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Plasminogen activators in experimental colorectal
neoplasia: a role in the adenoma-carcinoma sequence?
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SUMMARY An important step in the transition from adenomatous polyp to invasive carcinoma is
the degradation of the epithelial basement membrane. By the generation of plasmin, plasminogen
activators may play an important role in regulating the extracellular protease activity required for
this event to occur. The production of biofunctional urokinase and of tissue plasminogen activator
was therefore investigated in the dimethylhydrazine induced rat model of colorectal neoplasia.
Both adenomatous polyps (p values <0.001) and colorectal carcinomas (p values <0-001) were

demonstrated to produce a significant excess of both urokinase and tissue plasminogen activator
when compared with macroscopically normal colon. There was, however, no increased production
of either enzyme by macroscopically normal preneoplastic colon when compared with control
colon. This enhanced capacity of colorectal tumours to produce plasminogen activators and
generate plasmin is thus a feature of both the premalignant as well as the malignant phenotype.
These enzymes may contribute to the malignant potential of adenomatous polyps and to the
invasive capacity of established carcinomas.

The concept that the majority of human colorectal
carcinomas arise from pre-existing adenomatous
polyps, as propounded by Morson' is widely
accepted. Well established clinicopathological
criteria including polyp size, morphology and degree
of dysplasia are recognised as risk factors for the
likelihood of malignancy developing in an individual
polyp.2 The biochemical processes associated
with the transition from benign polyp to invasive
carcinoma, however, remain ill understood. A
critical event in this transition is destruction of
the epithelial basement membrane which may
be regarded as the first manifestation of invasive
behaviour. In malignant neoplasms proteolytic
enzyme activity has been widely implicated in both
invasion and metastasis,' however little attention
has been focused upon their benign precursors.
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In experimental carcinogenesis an excess produc-
tion of plasminogen activators in cultured cells has
been observed to occur and to precede the morpho-
logical features of malignancy.78 These serine pro-
teases which exist in two principal forms, as tissue
plasminogen activator and urokinase, generate the
trypsin like protease plasmin. In a recent study we
have confirmed an increase in the concentrations
of extractable urokinase from human colorectal
carcinomas compared with normal colorectal mucosa
and further demonstrated raised levels of this enzyme
in adenomatous polyps.9
The purpose of this study was to investigate the

production of tissue plasminogen activator and
urokinase in experimental colorectal neoplasia in rats
induced with dimethylhydrazine. Using this model,
in which histological evidence exists to support the
adenoma-carcinoma sequence,"' the production of
plasminogen activators has been measured in adeno-
matous polyps and colonic carcinomas. Moreover, as
multiple colonic tumours are typical in this model it is
conceivable that a generalised epithelial field change
associated with an altered capacity to produce plas-
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minogen activators may occur. Therefore the pro-
duction of these enzymes by macroscopically normal
colon from carcinogen treated animals has also been
investigated.

Methods

ANIMALS
Ten outbred female Wistar rats (100-200 g), from
groups previously allocated to receive either
dimethylhydrazine (40 mg/kg sc weekly for five
weeks) or to serve as controls, were killed at 20 and
30 weeks and a further 10 control and 15 carcinogen
treated animals were killed at 40 weeks. The animals
were killed under ether anaesthesia and a full
necropsy carried out. In a pilot study plasminogen
activator production by colonic explants was found to
vary according to the site of sampling, therefore in
the present study macroscopically normal colon was
always sampled from a fixed site in the future tumour
bearing left colon. Weighed explants of colon from
both carcinogen treated and control animals and of
neoplasms, sampled to give a representative spread
of benign and malignant lesions, were thoroughly
washed in Hanks balanced salt solution containing
penicillin, streptomycin and amphotericin. All
tissues were then established in tissue (organ)
culture.

TISSUE CULTURE
The tissue culture media used was Dulbecos modifi-
cation of Eagles medium supplemented with acid
treated fetal calf serum containing the same anti-
biotics as above, glutamine (2 mmol) and bicarbo-
nate (500 stg/ml). The explants were incubated on
iron grids in 4 ml of culture medium in individual
wells of tissue culture plates (Gibco) at 37°C for 24
hours without CO2 enrichment. The media was then
harvested and subaliquots assayed immediately on
fibrin plates and further samples snap frozen in liquid
nitrogen and stored at -70°C until subsequent
analysis as outlined below.

PLASMINOGEN ACTIVATOR ASSAY BY FIBRIN
PLATES
This assay was used as a measure of overall
plasminogen activator activity. Plates were all made
from the same batch of fibrinogen (Kabi L grade)
using a standardised technique" at a final fibrinogen
concentration of 1 mg/ml in imidazole buffered saline
at pH 7-4. A sample of fibrinogen which was purified
on a lysine sepharose column to remove plasminogen
served as a negative control. Sample aliquots of 30 ,ul
were assayed in triplicate and lysis areas measured
after 21 hours of incubation at 37°C and related to a
standard tissue plasminogen activator dilution curve.

Results were expressed in tissue plasminogen
activator units per ml.

BIOIMMUNOASSAY FOR TISSUE PLASMINOGEN
ACTIVATOR
This assay was used as a measure of biofunctional
tissue plasminogen activator-like activity, utilising
the established antigenic cross reactivity between rat
and human tissue plasminogen activator.'2 This pro-
cedure'" depends on the binding of tissue plasmino-
gen activator in the sample to the immobilised IgG
fraction of a rabbit antisera raised against human
melanoma (Bowes) tissue plasminogen activator.
Plasminogen and the chomogenic substrate S2251
(Kabivitrum) were subsequently added such that
when present, bound activator converted the
plasminogen to plasmin which in turn cleaved p-
nitroaniline from the chromogenic substrate. The
resultant colour change was read as optical density at
405 nm and the results were read from a dilution
curve of the WHO standard of tissue plasminogen
activator, being expressed in International Units per
ml (IU/ml).

UROKINASE ASSAY
A spectrophotometric assay based on that described
by Verheijen'4 was used as a measure of biofunctional
urokinase activity. The assay involves the addition to
the plasminogen activator containing sample of a
mixture of plasminogen and the chromogenic sub-
strate S2251. Under these conditions there is no
contribution to plasmin generation from tissue
plasminogen activator, as this enzyme requires the
presence of fibrin in order to activate plasminogen
(Fig. 1). Standard solutions of both urokinase from
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Fig. 1 Spectrophotometric assayfor urokinase. The assay
was done without the addition offibrin promoter. Dilution
curves ofthe international standards ofboth urokinase and
tissue plasminogen activator (tPA) as demonstrated above
(after incubation for one hour at 37C) were run within each
assay. Under these assay conditions there is a negligible
contribution to plasmin generation even at high (10 lUlml)
tPA concentrations.
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which to calculate the sample results and of tissue
plasminogen activator to ensure no contribution
from this enzyme were run within each plate. Some
samples were additionally incubated without added
plasminogen to exclude plasmin independent
activity. Results were expressed in International
Units of urokinase per ml (IU/ml).

HI STO PATHO LOGY
Portions from each tumour were fixed in formalin,
processed and embedded in paraffin wax. Sections
5 ,um thick were cut and stained with haematoxylin
and eosin. Tumours were then histologically classi-
fied, independently, as adenoma or carcinoma. In the
early part of this study histological interpretation was
made of lesions which had been in prolonged tissue
culture and some were not classifiable owing to tissue
culture artefacts. Subsequently segments of each
tumour to be established in tissue culture were placed
immediately into formalin. Comparisons between
adenomatous polyp and carcinomas have been made
only where the histology was unequivocal.

STATISTICAL ANALYSIS
The data were analysed using the Wilcoxon's rank-
sum-test for paired and unpaired data where
appropriate.

Results

There were two premature cancer related deaths in
the carcinogen treated group and tissue from these
animals was not available for study.

CARCINOGEN TREATED VERSUS CONTROL

NORMAL COLON
The results for plasminogen activator activity in
control and macroscopically normal dimethylhydra-
zine treated colons at 20, 30, and 40 weeks after first
exposure to the carcinogen are detailed in Table 1.
There were no differences between control and
dimethylhydrazine exposed normal colons for overall
plasminogen activator activity nor for tissue
plasminogen activator or urokinase activity through-
out the study. At 30 and 40 weeks, however,
dimethylhydrazine treated colons tended to have less

tissue plasminogen activator activity and less overall
activity. When the data for all the time periods were

combined, dimethylhydrazine treated colon tended
to have less tissue plasminogen activator and less
overall fibrin plate activity, although this was not
statistically significant. Urokinase activity did not
differ.

NEOPLASM VERSUS MACROSCOPICALLY NORMAL

COLON
In the dimethylhydrazine treated animals a total of
12, 25, and 50 macroscopic tumours respectively at
each of the three time periods 20, 30, and 40 weeks
were studied. The results for plasminogen activator
activities of these tumours compared with their
paired macroscopically normal colons are detailed in
Table 2. At week 20, the colonic tumours had
significantly greater fibrin plate activity (p<0O001)
and tissue plasminogen activator activity (p<0002)
than the corresponding dimethylhydrazine colon.
The urokinase activity, while higher in the tumours
compared with dimethylhydrazine colon just failed to
achieve significance. A similar pattern was seen at 30
weeks when the tumours had significantly greater
fibrin plate (p<0-001) and tissue plasminogen
activator activity (p<0-001). Again, urokinase
activity, although greater in the tumours than
dimethylhydrazine mucosa, did not differ signific-
antly. At 40 weeks all three parameters of plasmino-
gen activator activity in the colonic tumours were

significantly greater than those in the corresponding
dimethylhydrazine exposed colon (p values <0.001).
When all the data were combined from weeks 20, 30,
and 40, again all the measured parameters of tumour
plasminogen activator activity were significantly
raised compared with the corresponding dimethyl-
hydrazine (p values <0-001) as well as the control
colon (p values <0-001).

ADENOMATOUS POLYPS VERSUS CARCINOMAS
An unequivocal histological diagnosis, irrespective
of time, was made for 25 adenomatous polyps and for
34 colorectal carcinomas. There were no differences
in plasminogen activator activity in any of the assays

between the benign and malignant tumours. Both
adenomas (p<04001) and carcinomas (p<0-001) had
significantly greater tissue plasminogen activator and

Table 1 Medians and ranges ofplasminogen activator levels in control and macroscopically normalDMH exposed rat colons

Fibrin plate lU/ml tPA lUlml Urokinase lUlml

Weeks Control DMH Control DMH Control DMH

20 0.2(0-1 6) 0(1 (0-0-6) 0(0-0-2) 0(0-0-3) 0-3(0-1-0-4) 0-3(0-2-0-4)
30 04 (0-1.0) 0 (0-1-3) 0-5(0-0-9) 0-3 (0-1-1) 0-4 (0.2-1*1) 0-4 (0.1-1-5)
40 0-9(0-4-2) 0-5 ((1-3-9) 0.2(0-0-6) 01 (0-0-4) 0-3 (0-0-5) 0.2(0-1-0-6)
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Table 2 Medians and ranges ofplasminogen activator levels oftumours andDMH exposed normal colons

Fibrin plate lUlml tPA lUlml Urokinase lUlml

Weeks DMH Tumour DMH Tumour DMH Tumour

20 0.1(0-0.6) 3.2* (0.2-14.1) o(o-0.3) 0 It (0-0-6) 0.3(0.2-0.4) 0.4(0.1-1.9)
30 O(O-1.3) 1-2*(-011.4) 0.3(0-1.1) 1.1*(0.3-2.8) 0-4(0.1-1.5) 0.6(0.1-1.7)
40 0o5 (0-3.9) 4.2* (0-70.6) 0.1(0-0.4) 0.5* (0 1.5) 0.2 (0.1-0.6) 0.4* (0.1-i00)

*p<O-OOl, tp<0 002 compared with DMH.

urokinase activity when compared with macroscopic-
ally normal colon from either group (Figs. 2, 3).

Discussion

This study has shown that both adenomatous polyps
as well as invasive carcinomas are associated with an
increased production of both tissue plasminogen
activator and urokinase in this model. A tendency
to lower tissue plasminogen activator and overall
plasminogen activator activity at 30 and 40 weeks in
dimethylhydrazine treated colons compared with
controls may reflect an inflammatory change in
mucosa adjacent to a tumour rather than a true
preneoplastic change as with increasing tumour
yields the site selected for sampling was frequently
close to tumours. We have previously shown that
mucosa surrounding human colonic carcinomas had
reduced tissue plasminogen activator activity9 and a
similar observation has been reported in inflam-
matory bowel disease. '
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Whilst it was not possible in this study to show the
cellular origin of plasminogen activators it is likely
that transformed epithelial cells were the major
source of these enzymes in tumours, particularly
urokinase. Previous studies have shown the produc-
tion of this activator by epithelial cells derived from
both colorectal carcinomas and adenomatous polyps
in cell culture. 67 Although infiltrating white cells are
a further potential source of protease activity in
tumours, lymphocytes have been shown to produce
negligible amounts of plasminogen activators unless
themselves transformed - for example, by HTLV
III,8 when appreciable amounts, always including
urokinase, were apparent. Moreover, the urokinase
content of colonic mucosa from inflammatory bowel
disease has been shown not to differ from normal'"
further supporting the view that abnormalities in the
production of this enzyme are a particular feature of
transformed cells.
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Fig. 2 Tissueplasminogen activator activity in control and
dimethylhydrazine (DMH) colon and in histologically
confirmed adenomatous polyps and carcinomas.

2

1.

0.

0

0

0

* 0

O ~ ~ ~~~~~S8 + To I

oa s

Control DMH Polyps Carcinomas
colon colon

I NS 1 NS
I p<O OOl-

Fig. 3 Urokinase activity in control and dimethylhydrazine
(DMH) colon and in histologically confirmed adenomatous
polyps and carcinomas.
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Although widely implicated in metastasis there
have been few studies of this enzyme system in the
tumourigenesis of solid neoplasms. Markus, how-
ever, demonstrated a dramatic inhibition of colon
tumour development in dimethylhydrazine induced
mice fed the fibrinolytic inhibitor epsilon amino-
caproic acid and also referred to unpublished obser-
vations of increased plasminogen activator synthesis
by mouse colon neoplasms in tissue culture.'9 The
present study confirms these latter findings and
demonstrates that in this tumour model the enhanced
activity is due to an excess production of both tissue
plasminogen activator and urokinase. Furthermore,
this excessive production of plasminogen activators
has been shown to be a feature of both adenomatous
polyps as well as carcinomas. Hitherto, reports of
abnormalities of plasminogen activator production,
which appear almost invariable in cancer, have been
confined almost exclusively to either malignant
tumours2"'2' or transformed cells82' in culture, though
not to premalignant tumours.

In a study of extractable plasminogen activator
activity in breast neoplasms,22 benign breast tumours,
unlike breast carcinomas, were found to have virtu-
ally undetectable urokinase activity. In human color-
ectal cancer enhanced urokinase activity has also
been observed using both enzyme extraction and
organ culture techniques.923 Using the former
method, raised urokinase was also found in adeno-
matous polyps although tissue plasminogen activator
activity was diminished in both carcinomas and
adenomatous polyps when compared with normal
colorectal mucosa which contained low but detect-
able levels of urokinase and comparatively high
levels of tissue plasminogen activator.9 The discrep-
ancy between the results for tissue plasminogen
activator in rat and human colorectal neoplasia may
be a reflection of the different methodologies used,
namely tissue culture versus enzyme extraction, or
may reflect biological differences between rat and
human colonic neoplasia. Both studies do, however,
show a similar abnormality of plasminogen activator
production in adenomatous polyps and colorectal
carcinomas. The findings of an increased plasmin-
ogen activator production, particularly urokinase, by
human villous adenoma and carcinoma derived cells
in culture,24 suggests an aberration of enzyme expres-
sion, typical of the malignant phenotype, which
occurs at a premalignant stage.
After stimulation with epidermal growth factor

(EGF) an increased production of plasminogen
activators by various human cells has been observed.5
This increased production has been implicated in the
down regulation of the EGF receptor.25 It is possible
therefore that the increased plasminogen activator
activity that has often been observed in association

with neoplastic tissue may aetiologically be related to
deregulated growth control.
The production of urokinase would thus appear to

be a particular feature of human and experimental
colonic neoplasms. This enzyme, unlike tissue
plasminogen activator, can readily generate the
trypsin like protease plasmin independently of
fibrin.26 The degradation of extracellular collagen, as
occurs in tumour invasion, is partly mediated by
collagenases, enzymes which are often secreted in
inactive or latent forms. These enzymes are them-
selves activated by limited proteolysis and plasmin
has been implicated as the enzyme responsible for
this activation527 as well as for the degradation of
laminin and fibronectin, important components of
the basement membrane.52' The destruction of the
basement membrane can be regarded as the first
manifestation of invasive behaviour and is a critical
event in the transition from adenomatous polyp to
invasive carcinoma.
Thus an enhanced production of biofunctional

tissue plasminogen activator and urokinase has been
observed in both experimental adenomatous polyps
and carcinomas in this study. As these enzymes have
been widely implicated in tumour invasion this
enhanced production may therefore contribute to the
malignant potential of adenomatous polyps and to
the invasive capacity of carcinomas.

Mr P B Boulos and Mr J S K Gelister gratefully
acknowledge support from Smith, Kline & French
Laboratories Ltd, KABI Vitrum, and the Special
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