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ABSTRACT

At present, there is a lack of availability of differentiation markers for
colon carcinoma. This may, in part, be a consequence of the diversified
functionof the normal human colon. This study addresses the possibility
that the expression of urokinase and its receptor is inversely related to
differentiation in colon carcinoma.

Six colon carcinomacell lines including three well-differentiated (CBS,
GEO, FET) and three poorly differentiated ones (HCT116, IK Tl Job,
RKO) were screened for urokinase receptor display and secretion of the
plasminogen activator. A radioreceptor assay was used to determine
receptor levels. Binding of radioactive urokinase to colon cells was
saturable, specific, and time dependent. Cell-bound 125I-labeledprotease
was unaffected by the presence of epidermal growth factor, low-molecu
lar-weight urokinase, plasminogen, or transferrin. Time course studies
revealed that maximum amounts of radioactive tracer were bound in a
30-min period with no change occurring over the course of a 90-min
incubation. Scatchard analysis of ligand binding indicated that the well-
and poorly differentiated cells could be separated on the basis of receptor
display; the aggressive RKO, IU"l 116, and HCTlleb expressed in
excess of 10s sites per cell, while the more indolent CBS, GEO, and FET
possessed less than 1.5 x IO4receptors per cell.

The colon carcinoma cells were also analyzed for urokinase in the
conditioned medium. Low levels of the plasminogen activator (0.8 to 13
ng/ml/106 cells/72 h) were associated with the more "mature"cells. This

was in contrast to the elevated levels of the protease (3.9 to 11.4 ng/ml/
10' cells/72 h) present in the medium derived from the more aggressive

cells (HCT 116, HCT116b, RKO). Thus, secreted urokinase and/or the
expression of cellular receptor for the plasminogen activator may provide
useful measurements of the degree of undifferentiation of in vitro colon
carcinoma.

INTRODUCTION

Colon carcinoma is highly refractory to chemotherapeutic
intervention and consequently carries a high rate of mortality
( 1). A better understanding of the biological basis of the disease
may, in the long run, yield therapeutic agents which exert their
effects via promotion of differentiation (2, 3). The acquisition
of such agents, however, requires (a) experimental models
which truly represent the disease, in vivo, and (b) differentiation
markers useful for monitoring subtle changes in the malignant
behavior of the colon carcinoma cells. While the former crite
rion is, at least, partially met by available cultured cell lines (4),
a well-defined panel of differentiation markers has yet to be
established for the disease (5). The lack of differentiation pa
rameters could be a consequence of the heterogeneous nature
of the disease and the cells comprising the normal colon. Thus,
a differentiation marker such as mucin could fail to manifest
after exposure to a maturation inducer in a stem cell whose
lineage is of the absorptive type. Such problems severely hamper
progress in the study of the modulation of colon cancer cell
differentiation. Consequently, we have proposed that an atten
uation of certain biochemical phenomena usually associated
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with transformed cells should occur as a general response to a
maturation promoter irrespective of the stem cell lineage of the
malignancy.

One of the features of a number of malignancies including
lung, prostate, breast, and stomach cancers is the over-expres

sion of the plasminogen activator urokinase (6,7). The function
of this plasminogen activator in tumor cell biology has yet to
be clearly defined. It may, by virtue of its ability to convert the
inert plasminogen into the widely acting serine protease plas
min (8), cleave extracellular matrix components, allowing for a
more invasive carcinoma (9). Alternatively, its proteolytic func
tion may serve to activate latent, precursor growth factors such
as transforming growth factor ÃŸ(10). Recently, Kirche inier et
al. (11) have proposed that urokinase, itself, is a growth stim
ulant for the epidermal tumor cell line CCL 20.2. Lastly, the
plasminogen activator may provide a chemotactic signal for
neutrophils, an event possibly necessary to mount a host-me
diated, antitumor ininiuno logical response (12).

Some of the functions of urokinase may be mediated via its
interactions with specific binding sites. Indeed, a receptor for
urokinase has been found on a number of malignant cells
including A431 epidermoid and U937 leukemic cells (13, 14).
The purpose of this binding site could be 2-fold: (a) to elevate
the local concentration of plasminogen activator proximal to
the cells and (b) to protect the urokinase from serum inhibitors
(15).

The presence of urokinase in resected colon carcinoma tissue
and in short-term organ cultures (6) has been previously re
ported. Normal colonie mucosa showed little evidence of uro-
kinase-like material, while intense staining was observed at the
edge of cancer cells bordering the lumen of the glands. In a
recent study (16), higher levels of this plasminogen activator
were found in malignant colon when compared with adenoma-
tous polyps or normal mucosa. However, it was not possible
with the methodologies used in those studies to assess whether
the urokinase present was receptor bound. Indeed, to the knowl
edge of the authors, binding sites for urokinase have yet to be
demonstrated on colon cells.

In this study, an attempt has been made to establish a
relationship between urokinase secretion/receptor display and
the primitive nature of in vitro colon carcinoma. Accordingly,
the urokinase secretory capacity and receptor display in 6 colon
carcinoma cell lines of varying differentiation status were com
pared. The results presented, herein, indicate that well- and
poorly differentiated colon carcinoma cell lines can be well
separated on the basis of urokinase secretion and receptor
display. Either of these biochemical markers could prove useful
in assessing the primitive characteristics of cultured colon car
cinoma cells.

MATERIALS AND METHODS
Materials. HMW3 urokinase (M, 55,000) in the form of "Winkinase"

was a generous gift from Dr. Murano, Department of Drugs and

3The abbreviations used are: HMW, high molecular weight; LMW, low
molecular weight; BSA, bovine serum albumin; PBS, phosphate-buffered saline;
ELISA, enzyme-linked immunosorbent assay; EGF, epidermal growth factor;
CEA, carcinoembryonic antigen; HEPES, 4-{2-hydroxyethyl)-l-pipcrazineeth-
anesulfonic acid.
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Biologies, Bethesda, MD. LMW urokinase4 (A/, 33,000), BSA radio-

immunoassay grade, plasminogen, transferrÃn, and insulin were ob
tained from Sigma Chemicals, St. Louis, MO. ELISA antibodies were
kindly provided by Dr. Collen, Leuven, Belgium. Immobilized p-ami-
nobcnzamidinc and lodogen were purchased from Pierce Chemicals,
Rockford, IL. EGF was provided by Collaborative Research, Bedford,
MA.

Cell Culture. The well-differentiated cell lines CBS, GEO, and FET
and the poorly differentiated HCT 116, HCT116b, and RKO have been
characterized elsewhere (4, 17, 18). The former group give rise to
glandular-type tumors in nude mice, grow slowly in monolayer, and
secrete high levels of CEA. Ultrastructural studies reveal polarity of the
cells in monolayer together with the formation of tight junctions5 and

secretory domes. In striking contrast, the primitive group fails to
manifest tight junctions and secretory domes and does not exhibit
polarity.5 These cells were further characterized by their low doubling

times and depressed CEA levels. In nude mice, these cells result in
anaplastic tumors. Both well- and poorly differentiated colon carcinoma
cell lines were maintained in McCoy's Medium SA supplemented with

5% fetal bovine serum (GIBCO, Grand Island, NY) as described pre
viously (17). Medium changes were made every fourth day and at
preconfluency (less than 90% confluent) were subcultured with either
0.05% (HCT116, HCTllob, RKO) or 0.125% trypsin (GEO, CBS,
FET) in the presence of 3 mM EDTA.

For radioreceptor assays, the well- and poorly differentiated cells
were plated into 35-mm Petri dishes (Falcon) at approximately 5 x IO5
and 10s cells per well, respectively. After 3 to 5 days of culture, the

cells (80 to 100% confluent) were used in urokinase receptor assays.
Conditioned medium was collected as follows. Colon carcinoma cells

were plated in 35-mm dishes (7.5 x IO4for HCT116, HCT116b, RKO;
2.5 x 10s for CBS, GEO, FET) in 5% fetal bovine serum, and after 4
days, the medium was changed to serum-free medium6 containing 0.4%

BSA (19). After an additional 3 days, the conditioned medium was
harvested and the cells enumerated. The collected medium was stored
at -20Â°Cuntil required.

Purification of Urokinase. HMW urokinase was purified by affinity
chromatography on a />aminoben/amidme column as reported previ
ously (20) but with minor modifications. Briefly, a bottle of Winkinase
was dissolved in PBS and passed through the column at a rate of 4 ml/
h. Unbound material was washed through with PBS, and the purified
urokinase was eluted by switching to 0.1 M glycine (pH 2.2) buffer. The
fractions containing urokinase were adjusted to pH 7.0 with Tris buffer
(pH 7.5) and dialyzed against PBS. Purified plasminogen activator was
stored at -20"C.

Radioiodination of Urokinase. HMW urokinase was radiolabeled
using lodogen as described by Eaton and Baker (21) but with minor
modifications. Urokinase (50 Mg)in 30 mM phosphate buffer (pH 7.5)
was dispensed into an lodogen coated tube, and 0.3 mCi of Na'25I

(Amersham, Arlington Heights, IL) were added. The incubation was
carried out for 10 min on ice, and after this time the solution was
chromatographed on a Pharmacia (Uppsala, Sweden) PD 10 column
equilibrated with 0.1% BSA in 30 mM phosphate (pH 7.5). The specific
activity of the protein was between 2 and 5 iiC\/n%. '"I-labeled uroki

nase was extremely labile and, for this reason, used immediately. The
preparation was estimated to be approximately 28% enzymatically
active as determined with the chromogenic substrate S2444 (Helena
Labs, Beaumont, TX).

Radioreceptor Assay. The method was essentially that of Stoppelli et
al. (13). Colon carcinoma cells (80 to 100% confluent) in Falcon 6-well
plates were washed twice with binding buffer [McCoy's Medium 5A/

20 mM HEPES/0.1% BSA (w/v), pH 7.5] and incubated with a range
or a single concentration of '"I-labeled urokinase. Nonspecific binding
was determined in the presence of a 25-fold excess of unlabeled uroki
nase. In some experiments, unrelated proteins were tested for their

4 As indicated by source, 85% LMW urokinase, 15% HMW urokinase.
' I. Chanlret, A. Barbat, E. Dussaul, M. Brattain, and A. Zweibaum. Epithelial

polarity, villin expression, and enterocytic difTerentiation of cultured human colon
carcinoma cells: a survey of 20 cell lines, submitted for publication.

' D. Boyd, G. Florent, S. Chakrabarty, D. Brattain, and M. Brattain. Altera
tions of the biological characteristics of a colon carcinoma cell line by different
colon extracellular matrices, submitted for publication.

abilities to displace the radioligand. Incubations were carried out at
37Â°Cfor 30 min unless otherwise stated. After this time, the cells were

washed 3 times with PBS containing 0.1% (w/v) BSA (PBS/BSA) and
lysed with a solution containing 1% Triton \ ion. 10% glycerol, and
20 mM HEPES (pH 7.5).

To assess the occupation of binding sites with endogenous ligand,
the cells were exposed to acid conditions (13) for 3 min (50 mM glycine/
0.1 M NaCl, pH 3.0), and the low pH was neutralized with 0.5 M
HEPES/0.1 M NaCl (pH 7.5). Control or acid-treated cultures were
washed twice with PBS/BSA and assayed for radioactive urokinase
binding as described above using an input concentration of 0.5 UM.
Acid treatment of the colon cells did not result in their detachment
from the plastic.

Determination of Urokinase Levels in the Conditioned Medium. Con
ditioned medium was analyzed for urokinase by an ELISA (22) which
recognizes high- but not low-molecular-weight urokinase. Preliminary
results indicated that the assay was linear between 1/20 and 1/50
dilutions of the starting material. The assay limit was arbitrarily set at
0.1 ng/ml. In a previous study6 using a separate colon carcinoma cell

line we had established that the levels of urokinase determined by
immunological and enzymatic means were identical.

RESULTS

Urokinase Binding to Colon Cellsâ€”Specificity Studies. All of
the colon carcinoma cells tested bound radioactive urokinase in
a saturable manner (Fig. 1). To determine that ligand associa
tion was specific, RKO cells were incubated with 0.5 nM radio
active urokinase in the presence or absence of various proteins
in excess. It is apparent from Table 1 that the binding of this
plasminogen activator to colon cells is specific inasmuch as the
unrelated proteins plasminogen and insulin were without effect.
Similarly, EGF which has some sequence homology to uroki
nase (23) did not alter the binding of radiolabeled urokinase.
Our finding that LMW urokinase displayed no affinity for the
binding sites agrees with other studies (24) suggesting, indi
rectly at least, the importance of the amino -terminal fragment
in ligand association (25).

Effect of Acid Pretreatment on Urokinase Binding. A431
epidermoid cells express receptors for urokinase (13). However,
the majority of these sites are occupied with endogenous ligand
requiring acid pretreatment to unmask them (13). To assess
whether any of our colon carcinoma cells expressed a similar
phenomenon, the different colon cells were exposed to low pH
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Fig. I. Effect of acid treatment on the binding of '"I-labeled urokinase to
colon carcinoma cells. Cultures of well- and poorly differentiated colon carcinoma
cells (3 to 5 days of growth, 80 to 100% confluent) were exposed at room
temperature to glycine buffer (pH 3.0) for 3 min. The acid-treated cells were
rinsed with 0.5 M HEPES containing 0.1 M NaCl (pH 7.5) and together with
controls washed twice with PBS/BSA. Control (li) and acid-exposed cultures (Ci)
were twice rinsed with binding buffer and incubated at 37'C for 30 min with 0.5
nM radioactive urokinase in the presence and absence of inert competitor (25-
fold excess). Cells were washed 3 times with PBS/BSA and lysed with 1%
detergent. Cell counts were performed on parallel plates. Columns, average values
of 3 separate determinations; bars, SD.
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Table 1 Specificity of '"/-labeled urokinase binding

Confluent RKO cells in 35-mm dishes (3 to 5 days of culture) were incubated
at 37'C for 30 min with O.S mi radioactive urokinase with or without various

competitors in excess. After this time, the cells were washed 3 times with PBS
containing 0.1% BSA and finally lysed with a 1% Triton X-100 solution. In the
absence of unlabeled HMW urokinase, RKO cells bound 34,660 Â±1,812 dpm of
'"I-labeled urokinase while in the presence of this competitor, only 4,580 Â±288

dpm remained associated with the cells. This displacement of radioactive ligand
by HMW urokinase was defined as 100%. The experiment was repeated 3 times.

CompetitorAbsent

HMW urokinase
LMW urokinase
Epidermal growth factor
Insulin
PlasminogenFold

excessSO

100
25

100
100%

of com
petition0.0

100.0
9.6 Â±0.5Â°

0.0
0.7 Â±0.1

0.0
* Average Â±SD.

and then assayed for the binding of radioligand. We were unable
to find any significant effect of this protocol on the binding of
plasminoceli activator (Fig. 1). However, control experiments
with A431 cells revealed a clear 4- to 5-fold increase in the
amount of this protease specifically bound after acid pretreat
ment (data not shown).

Time Course Studies of Ligand Binding. Time course studies
were undertaken at 37Â°Cto establish the optimal time for

urokinase binding. A cell line representing either the poorly
(HCTllob) or the well (CBS)-differentiated colon carcinoma
cells was utilized in these studies. Binding equilibrium at this
temperature was rapidly established (Fig. 2). Maximum uroki
nase binding was observed within IS min for CBS and required
30 min for HCTllob. In both cases, the amount of ligand
bound did not vary significantly between 30 and 90 min. Be
cause of the labile nature of the radioligand, time course studies
were not undertaken at lower temperatures which would require
longer incubation periods.

Saturation and Scatchard Analysis. To establish the binding
capacities of the individual colon carcinoma cell lines, satura
tion studies were undertaken, and the data were plotted by the
Scatchard (26) method (Fig. 3; Table 2). The well-differentiated
CBS, GEO, and FET expressed relatively low levels of receptor
(<15,000/cell), while the primitive HCT 116, its intratumoral
clone HCT 116b, and RKO displayed in excess of 100,000 sites
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Fig. 2. Urokinase binding to an undifferentiated and a well-differentiated
colon carcinoma cell lineâ€”a time course study. IK 1116b (A) and CBS (O) were
grown to near confluency (3 to 5 days of culture), and the cells washed twice with
binding buffer. Cultures were incubated at 37V with 2.0 nsi '~SI labeled urokinase

for various times, after which they were rinsed with PBS/BSA and lysed with 1%
Triton X-100. Nonspecific binding determined with a 25-fold excess of like
competitor was subtracted from total bound radioactivity. Points, mean of 3
experiments; bars, SD.
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Fig. 3. Saturation analysis of urokinase binding to "mature" and "primitive"

colon carcinoma cell lines. Confluent cultures of GEO (top) and HCT116b
(bottom) were washed twice with binding buffer and incubated at 37Â°Cfor 30 min

with a range (0.2 to 7.5 TIM) of radioactive urokinase concentrations. Unbound
ligand was removed 3 times with PBS/BSA washes, and the cells were lysed with
detergent. Nonspecific binding (â€¢)was assessed with a 25-fold excess of unlabeled
urokinase and subtracted from total cellular binding. The specific binding data
(A) were plotted by the method of Scatchard. The experiments were carried out
at least twice.

Table 2 Urokinase binding capacities of well- and poorly differentiated colon
carcinoma cell lines

The well-differentiated CBS, GEO, and FET (approximately 5 x 10s cells)
and the primitive HCT116, HCT116b, and RKO (approximately 10s cells) were
seeded into 35-mm dishes, and after 3 to 5 days, the cultures (80 to 100%
confluent) were subjected to saturation analysis. The cells were incubated at 37'C

for 30 min with a range of radioactive urokinase concentrations. Nonspecific
binding was determined using a 25-fold excess of unlabeled ligand. Following
incubations, the cultures were washed 3 times with PBS containing 0.1% BSA
and finally solubili/ed with 1% Triton X-100. A parallel culture plate was treated
with trypsin and the cells enumerated. The specific binding data were plotted by
the Scatchard method (27) to yield values for the binding capacity and dissociation
constant. The experiments were carried out on 3 separate occasions.

CelllineCBS

GEO
FETHCT

116
HCT 116b
RKOBinding

capacity
receptors/cell6,965

Â±1,408Â°

10,033 Â±3,251
13,877Â±5,430106,075

Â±4,649*
133,488 Â±48,000*

300,280 Â±51,720Dissociation

constant
(nM)2.4

Â±0.6
1.7 Â±0.1
1.7Â±0.11.9

+ 0.8
1.6 Â±1.02.9

Â±0.6
Â°Mean Â±SD.
* Determined on duplicate samples.

per cell (Table 2). In spite of these differences, both "mature"
and "primitive" groups expressed an essentially identical recep

tor, at least, with respect to the calculated dissociation constants
(1.6 to 2.9 HM).These constants are similar to those published
for the U937 leukemic cell line (27).

Secretion of Urokinase by Colon Carcinoma Cells. Although
acid pretreatment studies suggested that the majority of uroki
nase binding sites were unoccupied under our experimental
conditions, the capacity of the cell lines to secrete this plasmin-
ogen activator was still in question. Conditioned medium from
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each cell line was analyzed for the presence of urokinase. The
well-differentiated cell lines CBS, GEO, and FET were low
secretors of the enzyme (range, 0.8 to 1.3 ng/ml/106 cells/72

h). In contrast, the aggressive HCT116, HCTllob, and RKO
were relatively active in this respect, secreting between 3.9 and
11.4 ng/ml in a 3-day period (Fig. 4).

DISCUSSION

The lack of availability of spÃ©cifiemarkers of differentiation
in colon carcinoma (5) is a constant hindrance in the study of
malignant colon cell maturation and could be a consequence of
the diversity of the large bowel. In an attempt to overcome this
obstacle, we have suggested that, independently of stem cell
lineage, biochemical phenomena associated with the malignant
state should be attenuated in those cells following a more benign
program. To test this hypothesis, 3 well-differentiated and 3

poorly differentiated colon carcinoma cell lines were analyzed
for urokinase secretion and receptor display. Both groups of
cells could be easily separated on the basis of receptor display;
the primitive cells expressed, on average, 17 times the number
of sites compared with the more mature group. In addition,
analysis of conditioned medium from the poorly differentiated
cells revealed a urokinase level 6 times that of the comparison
group. It is unlikely that these discrepancies are a result of
different growth rates between the well- and poorly differen
tiated cell types. Cultured cells were analyzed for urokinase
receptor at or near confluency, and conditioned medium was
collected in the stationary phase of growth.

To the knowledge of these authors, there are no reports to
date, documenting an association between urokinase receptor
expression and the state of undifferentiation in either resected
tumor or in any bank of immortalized cell lines. However,
differences in urokinase receptor expression after treatment
with differentiation promoters or transformation with onco-
genic viruses have been noted in separate laboratories (25).
Induction of macrophage differentiation in U937 monocytes
was accompanied by an up-regulation of binding sites (25).
Since the physiological function of monocytes requires cell
migration, enhanced proteolytic capability could provide a use
ful asset to these cells. In another study, comparison of Rous
sarcoma virus-transformed fibroblasts with normal BALB/c-
3T3 cells revealed a reduction in plasminogen activator receptor
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Fig. 4. Secretion of endogenous urokinase by colon carcinoma cell lines. The
more differentiated CBS, CEO, and FET and the primitive HCT116, HCT116b,
and RKO were subcultured into 35-mm dishes at 2.5 x 10s and 7.5 X 10* cells
per well, respectively. After a 4-day period, the medium was replaced with serum-
free medium containing 0.4% BSA, and cells were cultured for an additional 3
days, the conditioned medium was harvested and cells enumerated. The level of
urokinase in the medium was determined by an ELISA using a 1/25 dilution of
the starting material. Columns, average of 4 separate determinations; bars, SD.

in the former (28). Although, initially, these findings would
appear at variance with the results presented herein, which
indicate a coordination of secreted urokinase and receptor
display with the malignant responses in colon carcinoma cells,
other factors should be considered. In the latter study, the
possibility that membrane receptor was tagged with endogenous
urokinase was not investigated. Transformation of fibroblasts
with oncogenic viruses has previously been shown to result in
the expression of plasminogen activator (8), and it is now
accepted that the urokinase binding sites on some cells are
saturated in an autocrine fashion (13, 29). Such a biological
phenomenon would result in apparent low levels of receptor
(13). Thus, caution should be exercised in comparing the results
achieved in a system which is manipulated (either pharmaco
logically or by other means) to induce differentiation with those
obtained by surveying a band of cell lines comprised of both
poorly and well-differentiated cell types.

Consequently, we considered the possibility that the uroki
nase receptors on the colon cells were occupied with endoge
nous protease. However, the binding of radioactive urokinase
to the cells was found to be unaffected by acid pretreatment.
These results suggested the colon urokinase binding sites were
free of endogenous plasminogen activator. However, such a
conclusion may not be entirely correct. All of the colon carci
noma cells tested secreted urokinase into the conditioned me
dium. While the concentrations of the urokinase were low with
respect to the calculated dissociation constants (irrespective of
the cell line studied), on a theoretical basis they are sufficient
to result in an occupation of as much as 10% of total sites.
Such a level of binding would be undetectable by the radiore-
ceptor assay used. These calculations do not consider whether
the secreted urokinase is in zymogen form, or if it exists as
active enzyme since both molecules are recognized with equal
affinity by the receptor (30). However, in real terms, this could
translate into approximately 13,000 tagged HCTllob recep
tors. In contrast, the well-differentiated GEO cell line would
have only 600 sites occupied. Similar profiles to GEO are
achieved for the more mature FET and CBS, while theoretical
values for endogenous urokinase binding to l K 1116 and RKO
approach that of HCT116b. Thus, it can be appreciated that, if
the expression of the transformed state of colon carcinoma is
dependent on occupancy of the urokinase receptor with endog
enous plasminogen activator, the HCT116b cell with 13,000
"holo-receptors" would have a clear advantage over the GEO

cell with only 600 occupied sites.
Irrespective of the role of urokinase and its receptor in the

biology of colon carcinoma, it should not detract from the
central theme herein, that is, the potential use of either param
eter as a quantitative correlate of the undifferentiated state of
colon carcinoma in vitro. In this context, urokinase receptor, as
a measurement, fares better than urokinase secretion. The
average value for urokinase receptor expression in the primitive
group was 17 times higher than the more mature comparison
group. However, the average values for urokinase secretion
differed in the two groups of colon cells by a factor of 6-fold. It
will be of interest to find whether similar quantitative changes
are seen in other tumor tissues, and ultimately, the use of this
paramater (urokinase receptor) as a general marker of the
primitive state.
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