigen PAI-2 antigen

rf= 12 12 14 14 12 12 14 14

Z Normal colon E Carcinoma N Metastasis ffi Normal liver

Figure 4. Concentralion of plasminogen activator inhibitors PAI-1 and PAI-2 in homogenates of
normal colon, colorectal carcinoma, liver metaslasis, and normal liver (mean t SEM).
Significance of differences: $ p<0.02.
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Table 2. Concentration of inactive pro-u-PA and active u-PA antigen in homogenates of primary
colorectal carcinomas and liver metastases according to the bio-immunoassay. This
chromogenic assay detects activity of u-PA by measuring the conversion of substrate by u-PA
which was immuno-immobilized on microtiler plates. Total u-PA and pro-u-PA were computed
from parallel incubations with or wilhout plasmin, which converts pro-u-PA to the active form.
Results are given as mean t SEM.

Tissue pro-u-PA
ng/mg protein

u-PA
ng/mg protein pro-u-PA

carcinoma colon

metastasis liver

12

14

4.1 t 0.6

2.3+ O.7

2.2 + O.9

0.3 r 0.2

71!.7
97t2

u-PA = urokinase-type plasminogen activator.

The concentrations of u-PA and the inhibitors found in colorectal cancer liver

metastases were also compared with those in normal liver, liver cell

carcinomas, and liver focal nodular hyperplasia as shown in table 3. There were

no significant differences in u-PA or inhibitor concentrations between normal

liver tissue adjacent to colorectal cancer metastases resections and normal liver

tissue obtained from resections because of other diseases. Noteworthy was the

high concentration of PAI-1 in liver cell carcinomas, which was comparable to

the level in liver metastases of colorectal cancer, and the absence of

concomitant increase in u-PA in this tissue type.

Table 3. Antigen levels of urokinase-type plasminogen activator (u-PA) and inhibitors PAI-1 and
and PAI-2 in homogenates of normal liver and liver disorders. u-PA, PAI-1 , and PAI-2 antigen
levels were determined wilh specific ELlSAs. Results are given as mean t SEM.

n u-PA PAI-1 PAlz
ng/mg protein ng/mg protein ng/mg protein

Normal liver
miscellaneous

Normal liver colon
carcinoma metastasis

Focal nodular
hyperplasia liver

Liver cell carcinoma

Liver metastasis
colon carcinoma

1'l

14

0.4 t 0.1

1.4 t 0.7

1.8 r 1.0

1.7 + 0.9

6.4 + 1.4c

1.O + O.2a

1.9 + 0.6

0.3 r 0.2

20.0 r 13.3

92.21-10.2b

0.4 + o.2a

1.1 t 0.5

1.2 r 0.6

0.8 + 0.1

2.5 r 0.6

3

3

14

a n=loinsteadof n=11.
Significance of difference from normal liver colon carcinoma metastasis: b p<0.02, c p<0.005.
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DISCUSSION

The association between elevated levels of plasminogen activators,
particularly of u-PA, and neoplastic growth has been demonstrated in various

studies. We previously showed that colorectal neoplasia is associated with an

increase in u-PA antigen and u-PA activity (35), and that the latter is not

inhibited by also enhanced PAI-1 and PAI-2 concentrations (31). The most

interesting finding in the present study is the total absence of plasminogen

activator activity in homogenates of liver metastases of colorectal carcinomas,
in spite of the presence of an increased u-PA antigen concentration. This

inactivity of the antigen is partly explained by the large percentage of inactive

pro-u-PA. More importantly, however, zymographic analysis showed that a

considerable amount of the urokinase antigen appeared to be complexed with

specific inhibitors, thereby rendering inactive. lncreased antigen concentrations
of PAI-1 in homogenates of metastases support this observation. Exogenous
plasminogen activators added to these homogenates were able to form

complexes, visualized by zymography, indicating that an excess of inhibitors

was present in the uncomplexed active form. lt has been shown that PAI-1 can

prevent the conversion of pro-u-PA into the active form in plasma (36), and that

PAI-1 enables the subsequent internalization and degradation of u-PA by

tumour cells rn vitro (37). Thus the presence of large concentrations of PAI-1 in

liver metastasis homogenates results in the absence of u-PA activity not only by

forming complexes with already activated u-PA, but probably also by preventing

the processing of pro-u-PA to its active form, as found in this study. Due to the
known spatially controlled action of especially the urokinase-type of
plasminogen activator (38,39), we can not definitely conclude, however, that ,n

vivo no activator activity in liver metastasis is present. Particularly since the

central part of stomach and colorectal carcinomas has been reported to contain

higher levels of PAI-1 antigen than marginal parts of the tumours (40).

Moreover, cell culture studies have shown that cells are able to secrete u-PA at

the basolateral side, whereas PA|-activity was found at apical and basolateral

sides of the cells (41).

During metastasis tumour cells must survive transport in the circulation,

adhere to small blood vessels or capillaries, and might invade the vessel wall
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and extravasate to the organ parenchyma. Fibrin deposition around the

circulating cells and the formation of small thrombi, consisting of tumour cells,

platelets, and fibrin, might prevent their recognition and lysis by natural killer

cells, which are in general responsible for the destruction of those malignant

cells (42). Apart from protection, the formation of these microthrombi could

promote the successful lodgement of circulating tumour cells in small blood

vessels of target organs (43). Nevertheless, less than 1o/o of tumour cells in the

circulation eventually produce metastasis (44). Plasminogen activators could

effectively participate in the process of invasion and metastasis, but too much

proteolytic activity at the wrong moment could be disastrous for the survival of

the metastasizing cells in a microthrombus. The balance between activators

and inhibitors is essential and could therefore account for the difference in

antigen levels of plasminogen activators and especially activator inhibitors

between primary and metastatic tumours, as shown in this study. This

difference in expression in liver metastases compared to their originating

colorectal carcinomas is probably the consequence of a combination of

selection and external regulation. The low expression of plasminogen activator

activity in metastases could be a reflection of the properties of the cell(s) that

gave rise to the metastatic focus (42) and was apparently an advantage for,

respectively, surviving in the circulation and consecutive metastasizing thereby

supporting the microthrombus theory (12). Local exposure of tumour cells to

groMh factors or other molecules excreted by the invaded organ, are believed

to influence the differentiation of the tumour cells and the expression of

plasminogen activators and activator inhibitors (45-48). Metastases vary with

respect to size, growth pattern, and vascularity depending on the primary

source of the tumour. Metastases derived from colon carcinomas are usually of

the expanding and massive type and frequently have central liquefactive

necrosis. Besides, in most metastatic colon carcinomas a thin collagenous

pseudocapsule is often situated between the tumour margin and the

compressed liver (49). The scarcity of proteolytic activity in spite of the

presence of large quantities of u-PA in metastases of colorectal carcinomas

could account for the difference in tumour outgrowth between expanding

metastases and more infiltrative growing primary colorectal carcinomas.
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Although the u-PA present in liver metastases undoubtedly will have a

functional role in the tumour, for instance groMh stimulating or angiogenesis
promoting (50), it is unlikely on ground of this study, that u-PA in liver

metastases contributes to any invasive or infiltrative process as assumed for the
primary colorectal carcinomas. On the other hand, the large concentration of

PAI-1 in liver metastases of colorectal carcinomas in relation to the total amount

of plasminogen activator present in this tissue, gives reasons to suspect a

complementary alternative function for this inhibitor besides complex forming,

e.g. growth promotion as shown in regenerating liver (51,52). The relatively low

levels of plasminogen activators and inhibitors which we found in other liver

disorders, like focal nodular hyperplasia and liver cell carcinomas, show that

apparently the system of plasminogen activation is not uniform in tumourigenic
processes of the liver.

Cell surface plasminogen activation is involved in invasion and metastasis of

colorectal carcinomas. Regulation of this process is provided at multiple levels.

Although the expression and activation of pro-u-PA seem to be key events, it is

clear that dominant regulating roles in the process are played by the inhibitors
and probably also by the u-PA receptor. lt is expected, that understanding of the
regulation of plasminogen activation will eventually contribute to the treatment

and prevention of tumour dissemination and metastasis.
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SUMMARY

Human carcinomas of squamous oesophagus, stomach, and colorectum,

and liver metastases were previously shown to have significantly enhanced

concentrations of the urokinase-type plasminogen activator (u-PA). The

proteolytic activity of u-PA on the cell surface is thought to play a key role in

invasion and metastasis of malignancies. ln this study we determined the

presence of specific u-PA receptors in membrane fractions of human

gastrointestinal neoplastic tissues, liver metastases, and adjacent normal

tissues. Cross-linking of 1251-u-PA with u-PA receptors resulted in complexes

which were visualized by SDS-PAGE, autoradiography, and subsequently

quantified by laser densitometry. Colorectal carcinomas and liver metastases

contained up to four fold higher levels of u-PA receptor protein compared to

their corresponding normal tissues. The u-PA receptor content of premalignant

adenomatous polyps was not different from normal colonic mucosa. Binding of
1251-u-PA to the receptor was specific and could be completely quenched by

addition of excess unlabeled u-PA. Moreover, acid treatment of the receptors

prior to cross-linking did not enhance the u-PA/u-PA receptor complex formation

indicating that the vast majority of the receptors was unoccupied by u-PA. The

u-PA receptor levels in oesophageal and stomach carcinomas showed less

difference compared with their normal reference tissues. The receptor ratio in

neoplastic versus normaltissue was 2.010.3 for primary colonic carcinomas and

2.2x0.2 for metastatic tumours, with no difference between primary and

metastatic tumours (ratio 1.1). Ratios in oesophageal and stomach tissues were

1.3+0.2 and 1.01O.2, respectively. Northern blotting experiments showed also

high expression of u-PA receptor mRNA in most oesophageal carcinomas,

normal colonic mucosae and adenomatous polyps, and in all stomach and

colonic carcinomas. Normal oesophageal and stomach tissues contained hardly

any detectable u-PA receptor mRNA. The mean carcinoma/normal tissue ratio

of u-PA receptor mRNA ranged from 1.8 to 6.3 for the colonic and oesophageal

carcinomas, respectively. The increased presence of specific receptors for

u-PA, particularly in primary colorectal carcinomas and their metastatic lesions

in the liver, suggest once again the involvement of the urokinase pathway of

plasminogen activation in gastrointestinal carcinogenesis.
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INTRODUCTION

Local invasion and metastatic spread of carcinomas involve continuous

disruption and re-establishment of the environment by the migrating malignant

cells. Proteolytic degradation of the extracellular matrix and basement

membranes is a complex interplay between different celltypes, in which several

enzyme systems participate. The urokinase mediated plasminogen activation
pathway is one of the most important proteolytic cascades involved in invasion

and metastasis of tumour cells. Plasmin is a broad spectrum degrading

enzyme, which is also able to activate other extracellular matrix proteinases.

The activation of plasminogen is regulated by the balance between activators

and inhibitors (1). The urokinase-type plasminogen activator (u-PA) is inhibited

by two specific plasminogen activator inhibitors, PAI-1 and PAI-2. A perhaps

more important mode of regulation, however, is the presence of a specific cell

surface receptor for u-PA (2-6). This receptor, first found on monocytes (7) and

present in a variety of cancer cell lines, focusses u-PA at cell-cell contacts and

accelerates the activation of u-PA, and hence of plasmin. The receptor

recognizes the A-chain of urokinase and its inactive pro-form (pro-u-PA) (8).

Receptor bound u-PA is still sensitive to specific plasminogen activator

inhibitors, PAI-1 and PAI-2. Binding of inhibitors to cell bound u-PA promotes

PAI/u-PA/u-PA receptor internalization (9-1 1 ).

Several studies found u-PA to be enhanced in human carcinomas of the

oesophagus, stomach, and colon (12-15). The presence of the receptor for

u-PA in gastrointestinal carcinomas, however, has not been as extensively

studied. The urokinase receptor is shown in lung, ovarian, and breast

carcinomas and in melanomas, and is found to be present at surfaces of

several colon carcinoma cell lines (16-20). Cell bound u-PA is shown to be

involved with invasion in vitro and in vivo (21). The u-PA receptor expression of

colorectal carcinoma cell lines has been shown to be related to matrix

deg radation, invas iven ess, and metastasis (20,22,23).

A recent immunohistochemical and in situ hybridization study of human

colon carcinomas showed urokinase receptor protein and mRNA to be

expressed at invasive foci, in tumour infiltrating macrophages and neutrophilic
granulocytes, and in subpopulations of cancer cells (24). ln the present study
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we evaluated the presence of u-PA receptor protein and mRNA in

gastrointestinal carcinomas. Squamous carcinomas of the oesophagus and

adenocarcinomas of the Stomach and colon were compared with their

respective normal mucosa and with premalignant adenomatous polyps of the

colon. Moreover, of some patients we also evaluated receptor expression in the

liver metastasis of primary colonic carcinoma.

PATIENTS, MATERIALS AND METHODS

Patients

Carcinoma and adjacent normal tissue from resection specimens of {ive

patients with squamous oesophageal carcinoma, ten patients with gastric

carcinoma, fourteen patients with colonic carcinoma, and ten patients operated

for metastasis of colorectal carcinoma in the liver was obtained from the

department of Surgery, University Hospital Leiden. From four of the patients we

obtained the primary colonic carcinoma as well as the metastasis in the liver'

Adenomas of ten patients were polypectomized at the department of

Gastroenterology, University Hospital Leiden. Endoscopical biopsies from

normal and carcinoma tissue of five patients with squamous oesophageal

carcinoma, five patients with Stomach carcinoma, five patients with an

adenomatous polyp, and seven patients with a colonic carcinoma were used for

mRNA-analysis. One of the patients with a carcinoma in the colon also had an

adenoma. All tissues were immediately frozen at -70oC until analysis. Of all

samples, adjacent fragments were histologically evaluated by the pathologist to

confirm the origin of the tissue.

u-PA receptor analysis

Extracts of tissue (100 mg/ml) were prepared by homogenization in 0.1 M

Tris-HCl (pH 7.5). Subsequently, membrane fractions were purified by

centrifugation of the homogenates in a Beckman airfuge at 105 RPM for 15

minutes. The pellet was resuspended in glycine buffer (0.05 M glycine,0.1 M

NaCl, pH 3.0 or 7.A,3 minutes), neutralized with 0'5 M HEPES, 0.1 M NaCl pH

7.5, centrifuged for 15 minutes at 105 RPM, resuspended in 0.1 M Tris-HCl pH

8.1,1To Triton X-114, 10 mM EDTA, 1O pg/mltrasylol, 1 mM PMSF, and finally
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centrifuged for 1O minutes at lOa g, 4"C. The protein content of the

supernatants was determined using the BCA microtiter plate assay (Pierce,

Rockford USA). The presence of u-PA receptor in the supernatants was

determined by cross-linking 40 pg protein with diisopropylfluoro-phosphate

(DFP) treated human u-PA, which was radiolabeled using Na-1251 according to

the lodogen procedure (Pierce) (25,26). Samples and labeled u-PA were

incubated with or without addition of a 100 fold excess of unlabeled u-PA in

PBS-Q.1% (v/v) Tween 80 ('l hour at 4"C), followed by incubation with cross-

linking agent disuccinimydyl suberate (DSS, 2 mM, 15 minutes) and ammonium

acetate (10 mM, 10 minutes) at room temperature. The samples were analyzed

by polyacrylamide gel electrophoresis in the presence ol SDS (SDS-PAGE) and

autoradiography using Kodak XAR-S film and intensifying screens at -70"C.

Bands on autoradiograms were Scanned using a LKB ultroscan XL Enhanced

Laser Densitometer (633 nm).

mRNA analysis

RNA was isolated by acid-guanidinium thiocyanate-phenol-chloroform

extraction according to Chomczynski and Sacchi (27). The amount of isolated

RNA was determined by measuring the ODrU6, assuming that one ODrUO unit

is equivalent to 40 pg RNA. The samples were electrophoresed on 1.2Yo (wlv)

denaturing agarose gels containing 7.Soh (v/v) formaldehyde and ethidium

bromide. RNA was transferred to nylon membranes (Hybond N; Amersham

lnternational, Amersham, United Kingdom) using a Vacugene System

(Pharmacia, Uppsala, Sweden). mRNA on the membranes was hybridized with
32P-labeted cDNA fragments in 7o/o (w/v) SDS, 0.5 M NaHPOa, pH 7.2, 1 mM

EDTA at 65"C. Blots were washed with 0.3 M NaCl, 0.03 M tri-sodium citrate

(2x SSC), 1o/o (wlv) SDS for t hour at 65oC. Probe gDNA fragments were

labeled with 32p-dctp using the random primer method (Megaprime,

Amersham lnternational). Autoradiograms were prepared using Kodak XAR-5

fitms and intensifying screens at -7OoC. cDNA lragments used for hybridization

with mRNA were a 0.6 kb Bam Hl fragment of human u-PAR kindly provided by

Dr L.R. Lund (28), a 1.0 kb Eco Rl-Pst I fragment of human u-PA (29) kindly

provided by Dr W.D. Schleuning, a 1.2 kb Pst I fragment of human PAI-1 (30), a
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1.2 kb Eco Rl fragment of human PAI-2 kindly provided by Dr E.K.O. Kruithof

(31), and a 1.2 kb Pst I fragment of rat glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) (32). Specific bands on autoradiograms were

scanned using a LKB ultroscan XL Enhanced Laser Densitometer (633 nm).

ELISA for u-PA

For u-PA determination, tissue samples were homogenized in 1 ml 0.1%

(v/v) Tween 80, 0.1 M Tris-HCl butfer (pH 7.5) per 60 mg wet tissue, as

described previously (33). Protein concentrations were determined by the

method of Lowry et al. (34). The sandwich ELISA for u-PA was carried out

according to Binnema ef a/. (35). Rabbit anti-u-PA was used as catching

antibody and after incubation of the samples, affinopurified goat anti-u-PA lgG

(0.8 pgiml) was added and incubated. After washing, 100 pl of an optimal

dilution of donkey anti-goat lgG conjugated with alkaline phosphatase was

added and 100 pl para-nitrophenyl-phosphate (1 mg/ml)was used as substrate.

The amount of u-PA antigen in the samples was calculated from a 9-points

standard curve of u-PA (0-3.3 ng/ml).

Statistical analysis

Results are given as mean t SEM. Differences between group means were

tested for significance using paired and unpaired Student's t-tests with separate

variance estimate if the standard deviations were significantly different

according to the F-test. Differences were considered significant when p<0.05.

RESULTS

The urokinase receptor protein was detectable in all gastrointestinal tissues

as shown in figure 1. Binding of 1251-u-PA to the receptor was specific and

could be completely quenched by addition of excess unlabeled u-PA. The

receptors were detected without acid treatment of the membrane fractions. Acid

treatment (pH 3.0 versus pH 7.0, 3 minutes) did not significantly alter the

amount of receptor complexes in the radioligand atfinity assay of colonic and

liver tumours or adjacent reference tissues.
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Figure 1. Results of laser densitometry scanning of autoradiograms of urokinase receptor
pfojein in gastrointestinal neoplasia. The autoradiograms were made from SDS-PAGE gels with
1zs;-labelled urokinase and cross-linked radioactive urokinase complexed wilfi its receptor from

tissue homogenates. Values are given in area under the curve (AU x1OO0 mmz).

N: normal mucosa, C: carcinoma, P: adenomatous potyp.

L: normal liver tissue, M: liver metastasis of colorectal carcinoma.

Significance of difference from normal tissue: * p<0.005.

Significance of difference from carcinom6' ** p<0.02.

Primary colonic carcinomas and their metastases in the liver contained two

times more receptor than their corresponding normal tissues. The urokinase

receptor content in homogenates of premalignant adenomatous polyps did not

differ from normal colonic mucosa. Although the mean u-PA receptor content of

liver metastases was slightly lower than that of the primary colonic carcinomas,

figure 2 shows that within individual patients virtually no differences between the

receptor content of the primary and metastatic tumours exist.
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Figure 2. Autoradiogram of urokinase receplor in gastrointeslinal lissue of four patienls (A-D)
with a prlqr;rV colonic carcinoma and liver metastasis. The assay involved cell membrane
isolation, rzcl-labelled urokinase cross-linking, gelelecirophoresis, and autoradiography.
N: normal mucosa, C: carcinoma, L: normal liver tissue, M: liver metastasis.

The level of urokinase receptor in normal gastric tissue resembled that of

normal colonic mucosa. ln contrast to colonic tissue, there was no ditference
between mean receptor content in normal and carcinoma tissue of the stomach.

The similar level of the tumour and normal gastric tissue receptor content is also
indicated in table 1, which shows the mean paired tumour/normal tissue ratios

of the urokinase receptor of the different carcinomas. Colonic carcinomas and
metastases scored ratios of approximately 2 (range 0.8-4.1 and 0.9-3.2,
respectively), stomach carcinoma ratios were 1 (range 0.4-1.9).
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Table 'l . Ratios of urokinase receptor and urokinase protein in carcinoma/normal tissue pairs of
patients with gastrointestinal malignancies. The receptor content was determined by a cross-
linking assay with ''"1 labelled urokinase and with receptors isolated from tissue homogenates.
Labelled urokinase and urokinase/receptor complexes were separated using gelelectrophoresis
and scanned with a laser densitometer after autoradiography. Urokinase was determined with a
specific ELISA.

Tissue type Urokinase receptor Urokinase
carcinoma,/normal carcinoma/normal

ratio

Colon

Liver metastasis from
colonic carcinoma

Stomach

Squamous oesophagus

14

10

10

5

2.0 r 0.3

2.1!0.2

1.0 r 0.2

1.3 + 0.2

7.5 t2.3
6.3 r 1.4

3.4 r 0.6

n.d.

n.d.: not done.

Squamous oesophageal carcinomas scored ratios in between (1.3, range 0.9-

1.8). Especially the normal mucosa u-PA receptor content of this tissue

appeared to be more heterogeneous than of the other tissue types.

The antigen concentration of urokinase, the ligand for the u-PA receptor,

was found to be increased in all gastrointestinal neoplastic tissues studied

(Figure 3). Only the difference between the u-PA antigen of stomach

carcinomas and normal gastric mucosa did not reach statistical significance,

due to an extremely high urokinase antigen level in one normal tissue sample.

Comparison of the ratios of both urokinase and its receptor in carcinoma./normal

tissue pairs (Table 1) showed proportionally more u-PA than u-PA receptor in
the gastrointestinal carcinomas than in their matched normal tissue, although

the protein levels of urokinase and its receptor showed some correlation
(R=0.28, p=0.01, n=78) in the total group and in the carcinoma subgroup
(stomach, colon, and metastasis; R=0.33, p=0.05, n=34).

mRNA isolation and northern blotting from the same tissues as that were

used for the determination of the protein levels showed disappointing results. ln

many cases, especially in colonic and liver tissues, most of the mRNA,

particularly the u-PA type, was degraded, probably due to the relatively long

time between the operation and the tissue collection.
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Figure 3. Urokinase (u-PA) antigen concentrations of normal and neoplastic tissues from
stomach, colorectum, and liver melastasis determined with an ELISA.
N: normal mucosa, C: carcinorna, P: adenomalous polyp.

L: normal liver tissue, M: liver metastasis of coloreclal carcinorna.
Signilicance of difference from normal tissue: * p<0.05, ** p<0.005.
Significance of difference from carcinoma: # p<0.05.

Therefore, the study of u-PA receptor mRNA expression was performed on

quickly frozen endoscopically obtained biopsies in stead of resection derived

tissue. After stripping, the nylon membranes were rehybridized with u-PA,

PAI-1, and GAPDH probes (Figure 4). Of alltissues investigated, scored mRNA

bands and mean calculated mRNA ratios of tumour/normal tissue, scanned by

densitometer and corrected for internal standard GAPDH, are presented in table

2. Almost all colonic tissues i.e. normal mucosa, adenomatous polyps, and

carcinomas showed u-PA receptor mRNA expression on northern blots

(Figure 4 and Table 2).
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Figure 4. Northem blot of total RNA extracted from normal and neoplastic tissue the human
colon. The fiher was subsequently hybridized with oDNA fragments of u-PAR, u-PA, PAI-I , and
GAPDH. Brackets indicate matching tissues from the same patient.
N: normal mucosa, C: carcinoma, P: adenomatous polyp.

The intensity of the bands was on average higher in carcinomas than in their

corresponding normal tissue. The ligand for the u-PA receptor, urokinase, was

virtually not detected in normal colonic tissue adjacent to carcinomas, but

interestingly, was occasionally found in normal mucosa adjacent to

adenomatous polyps (Table 2). The mRNA for u-PA was detected in all

adenomas and carcinomas of the colon. lnhibitor PAI-1 mRNA was mainly seen

in the carcinomas. PAI-2 mRNA was infrequently detected, but in carcinomas

only (data not shown). Unlike the similar protein level of u-PA receptor found in

normal gastric mucosa and carcinoma, abundant mRNA expression of the

receptor was only detected in carcinomas and not in normal mucosa. Normal

stomach tissue did not show mRNA for u-PA or PAI-1 either. ln contrast, all

gastric carcinomas contained mRNA for u-PA receptor as well as for u-PA.

lnhibitor PAI-1 mRNA was present in 4 of 5 carcinomas tested. Four out of five

oesophageal carcinomas contained mRNA for urokinase receptor, and all five

carcinomas showed mRNA for urokinase, as well as for inhibitor PAI-1. Normal

squamous mucosa did not contain detectable mRNA for u-PA receptor, u-PA, or

PAI-1.
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Table 2. Score ol northern blot mRNA bands of receptor for urokinase-type plasminogen

activator, urokinase, and plasminogen activator inhibitor type-1 in endoscopically obtained

tissue pairs of patients with gastrointestinal tumours. Tumor/normal ratios were calculaled from

densitomelrically scanned autoradiograms, corrected for internal standard GAPDH. Ratios are
mean + SEM.

Tissue type mRNA score

Normal mucosa

-+++

Calculated ratio

lumour/normalTumour

+++

Colonic carcinoma (n=7)

urokinase receplor

urokinase

inhibitor type-1

GAPDH

1

7

7

-7
-7
25
-7

1.8 r 0.3

5.4 t 1.7

5.9 r 1.6

Colonic adenoma (n=5)

urokinase receptor

urokinase

inhibitor type-1

GAPDH

1

3

5

'I 3

14
1

-5

13
2-

5

0.6 r 0.1

2.3 + 0.5

3.9 r 1.3

Stomach (n=5)

urokinase receplor

urokinase

inhibitor type-1

GAPDH

5

5

5

5

4

4

5

3.9 r 1.2

3.8 r 1.1

2.7 xO,7

32
Oesophagus (n=5)

urokinase receptor

urokinase

inhibitor type-'t

GAPDH

5-
41
41

5

13
-2
-1

1

3

4

5

6.3!2.7

3.9 r 1.0

4.9 x 1.2

- no expression; + limited expression; ++ abundant expression.
GAPDH : g lyceraldehyde-3-phosphate dehydrogenase.
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DISCUSSION

The u-PA receptor has been extensively studied in vitro by cross-linking

studies with tumour cell lines, and in vivo in carcinomas by

immunohistochemistry or in situ mRNA hybridization. ln contrast to other

components of the plasminogen activation cascade, however, studies about the
content of u-PA receptor in tissue homogenates are relatively scarce. The
present work demonstrates that unoccupied receptors for urokinase are present

in all homogenates of gastrointestinal tissues that were investigated.

Comparison of lung, ovarian, and skin malignancies with their corresponding
normal tissues already revealed higher levels of u-PA receptors in the tumours
(1 6,17,'19). ln our study, binding of labelled u-PA to the receptor was particularly

high in tumours of oesophagus and colon, and in liver metastasis derived from

colonic carcinomas. These increased receptor levels in gastrointestinal tumour

tissues emphasize the role of the u-PA pathway of plasminogen activation in
carcinogenesis. Receptor bound u-PA and concomitant binding of plasminogen

to the cell surface localize the proteolytic potential of the tumour cells and hence

enhance their invasive properties (36).

ln contrast to previous in vitro and rn yiyo studies (16,17,20,37-39), acid

treatment of the membrane fractions prior to the ligand cross-linking did not

increase binding of u-PA to the receptors In colonic, metastatic and liver tissue
homogenates. This could indicate an insensitivity of these receptors to the acid

treatment or an abundancy of unoccupied receptors on the membranes.

lnsensitivity of u-PA receptors to acid treatment has been reported for some but

not all human colon carcinoma cell lines (20,38). Apparently, differences in

receptor-ligand affinity occur in different cells or circumstances. ln this context it

is interesting, that the u-PA receptor protein content is not increased in the
carcinomas of the stomach compared with normal gastric mucosa, while the
mRNA for u-PA receptor is detected in all gastric carcinomas, but in none of the
normal tissues. The acid environment of the stomach could play a role in the
grade of occupancy of the receptors in this tissue. Other physiological ways of

regulation of the u-PA receptor have been described in several studies. Phorbol

esters, transforming growth factor-beta, and epidermal growth factor increase

the synthesis of the receptor in vitro by activating gene transcription (40).
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lncreasing numbers of u-PA receptor have been shown to result in a decrease

of its affinity (41,42). The ligand urokinase itself has been found to reduce the

expression of its own binding site via an autocrine regulation of its cell surface

receptor in a colonic cell line (38,43). For all tumour types in this study, the

increase of u-PA in comparison with normal tissue was higher than the increase

of u-PA receptor. Stimulation of u-PA receptor with u-PA has been shown to

increase cell motility in vitro and a role forthe receptor in non-mitogenic signal

transciuction has been suggested (44,45). Cell surface u-PA complexed with

inhibitor PAI-1 is efficiently internalized and degraded, while the internalized

receptor is recycled to the cell surface (5,46). A possible cell surface regulatory

mechanism of urokinase by inhibltor PAI-2 has also been proposed recently
(47). mRNAs involved with complicated regulatory mechanisms are known to

have relatively high turnover and instability. The mRNA of u-PA has been

shown to possess potential instability motifs, which suggests that u-PA mRNA

undergoes post-transcriptional down regulation in certain cell types (48-50).

lnstability of mRNAs combined with the degrading nature of colonic tissue could

be an explanation for the difficulties we met with isolation and northern blotting

of especially u-PA mRNA. lnstantly frozen tissue, in our study endoscopical

biopsies, circumvented this problem. The mRNA levels of u-PA receptor and

other components of the plasminogen activation cascade were found to be in
agreement with the corresponding protein levels in this study and those of

previous investigations of our group, i.e., carcinoma tissues of gastrointestinal

origin contain more mRNA coding for u-PA, u-PA receptor, and inhibitors PAI-1

and PAI-2 than their adjacent normaltissues (14,51).

Determination of u-PA in homogenates of breasi (52,53), bladder (54), and

colon (55) has shown that high levels in carcinoma tissue are indicative of poor

prognosis. Cell line studies made clear that cells expressing u-PA in

combination with its receptor show the highest invasive activity (20,56).

Combined with the results of our study this implicates that quantitative

determination of the receptor for urokinase in carcinoma tissue on itself, or in
combination with u-PA and PAI-1 antigen, could be of prognostic clinical

relevance for patients with a colorectal carcinoma. The importance of the

investigation of the role of u-PA receptor and u-PA in carcinomas is also
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emphasized by the study of Behrendt et al. (57), in which suramin, a potent

anticancer drug, was found to inhibit the interaction between receptor and its
ligand. This effect of suramin on the urokinase pathway of plasminogen

activation could contribute to the anti-invasive properties of this agent. lt has

also been shown that loss of the surface u-PA activity by blocking the u-PA

receptor markedly inhibits metastasis of metastatic human carcinoma cells in
nude mice (58). On the basis of these results it is clear that the study of the
receptor for urokinase could not only make a contribution to a better

understanding of the processes involved during malignant invasion and

metastasis, but also offers perspectives to screen carcinoma patients.

Eventually these studies may lead to an anti-cancer therapy by selectively

blocking the u-PA receptor with antibodies, mutated u-PA molecules or

synthetic ligands (22,58,59).
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Since the beginning of the 2Qth century numerous studies have been

published about a possible role of plasmin and its activators in malignancy. ln

yftro studies have indeed shown that there is an association between

malignancy of cells and the expression of plasminogen activators (1,2). ln

general, most carcinoma cells in culture express an enhanced level of

plasminogen activators, particularly of the urokinase-type. ln most malignant

tissue types the increase of plasminogen activation has also proven to be

caused mainly by urokinase. Even in ascites, plasma, and urine Samples of

patients with gastrointestinal neoplasia increased levels of u-PA have been

found (3-6). u-PA is known from various physiological processes to be involved

in migration of cells, which suggests a role for this proteolytic enzyme in tumour

invasion and metastasis. Antibodies against u-PA were found to be able to

inhibit malignant invasive growth in vitro and in vivo (7-13). Moreover, various

studies have shown that the production of high amounts of u-PA by primary

malignant cells of human origin are correlated with the forming of metastases in

nude mice (14,15).

ln previous studies by our group the antigen and activity levels of u-PA and

t-PA were investigated in tissue homogenates of colorectal tumours. The

increased levels of u-PA in carcinomas were accompanied by a decrease in

t-PA. Adenomatous polyps, precursor lesions to colorectal cancer, were shown

to have intermediate levels between normal and malignant tissues ol both

plasminogen activators (16). On account of these observations, in chapter ll of

this thesis the immunolocalization of urokinase was investigated in colonic

adenomas, carcinomaS, and normal referenoe tissue, using a monoclonal

antibody against u-PA. The immunohistochemical staining of u-PA in the tissue

sections was compared with the u-PA antigen and activity content of

homogenates of the same tissues. The immunohistological evaluation revealed

a diffuse and cytoplasmic staining of neoplastic columnar epithelial cells. Most

of the carcinoma specimens also showed positive u-PA staining in cells of

stromal and muscular origin, and occasionally in endothelial cells. Only a

minority of the carcinomas were found to have the highest intensity of u-PA

staining in the invasive parts of the tumour. Adenomatous polyps showed
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intense u-PA staining in dysplastic epithelial cells and in eosinophilic-like cells in

the lamina propria, whereas normal intestinal mucosa contained hardly any

u-PA staining cells. The intensity of u-PA staining in tissue sections correlated

well with u-PA levels measured with an ELISA in homogenates of the same

tissue, but there was no significant relation with known risk markers of

malignancy.

The immunolocalization of u-PA in malignant colorectaltissue has been the

topic of several studies. Although the majority of the investigators found

enhanced staining of u-PA in carcinomas, particularly at the invasive front, there

is no consensus about the cellular localization of the u-PA. ln some studies

urokinase has been detected in the cytoplasm and/or at the surface of tumour

cells, while other investigators found no staining of carcinoma cells at all, but an

intense staining of u-PA in fibroblast-like cells and macrophages (17-26). Part of

these differences are probably due to the different techniques which were used

to visualize the urokinase, i.e. immunofluorescence versus immunohisto-

chemistry, different polyclonal and monoclonal antibodies, etc. A recent study

using in situ hybrization revealed that mRNA for u-PA is expressed mainly in

fibroblast-like cells of stromal origin and not in carcinoma cells, but that the

urokinase receptor is expressed in tumour cells of colonic carcinomas,

implicating that malignant cells are dependent on host tissue cells for the

availability of u-PA (27). These findings, however, do not explain the total

absence of u-PA protein in carcinoma cells or at their surface, as reported in

some immunohistochemical studies. lndependent of the origin of u-PA, the

enzyme should be detectable at the surface of some carcinoma cells because

of the presence of urokinase receptors on these cells. Urokinase exists in a
multltude of forms in tissues. Extracellularly, u-PA can be present in the matrix

or receptor bound at the cell surface. Receptor bound u-PA occurs in the

inactive pro-enzyme form, as active u-PA, or complexed with inhibitors or with

other extracellular matrix components (28). lntracellular existing forms of u-PA

are inactive pro-u-PA and complexes of inactivated u-PA with inhibitors,

internalized via the receptor. This multitude of different forms of urokinase

probably plays a role in the difficulty to establish the u-PA localization in

colorectal cancer tissue. The use of monoclonal antibodies which are able to
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recognize all the existing forms of u-PA should give the definite answer on the

exact localization of urokinase in colorectal neoplasia. The possibility exists that

the regulation of extracellular proteolysis in colorectal cancer is a complex

interplay between carcinoma cells and host tissue cells, and that the latter

actively participate in tissue remodelling during invasion. Therefore, in future

investigations extra attention should be focussed at the invasive fronts between

normal and carcinoma tissues. Especially the role of plasminogen activation in

the formation of fibrin depositions in and around carcinomas needs further

investigation. Fibrin depositions may play a role in tumour angiogenesis, but

could also function as a barrier between tumour and normaltissue (29).

Compared to colonic neoplasia, less is known about the presence and

activity of plasminogen activators in malignancies along the upper part of the

gastrointestinal tract. ln the study described in chapter lll, endoscopically

obtained biopsies from oesophagus and stomach were homogenized, and

plasminogen activator levels were determined in the neoplastic and normal

tissue homogenates. Biopsy specimens proved to be usable in stead of

resected tissues for the determination of plasminogen activator content.

Although gastric columnar epithelium and squamous oesophageal epithelium do

not resemble colonic mucosa in form and function, the levels of plasminogen

activators found in these tissues were comparable with those in colonic tissues.

Distinct differences between tumour and normal tissue were found in the levels

of plasminogen activators in gastric epithelialtumours as well as in oesophageal

carcinomas of squamous origin. Particularly the ratio between u-PA and t-PA

antigen proved to be a reliable marker to differentiate between normal and

tumour tissue in oesophageal and gastric malignancies. Also in squamous cell

carcinomas of the oral cavity an increase in the presence of u-PA has recently

been observed (13). Enhanced levels of u-PA and inhibitor PAI-1, but not PAI-2,

have been found in stomach carcinomas (30). ln contrast with our results,

however, are the findings of Chung et al. (31), who reported enhanced activity

of tissue-type plasminogen activator in combination with decreased urokinase-

type plasminogen activator activity in gastric cancer tissues. ln the latter study

the amount of antigen of both plasminogen activators was not measured, which

makes comparison with their findings difficult. The determination of
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plasminogen activation components in tissues of the gastrointestinal tract could

well be of diagnostic significance. Recent studies in breast cancers showed

relations of the levels of u-PA, t-PA, and PAI-1 in tumor homogenates with

disease-free interval and survival of the patients (32-34). The clinical

importance of plasminogen activators and other components of the

plasminogen activation cascade - i.e. inhibitors and receptors - in malignancies

and precancerous conditions of the gastrointestinal tract will be the objective of

further studies.

Regulation of plasminogen activation is a complex mechanism in which at

least 2 types of inhibitors are involved. Early zymographic studies showed

complexes of inhibitors with mainly tissue-type plasminogen activator (t-PA) to

be present in homogenates of colonic carcinomas (16). Specific ELISAs for

PAI-1 and PAI-2 were used in the study described in chapter lV to evaluate the

antigen levels of these inhibitors in homogenates of normal, adenomatous, and

carcinomatous colonic tissues. A significant increase ol both inhibitors in

carcinomas as well as adenomas was found to be related to the decrease of

t-PA in neoplastic colorectal tissues. ln contrast, the activity level of u-PA

seemed not to be affected by the presence of the inhibitors; it was significantly

increased compared to normal colorectal mucosa. Recently published

immunohistochemical studies confirmed the enhanced presence of PAI-1 and

PAI-2 in biopsy specimens of colorectal carcinomas. ln those studies the

inhibitors were mainly found in the central part of the tumours, whereas u-PA

was located primarily at the invasive front of the tumours (25). Central parts of

Stomach carcinomas have also been reported to contain more PAI-1 than

marginal parts of the tumours (30). The suggested difference in distribution

between activator and inhibitors within carcinomas, which was also shown in

melanomas (35), and in non-malignant cell migration (36), could be of crucial

importance for local proteolytic activity. However, the possibility that tumour

cells produce u-PA as well as inhibitors PAI-1 and/or PA'.2 cannot be ruled out.

Cell culture studies have shown that malignant cells are able to secrete u-PA as

well as inhibitors (37). Distinct localization in the secretion of u-PA and PAls by

cells could be an important mechanism. Polarized secretion of u-PA has been

reported for epithelial cells in vitro (38,39), while TNF was found to induce
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secretion of PAI-1 as well as u-PA in endothelial cells, but only the latter mainly

at the basolateral site (40).

More than 95% of colorectal carcinomas originate from adenomatous
polyps. These precursors of cancer have been shown to have already

enhanced levels of the urokinase-type plasminogen activator (16). A lot of our
present knowledge about carcinogenesis in the colorectum is based on studies

of tissue from patients with familial adenomatous polyposis coli (FAP), a
disease characterized by an early appearance of thousands of adenomatous
polyps in the colorectum. When left untreated, these adenomas will inevitably

lead to colorectal carcinoma. Surprisingly, only few studies have been

performed on plasminogen activators in colonic adenomas derived from

patients with FAP (41,42). The results of a study about plasminogen activators

and inhibitor PAI-1 in 84 adenomatous polyps from patients with FAP are

presented in chapter V. Adenomatous polyps were found to express less t-PA

than normal mucosa and this decrease was more pronounced with increasing

size of the adenomas. ln contrast, urokinase was enhanced in adenomatous
polyps, but there was no relation with the diameter of the polyps; even in most

of the smallest polyps (<0.5 cm) an enhancement of u-PA was detected,

indicating that increased expression of u-PA is an early event in the so-called

adenoma-carcinoma sequence (43) and could therefore be of diagnostic

importance. lnhibitor PAI-1 was only slightly enhanced in adenomas compared

to normal appearing mucosa. The carcinomas of these FAP patients were found

to have the highest u-PA and PAI-1 level with a concomitant low t-PA level.

These results made clear that the presence and activity of plasminogen

activators in neoplastic tissues ol the colorectum of patients with familial

adenomatous polyposis were similar to sporadic adenomas and carcinomas.

Therefore, to study the role of plasminogen activation in colorectal

carcinogenesis the use of tissue of familial adenomatous polyposis coli patients,

in which different stages of neoplasia are present in one patient, could make a

valuable contribution.

Metastasis is a multistep process involving numerous cell-cell and cell-

matrix interactions. Probably less than 1o/o ol the tumour cells which reach the

circulation are able to form a distant metastasis (44). Circulating cells which do
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not express excessive plasminogen activator activity are thought to have more

chance than others to metastasize, because these cells can form aggregates of

tumour cells, blood cells, and platelets. These clusters or microthrombi will get

stuck more easily in capillaries than individual tumour cells and therefore will

have more opportunity to adhere to the endothelium (17). Subsequently the

tumour cells could then start to proliferate and form the metastasis. Eventually

these cells could even invade the host tissue. Several studies have shown a

relation between high u-PA expression by primary neoplastic tumour cells and

their metastatic capacity. ln chapter Vl we compared plasminogen activator

parameters in homogenates of liver metastases with primary colorectal

tumours. The amount of u-PA antigen was significantly enhanced in liver

metastases compared to normal liver tissue and similar to the levels found in

primary tumours in the colorectum. However, in contrast to colorectal

carcinomas the liver metastases showed hardly any plasminogen activator

activity, u-PA nor t-PA. The absence of plasminogen activator activity in
metastases could be attributed to an eight fold higher PAI-1 antigen content in

metastatic tumours compared to primary carcinomas. The origin of PAI-1 in this

tissue is not known. ln normal tissues PAI-1 is mainly found to be produced in

endothelial cells and this could also be the case in metastases. Alternatively,

Quax and co-authors (37) reported eltensive PAI-1 production by various

carcinoma cells in culture. The high level of inhibitor PAI-1 in liver metastases

could originate from the carcinoma cells and be a reflection of that small

percentage of primary tumour cells which is able to survive the circulation by

inhibiting proteolytic activity and forming cell clusters. Liver metastases are

believed to be of clonal origin (45) and all cells like the original metastasizing

cell could abundantly produce PAI-1. Another possible explanation for the

extremely high PAI-1 amounts in liver metastases could be the influence of the

surrounding liver tissue on the proliferating colorectal cells in the metastases.

Modulating factors as hormones and groMh factors are able to regulate

expression of u-PA and its inhibitors in vitro (a6). Despite the presence of PAI-1,

the malignant cells in the metastases have a vast amount of activatable

pro-u-PA at their disposal, thus a functional role for this enzyme and its receptor

in the metastases can not be excluded. lmmunohistochemistry and in situ
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hybridization of plasminogen activator cascade components in liver metastasis

have not been performed yet and should be able to provide us with essential

information about the distribution and place of synthesis. Temporarily and

localized protection of u-PA against the inhibition by PAI-1, and perhaps also

PAI-2, seems to be of importance. ln this context it is noteworthy that many liver

metastases are surrounded by a fibrinous deposition, which could act as a
separation between metastasis and liver tissue. For expansion of the

metastasis within the liver, limited and localized degradation o{ this fibrin seems

to be inevitable. Localized activity of urokinase could well be a candidate for this

f unction.

ln chapter VII the presence of another important regulator of urokinase, the

urokinase receptor, was evaluated in carcinomas of the oesophagus and

stomach, colorectal adenomas and carcinomas, liver metastases of colorectal

tumours, and in adjacent normal tissues. All tissues investigated appeared to

contain unoccupied u-PA receptor in a radio-ligand binding assay. High levels of

u-PA receptor were particularly found in oesophagus and colorectal carcinomas

and in liver metastases. Adenomatous polyps did not contain enhanced

concentrations of the u-PA receptor. The enhanced presence of urokinase

receptor in malignancies suggests once again a role for this enzyme system in

localized proteolytic events. Moreover, interaction of u-PA with its receptor has

recently been reported to be involved in signal transduction in in vitro studies

(47-49), and this aspect should be considered in future studies in malignancies.

Regulation of the activation of plasminogen by urokinase is the result of the

interaction of various proteins such as activators, receptors, and inhibitors. The

localization and the amount of the various components are important in
controlling the activity of the cascade. lnfluencing the synthesis of these

proteins could be an important mechanism to regulate plasminogen activation.

ln order to study the regulating effect of synthesis levels of these proteins on the

plasminogen activator cascade, messenger RNAs (mRNAs) of the most

important components were determined in endoscopical biopsies of

gastrointestinal neoplasms and adjacent normal tissues. Endoscopical biopsy

specimens were used in stead of resected tissues because the latter proved to

be unsuitable for RNA isolation from gastrointestinal tissues. Especially
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colorectal tissues obtained at surgery were found to contain little intact mRNA.

Tissue specific RNAses could be responsible for the rapid degradation of

mRNAs. RNA isolation experiments using endoscopical biopsies taken prior to

operation provided more intact mRNAs than isolations using resected tissues

from the same patients. Levels of mRNA coding for u-PA, the u-PA receptor, as

well as inhibitor PAI-1 were found to be higher in tumours of the oesophagus,

stomach, and colorectum than in corresponding normal mucosa. These findings

suggest that transcriptional aciivation of genes involved with plasminogen

activation leads to elevated levels of their proteins, which, in turn, seems to
participate in carcinogenesis of the gastrointestinal tract. The fact that tissues

obtained at surgery contained little intact RNAs could also be of importance for

interpreting in situ hybridizatlon studies using resected gastrointestinal tissues

(27).

From the results presented in this thesis it is clear that gastrointestinal

malignancies are associated with an enhancement of the urokinase pathway of

plasminogen activation in the tumour. Even the smallest benign adenomatous
polyps are already found to have higher u-PA levels combined with lower t-PA

levels compared with adjacent normal mucosa. lmmunohistochemical staining

of u-PA showed the abundant presence of urokinase in epithelial cells of

adenomas and carcinomas. The balance between activators and inhibitors

together with the proteolysis focussing capacity of the u-PA receptor could well

be a crucial step in malignancy. Studies of plasminogen activation in

malignancies of the breast, lung, ovary, skin, and other tissues revealed that

different tumour types do not have to express the various components involved

in the same way (50). Differences between carcinoma types are due to the

differences between the malignant cells, but probably also due to differences of

the surrounding normal tissue.

The role of the surrounding normal tissue in plasminogen activation of the

tumours needs further investigation. On the one hand plasminogen activators

are shown to be regulated by growth factors, which could be produced by

malignant tissue, but also by the normal tissue as a reaction towards the
presence of the tumour. On the other hand there is the intriguing controversion

whether urokinase is produced by malignant colorectal cells themselves or by

139



Chapter vlll

stromal cells as stated earlier. Also noteworthy with respect to normal tissue is

our recent finding of the prognostic value of plasminogen activators in normal

tissues of patients with colorectal cancer (51). As indicated in the introduction,

plasminogen activation is by no means the only proteolytic enzyme system

capable of degradation of basement membrane and extracellular stroma

components. Extracellular matrix degradation is a complex concerted action of

several proteases and all the inhibitors and receptors that directly or indirectly

regulate their activity (Figure 1).
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Other factors besides proteinases which are thought to be of major importance

in malignancy and metastasis are growth factors, components of the

cytoskeleton, and adhesion molecules, but they are not discussed in this thesis.

However, the urokinase type plasminogen activator has become the subject of

numerous investigations concerning malignancy, and recently u-PA has been

reported to have other capacities besides the activation of plasminogen.

Urokinase has for instance been found to be involved in the regulation of growth

factors (46). Moreover, functions of u-PA have been described which have no

relation with its proteolytic capacity, for example urokinase has been

demonstrated to be mitogenic, growth promoting, involved in the cytoskeleton of

cells, and in signal transduction via the interaction with its receptor

(28,48,49,52-55).

There has been a lot of interest in the role of plasminogen activation in

cancer in the past and there will still be in the Iuture. The use of cell lines and

model systems like the nude mice have proven to be important tools in the

study of plasminogen activation in malignancy. However, those techniques are

not able to substitute the study of human tissues completely. Monocultures of

cells do not have all of the stimuli to which cells in tissue are exposed and could

therefore behave differently. Also the results of for instance metastasis

formation in nude mice after injection or transplantation of human malignant

cells have to be interpreted carefully because of interaction with heterogenous

normal tissue and the absence of an intact immunological defense system.

Knowledge about the various components of plasminogen activation, their

presence, localization, interaction, and the way they influence each other is

essential, not only for understanding their contribution to carcinogenesis, but

also for using them as diagnostic tools. Eventually our knowledge of the

process of plasminogen activation could lead to a direct interference in the

interactions of the components, which could provide us with means to protect

against and treat cancer of the gastrointestinal tract. lnhibiting monoclonal

antibodies, recombinant constructs of plasminogen activation components, and

synthetic inhibitors or receptor blockers are possible subjects for investigation in

the future.
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SUMMARY

ln this thesis several studies are described on the regulation of the

urokinase-type plasminogen activator in gastrointestinal malignancies.

Plasminogen activators are enzymes which catalyze the conversion of

plasminogen into plasmin. Plasminogen is commonly present in human tissues

and it is the zymogen, the inactive pro-form, of plasmin. Plasmin, a serine
proteinase, is a potent degrader of various proteins. The lytic capacity of

plasmin is best known from the thrombolysis, the dissolution of blood thrombi in

the circulation. Next to the degradation of fibrin in blood clots, plasmin is also

able to breakdown proteins that are found in tissues, e.g. laminin, fibronectin,

and proteoglycans. These proteins are especially found in basement

membranes and interstitial stroma, two structures forming the extracellular

matrix, an important constituent of tissue achitecture. Activation of plasminogen

in tissues is shown to be an important mechanism for cells that are migrating

through the extracellular matrix. The formation of bloodvessels for instance, the

so-called angiogenesis, is a process in which the extracellular matrix is
temporarily degraded by plasmin to make way for the evolving endothelium.

Since the beginning of the 20th century many studies reported that the

activation of plasmin is also involved in malignant growth of various types of

carcinomas. Malignancy is the ability of a tumour to cross anatomic barriers that

separate the neoplastic cells from the normal host tissue. The degrading

capacity of plasmin is considered to play a key role in these proteolytic events

and it enables the tumour cells to invade the surrounding normaltissue.

The two most potent activators of plasminogen are called plasminogen

activators, namely tissue-type plasminogen activator (t-PA) and urokinase-type

plasminogen activator (u-PA). Previous studies in homogenates of tissues from

the large bowel and rectum showed that there is more u-PA present in

carcinomas than in the surrounding normal tissue. This rise in amount of u-PA

was accompanied by an increase in activity of this enzyme. Remarkably, the

levels of t-PA were found to be decreased in carcinoma tissue. Levels of

plasminogen activators in premalignant stadia of colorectal cancer,
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adenomatous polyps, were shown to be intermediate between normal tissue

and carcinomas.

This thesis focusses on the regulation of the urokinase-type plasminogen

activator in gastrointestinal malignancies. The major part of research in this

study is done on colorectal carcinomas, because from this type of cancer it is

relatively easy to obtain tissue from various stages of tumour development. The

regulation of u-PA was studied in nornial colorectal mucosa, in premalignant

adenomatous polyps, in primary carcinomas, and in liver metastases. The study

was extended with malignancies of the upper part of the gastrointestinal tract,

the stomach and the oesophagus, using endoscopically obtained biopsies.

lsolation of RNA and subsequent northern blotting revealed that the

increase in amount of u-PA protein in colorectal neoplasia was also seen on the

mRNA level, suggesting that the u-PA which is present in adenomas and

carcinomas is synthesized in the tumours and not coming from other parts of

the body. ln conclusion, the enhancement of u-PA antigen levels in colorectal

neoplasia is regulated at the transcriptional level. This study did not definetely

show which cells are responsible for the u-PA synthesis, although

immunohistochemistry showed that the u-PA protein appeared to be localized

primarily in the neoplastic epithelial cells of adenomas and carcinomas from the

colorectum.

The amount of u-PA does not necessarily have to be correlated with the

quantity of u-PA activity. Next to the presence of an inactive pro-form of u-PA

(pro-u-PA), u-PA as well as t-PA can be inactivated by the formation of

complexes with two specific plasminogen activator inhibitors, PAI-1 and PAI-2.

Specific ELISAs for these inhibitors revealed that the levels of both PAI-1 and

PAI-2 are already enhanced in adenomas and are especially high in carcinomas

of the colorectum. Northern blotting showed also enhanced PAI-1 mRNA levels

in colorectal neoplasia. ln contrast, mRNA coding for PAI-2 was only

occasionally found. Remarkably, the increased amount of inhibitors was

correlated with a decrease in t-PA activity but not with the enhanced u-PA

activity. Apparently, at least part of the u-PA escapes the physiological control

by the inhibitors. Although homogenates of liver metastases also showed

enhanced concentrations of u-PA, they did not contain detectable plasminogen
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activator activity. This absence of activity was most probably caused by
extremely high levels of inhibitor PAI-1. These findings suggest that regulation

of the activity of u-PA in colorectal neoplasms is a delicate balance between the
amount of activator and inhibitors, though more regulating factors are involved.

It is important for the invading carcinoma that the degradation of the matrix

surrounding the migrating cells is restricted to certain areas, and that the
proteolytic activity is specifically localized. For the urokinase-type plasminogen

activator a specific receptor is known, which localizes the proteolytic activity.

We evaluated the presence of u-PA receptors in homogenates of normal

colorectal mucosa, adenomatous polyps, carcinomas, and liver metastases.

While the levels of free u-PA receptor were enhanced in carcinomas and

metastases, the adenomas did not show higher amounts of receptor than

adjacent normal mucosa. The protein measurements of u-PA receptors in

colorectal neoplasia were confirmed by northern blotting of u-PA receptor

mRNA. These data suggest that the presence of the receptor for u-PA could be

an important factor in the regulation of localized proteinolytic activity in

colorectal malignancies.

Most of the studies performed on colorectal tissues were also done using

biopsy specimens from the upper part of the gastrointestinal tract. Although

different from colorectal mucosa in form and function, in general, normaltissues
from stomach and oesophagus were not different in the content of plasminogen

activation components. Stomach carcinomas and squamous carcinomas from

the oesophagus showed enhanced amounts of u-PA. Decreased quantities of

t-PA, as found in colorectal neoplasia, were detected only in stomach

carcinomas and not in oesophageal cancers. Nevertheless the ratio between

u-PA antigen and t-PA antigen, which proved to be a useful parameter in

discriminating colorectal neoplasms from normal tissues, was also significantly

enhanced in stomach as wellas in oesophageal malignancies.

Recently, the altered levels of components of the plasminogen activation

cascade in the tissues were shown to be related to the prognosis of patients

with breast and colorectal carcinomas. ln future investigations the role of
plasminogen activation in gastrointestinal carcinogenesis has to be analysed

further. Special attention should be focussed on the clinical consequences of
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enhancement of this proteolytic system in malignancies. Are the increased

amounts indicative for certain stages or forms of gastrointestinal neoplasia and

are they useful as diagnostic tools? Which cells produce the different

components of the plasminogen activation cascade? Could interference in the

cascade of reactions prevent further invasive growth of primary tumours? ls

metastasis formation prevented by blocking the u-PA activity or the u-PA

receptor? These are some of the questions which are evoked by the studies

reported in this thesis. Answers to those questions will only be obtained after

extensive research. This research requires basic knowledge of the process of

plasminogen activation as well as thorough evaluation of its clinical value. This

can only be achieved by a joint effort of clinicians and basic scientists.
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SAMENVATTING 

Zoals alle levende wezens, is het menselijk lichaam opgebouwd uit cellen. 

Er zijn vele soorten cellen, die wat betreft uiterlijk en eigenschappen aangepast 

zijn aan de functie die ze vervullen. Voorbeelden van totaal verschillende 

celtypen zijn bloedcellen, spiercellen, zenuwcellen en huidcellen. Op een 

bepaald moment in hun levensfase zijn cellen in staat zich te vermenigvuldigen 

door middel van celdeling . Vooral de huid en de darmen zijn plaatsen in het 

lichaam waar een hoge mate van vernieuwing van de celpopulatie door middel 

van celdeling plaats vindt. Als door wat voor oorzaak dan ook de regulatie van 

dit celdelingsproces verstoord wordt en er ongecontroleerde deling en groei van 

bepaalde cellen optreedt spreken we van tumorvorming of neoplasie. Echter, 

pas als deze ongecontroleerde celgroei invasief gedrag vertoont, dat wil zeggen 

dat de cellen omliggende weefsels gaan binnendringen, spreken we van 

kwaadaardige nieuwvormingen of maligniteiten. 

In dit proefschrift wordt verslag gedaan van een aantal studies naar de 

regulatie van urokinase-type plasminogeen activator in kwaadaardige 

aandoeningen van het spijsverteringskanaal. Plasminogeen activatoren zijn 

enzymen die de omzetting van plasminogeen in plasmine catalyseren. 

Plasminogeen komt in allerlei weefsels van het menselijk lichaam voor en is de 

inactieve pro-vorm van plasmine. Plasmine is het meest bekend uit de 

thrombolyse, het oplossen van stolsels in het bloed. Naast het oplossen van 

bloedstolsels is plasmine echter ook in staat om eiwitten in weefsels af te 

breken, b.v. laminine, fibronectine en proteoglycanen. Deze eiwitten komen 

vooral voor in basaal membranen en interstitieel stroma, structuren die tezamen 

de extracellulaire matrix vormen, een weefselcomponent met een voornamelijk 

ondersteunende taak. Onderzoek heeft aangetoond, dat de tijdelijke afbraak 

van de extracellulaire matrix door middel van de activatie van plasminogeen 

een belangrijk mechanisme is voor cellen om zich door weefsels te kunnen 

verplaatsen. De vorming van bloedvaten bijvoorbeeld, de zogenaamde 

angiogenese, is een proces waarin die matrix tijdelijk door plasmine wordt 

afgebroken, zodat de bloedvat vormende endotheelcellen kunnen uitgroeien. 
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Sinds het begin van de 20e eeuw hebben verschillende studies aangetoond, dat 

plasminogeen activatie ook een rol speelt in de kwaadaardige uitgroei van 

verschillende soorten kanker. Kwaadaardige kankers of carcinomen worden 

gekenmerkt door het vermogen om door het omringende normale weefsel te 

kunnen groeien. Het weefsel oplossend vermogen van plasmine wordt 

beschouwd als een belangrijke factor in deze invasieve groei. 

De twee belangrijkste activatoren van plasminogeen worden respectievelijk 

weefsel-type of tissue-type plasminogeen activator (t-PA) en urokinase-type 

plasminogeen activator (u-PA) genoemd. Eerdere studies in homogenaten van 

dikke darmweefsel hebben aangetoond, dat er meer u-PA voorkomt in 

carcinomen dan in normaal weefsel. Deze verhoogde concentratie van u-PA 

ging vergezeld van een verhoogde activiteit van het enzym. Opmerkelijk was, 

dat het niveau van t-PA, het andere type plasminogeen activator, juist verlaagd 

was in het kankerweefsel. De plasminogeen activator concentraties in 

adenomateuze poliepen, premaligne voorstadia van dikke darmkanker, 

vertoonden waarden tussen het gezonde weefsel en de carcinomen in. 

Dit proefschrift gaat over de regulatie van het urokinase-type plasminogeen 

activator in maligniteiten van het spijsverteringskanaal. Om practische redenen 

is het meeste onderzoek gedaan aan kanker van de dikke darm. De regulatie 

van u-PA werd bestudeerd in normáal darmslijmvlies, in premaligne 

adenomateuze poliepen , in carcinomen en in levermetastasen, uitzaaiingen 

afkomstig van dikke darmtumoren. De studie werd uitgebreid met maligniteiten 

uit hoger gelegen delen van het spijsverteringskanaal, te weten de maag en de 

slokdarm. Hiervoor werd echter geen gebruik gemaakt van operatief verkregen 

weefsel, zoals bij de dikke darm, maar van endoscopisch genomen biopten. 

Northern blotting van geïsoleerd RNA toonde aan, dat de verhoogde 

hoeveelheid u-PA eiwit in dikke darmtumoren ook terug te vinden was op 

mRNA niveau. Aangenomen kan worden, dat het aanwezige u-PA eiwit in de 

poliepen en carcinomen dus ook daar geproduceerd is en niet van elders uit het 

lichaam afkomstig is. Dit onderzoek laat echter niet zien welk type cel 

verantwoordelijk is voor de verhoogde u-PA concentratie in de tumor, hoewel 

immunohistologisch onderzoek aantoonde dat het u-PA eiwit voornamelijk 

gelocaliseerd is in de epitheliale tumorcellen van adenomen en carcinomen van 
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de dikke darm en slechts incidenteel in cellen van het omliggende stroma. 

De hoeveelheid u-PA eiwit hoeft niet direct gecorreleerd te zijn met de 

activiteit van het enzym. De enzymactiviteit wordt op verschillende manieren 

gereguleerd. Naast het voorkomen van een inactieve pro-vorm van u-PA (pro-u­

PA), worden zowel u-PA als t-PA geinactiveerd door complexvorming met twee 

specifieke plasminogeen activator remmers, PAl-1 en PAl-2. Specifieke 

ELISA's voor deze remmers, of inhibitoren, toonden aan dat zowel PAl-1 als 

PAl-2 in verhoogde concentraties in poliepen voorkomen, en dat vooral in 

carcinomen grote hoeveelheden van beide inhibitoren aanwezig zijn . Northern 

blotting liet ook verhoogde PAl-1 mRNA niveaus zien in dikke darmtumoren, 

maar mRNA coderend voor PAl-2 werd zelden gevonden. Opmerkelijk was dat 

de verhoogde concentratie inhibitoren wel gecorreleerd was met de dalende t­

PA activiteit, maar niet met de juist verhoogde u-PA activiteit. Waarschijnl ijk is 

een deel van het aanwezige u-PA in staat om aan de fysiologische controle 

door de inhibitoren te ontsnappen. Homogenaten van levermetastasen 

vertoonden ook verhoogde u-PA concentraties, maar geen plasminogeen 

activator activiteit. De afwezigheid van activiteit werd naar alle waarschijnlijkheid 

veroorzaakt door de extreem hoge hoeveelheden van PAl-1. Deze bevindingen 

suggereren dat de regulatie van de activiteit van u-PA in dikke darmtumoren 

een delicaat evenwicht is tussen de hoeveelheid activator en inhibitor(en), maar 

waarschijnlijk spelen er meer factoren een rol. 

Voor een invasief carcinoom is het van belang dat de matrix rondom de 

migrerende cel op het juiste moment en op de juiste plaats afgebroken wordt. 

Voor u-PA is een specifieke receptor beschreven, die in staat is de eiwit-afbraak 

van het enzymsysteem te localiseren. Wij hebben de aanwezigheid van u-PA 

receptoren in homogenaten van normaal dikke darmslijmvlies, adenomateuze 

poliepen, carcinomen en levermetastasen onderzocht. Terwijl de concentraties 

vrije u-PA receptor verhoogd waren in carcinomen en metastasen, bleken de 

poliepen niet meer van deze receptor te bevatten dan normaal darmweefsel. 

Deze op eiwit niveau gevonden waarnemingen werden bevestigd door northern 

blotting van u-PA receptor mRNA geïsoleerd uit hetzelfde darmweefsel. Deze 

resultaten suggereren dat de aanwezigheid van de u-PA receptor een 

belangrijke factor zou kunnen zijn in de regulatie van met name de 
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gelocaliseerde afbraak van eiwit in kwaadaardige tumoren van de dikke darm. 
De meeste van de hierboven beschreven studies in dikke darmweefsels 

werden ook uitgevoerd op endoscopische biopten uit hoger gelegen gedeelten 

van het spijsverteringskanaal. Ofschoon deze weefsels in vorm en functie 

verschillen van die uit de dikke darm, waren het normale slijmvlies van maag en 

slokdarm nauwelijks verschillend in het niveau van plasminogeen activatie 

componenten. Kanker van de maag en plaveiselcel-carcinomen van de 

slokdarm vertoonden verhoogde concentraties u-PA, zowel op eiwit als mRNA 

niveau. Verlaging van de hoeveelheid t-PA, zoals ook aangetoond in dikke 

darmtumoren, werd wel waargenomen in maagcarcinomen maar niet in 

slokdarmkanker. Ondanks dat was de ratio tussen de hoeveelheid u-PA en 

t-PA, een bruikbare parameter voor het onderscheid tussen normaal en tumor 

in dikke darmweefsel, toch ook significant verhoogd in maligniteiten van de 
maag en van de slokdarm. 

Onlangs werd aangetoond dat concentraties van componenten betrokken bij 

de activatie van plasminogeen, zoals u-PA en PAl-1, in tumoren gerelateerd zijn 

met de overleving van patiënten met borstkanker of dikke darmkanker. Verder 

onderzoek zou een completer beeld moeten geven van de rol van 

plasminogeen activatie in maligniteiten van het spijsverteringskanaal. Speciale 

aandacht zou hierbij gegeven moeten aan de klinische betekenis van deze 

verhoogde afbraak van eiwitten in maligniteiten. Zijn de verhoogde 

concentraties van activatoren, inhibitoren of receptoren bruikbaar om 

verschillende stadia in maag- en darmmaligniteiten te diagnostiseren? Welke 

cellen maken de verschillende componenten van het plasminogeen activatie 

systeem? Zou ingrijpen in de elkaar opvolgende reacties verdere invasieve 

groei kunnen voorkomen? Kan blokkeren van u-PA activiteit dan wel de u-PA 

receptor de vorming van metastasen voorkomen? Dit zijn een aantal vragen, 

die de studies beschreven in dit proefschrift oproepen. De antwoorden kunnen 

echter alleen door middel van uitgebreid verder onderzoek gegeven worden, 

waarbij niet alleen een gedegen kennis van het proces van plasminogeen 

activatie wordt vereist, maar ook het klinische inzicht om de betekenis van die 

kennis naar de patiënt te vertalen. Dit kan alleen bereikt worden door een 

nauwe samenwerking tussen klinische en basale onderzoekers. 
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LIST OF ABBREVIATIONS

APAAP alkaline phosphatase-anti-alkaline phosphatase
BIA bio-immunoassay
BM basement membrane
DFP diisopropylfluorophosphate
DSS disuccinimydyl suberate
ECM extracellular matrix
EDTA ethylenediaminetetraacetic acid
ELISA enzyme-linked immunosorbent assay
FAP familial adenomatous polyposis coli
Gl gastrointestinal
GPI glycosyl-phosphatidylinositol
GAPDH glyceraldehyde-3-phosphate dehydrogenase
HEPES N-(2-hydroxyethyl)piperazine-N'-ethanesulfonicacid
lg D/G/M immunoglobulin class D, G, or M
HMW u-PA high molecular weight u-PA
LMW u-PA low molecular weight u-PA
mlU milli lnternational Unit
MMP matrix metalloproteinase
mRNA messenger ribonucleic acid
nd not done
ns not sionificant
OD26o opticai density at 260 nm
p probability
PA plasminogen activator
PAI plasminogen activator inhibitor
PMSF phenylmethylsulfonyl fluoride
R correlation coetficient
RNA ribonucleic acid
RPM rotations per minute
sc-t-PA single-chain-t-PA
SDS-PAGE sodiumdodecylsulphate polyacrylamide gelelectrophoresis
SEM standard error of the mean
TIMP tissue inhibitor of metalloproteinase
TNM tumour (lymph)node metastasis classification
t-PA tissue-type plasminogen activator
Tris tris(hydroxymethyl)aminomethane
u-PA urokinase-type plasminogen activator
u-PAR urokinase-typeplasminogenactivatorreceptor
vlv volume/volume
wlv weighVvolume
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