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Targeted disruption of the K-Ras oncogene in an
invasive colon cancer cell line down-regulates
urokinase receptor expression and plasminogen-
dependent proteolysis

H Allgayer 1,3, H Wang1, S Shirasawa 2, T Sasazuki 2 and D Boyd 1

1Departments of Cancer Biology, PO Box 108, The University of Texas MD Anderson Cancer Center, 1515 Holcombe Blvd, Houston, TX 770 30, USA;
2Department of Genetics, Kyushu University, Fukuoka, Japan; 3Present address: Department of Surgery, Klinikum Grosshadern, Ludwig-Maximillians University,
Munich, Germany

Summary The urokinase receptor, overexpressed in invasive colon cancer, promotes tumour cell invasion. Since K-Ras is activated in many
colon cancers, we determined if urokinase receptor overexpression is a consequence of this activated oncogene. Accordingly, urokinase
receptor expression was compared in HCT 116 colon cancer cells containing either a mutation-activated K-Ras or disrupted for this oncogene
(by homologous recombination). HCT 116 cells containing the disrupted K-Ras oncogene expressed between 50 and 85% less urokinase
receptor protein compared with the parental HCT 116 cells. Reduced urokinase receptor expression in cells containing the disrupted mutated
K-Ras was not due to a physical impairment of the urokinase receptor gene since phorbol ester treatment was inductive for its expression.
Constitutive urokinase receptor expression in HCT 116 cells required an intact AP-1 motif in the promoter (at –184) and electrophoretic
mobility shifting assays indicated less c-Jun, JunD, c-Fos and Fra-1 bound to this motif in the K-Ras-disrupted cells. Since the urokinase
receptor accelerates proteolysis, laminin degradation was compared in cells containing the mutation-activated and disrupted K-Ras
oncogene. The latter cells displaying fewer urokinase receptors, degraded 80% less laminin. This is the first study to demonstrate a role for
K-Ras as a regulator of the constitutive expression of the urokinase receptor.

Keywords : u-PAR; K-Ras; colon cancer; knockout; proteolysis
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The urokinase-type plasminogen activator (u-PA) is a se
protease that converts the inert zymogen plasminogen into pla
,a protease with broad substrate specificity (Robbins et al, 1
Nielsen et al, 1982). Urokinase can bind specifically and with 
affinity (KD .0.5 nM) to a 45–60 kDa, heavily glycosylated, c
surface receptor (u-PAR) (Vassalli et al, 1985; Stoppelli e
1986) comprised of three similar repeats of approximately
residues each (Behrendt et al, 1991; Riittinen et al, 1996).
aminoterminal domain binds the plasminogen activator with
carboxyterminus domain anchoring the binding protein to the
surface via a glycosyl–phosphatidylinositol chain (Behrendt e
1991; Riittinen et al, 1996). The 7 exon u-PAR gene is locate
chromosome 19q13 (Vagnarelli et al, 1992; Casey et al, 1994
transcription of the gene yields a 1.4-kb mRNA or an alternat
spliced variant lacking the membrane attachment peptide seq
(Roldan et al, 1990; Pyke et al, 1993). The amounts of u-PAR
controlled mainly at the transcriptional level through 398 b
pairs of upstream sequence, but altered message stabilit
receptor recycling may represent other means of controlling
amount of this gene product at the cell surface (Lund et al, 1
Lengyel et al, 1996; Shetty et al, 1997; Nykjaer et al, 1997).
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The u-PAR is a multi-functional molecule. First, urokin
bound to the u-PAR activates plasminogen at a much faste
than fluid-phase plasminogen activator (Ellis et al, 1991; Hi
et al, 1995). Second, the binding site clears urokinase–inh
complexes from the extracellular space (Cubellis et al, 1
Conese et al, 1994) through a mechanism involving theα2
macroglobulin receptor. Third, it is now evident that the u-P
interacts with the extracellular domain of integrins to conne
the cytoskeleton thereby mediating cell adhesion and migr
(Bohuslav et al, 1995; Wei et al, 1996; Yebra et al, 1996).

In cancer, the u-PAR plays a prominent role in tumour cell i
sion and metastasis. Earlier studies have shown that the 
expression of a human u-PAR cDNA increased the abilit
human osteosarcoma cells to invade into an extracellular m
coated porous filter (Kariko et al, 1993). Conversely, down-r
lating u-PAR levels using either antisense expression const
oligonucleotides, or synthetic compounds reduced the abili
Hep3 squamous cell carcinoma, breast cancer cells and 
formed fibroblasts to demonstrate an invasive phenotype in
and in vivo (Kook et al, 1994; Quattrone et al, 1995). Simila
Wilhelm et al (1994) demonstrated that soluble u-PAR used
scavenger inhibited the in vitro invasion of ovarian cancer cel
clinical studies, u-PAR-positive tumour cells in the bone ma
of gastric cancer patients is an indicator of a metastatic
relevant population in a pool of minimal residual tumour c
(Allgayer et al, 1997).
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We demonstrated previously that cultured colon cancer
lines displaying a large number of u-PAR at the cell sur
(>105 per cell) were more invasive in vitro compared with ot
colon cancer cell lines equipped with tenfold fewer binding s
(Hollas et al, 1991) and that interfering with the binding of u
kinase with its receptor to the former group reduced their ab
to degrade laminin (Schlechte et al, 1989; Hollas et al, 1991
invade in vitro. These data were consistent with in situ hybrid
tion studies localizing u-PAR mRNA to cancer cells in invas
foci of colon adenocarcinomas (Pyke et al, 1991). As a clin
corollary, Ganesh and co-workers (Ganesh et al, 1994) sh
that in colon cancer patients, a high u-PAR protein level 
predictor of a poor 5-year outcome. How then is the u-PAR 
overexpressed in colon cancer? It is widely documented
K-Rasis mutated at a high (50%) rate in colon cancer (Ahnen 
1998). Considering this observation, we undertook a stud
determine if the high u-PAR protein in a cultured colon cancer
line (HCT 116) characterized as having a mutation-activ
K-Ras (Gly13 to Asp13) (Shirasawa et al, 1993) was due to t
activated oncogene. Towards this end, we compared u
expression in HCT 116 cells containing the mutation-activ
K-Raswith HCT 116 cells in which this gene had been disrup
by homologous recombination (Shirasawa et al, 1993). We r
that u-PAR expression, as measured at the protein/mRNA lev
well as by laminin degradation, is decreased in HCT 116 ce
which the K-Rasoncogene has been ‘knocked out’ and that th
probably largely a consequence of decreased binding of c-Junand
c-Fos to a regulatory AP-1-binding motif located in the promo
region of the u-PAR gene.

MATERIALS AND METHODS

Cell lines

HCT 116 cells and the mutation K-Ras-knocked out cells (HKh-2
HKe-3 and HK2-8) were grown in McCoys 5A medium supp
mented with, or without, 10% fetal bovine serum (FBS). 
disruption of the mutation-activated K-Ras in HCT 116 cells
thereby generating HKh-2, Hke-3 and HK2-8 clones was
described previously (Shirasawa et al, 1993).

Vectors and antibodies

The u-PAR CAT/luciferase reporters consisted of 449 base pa
sequence (Wang et al, 1995) stretching from –398 to +51 (re
to the transcription start site) cloned into pCAT-Basic vecto
pGL3 (Promega, Madison, WI, USA). The mutated AP-1 u-P
CAT reporter (AP-1 distal mt u-PAR CAT) has been descr
previously (Lengyel et al, 1996). Oligonucleotides were purch
from Genosys Biotechnologies (The Woodlands, TX, US
Supershifting antibodies were obtained from Santa C
Biotechnology (Santa Cruz, CA, USA). The activated c-Haras
expression construct included a 6.6-kb BamHI fragment from the
activated c-Ha-rasEJ oncogene from T24 bladder carcinoma c
cloned in a pSV2neo plasmid (Nicolson et al, 1990).

Preparation of nuclear extracts and EMSA

Nuclear extracts and electrophoretic mobility shift assay (EM
were carried out as described elsewhere (Lengyel et al, 1996
oligonucleotide used corresponding to the sequence of the u
© 1999 Cancer Research Campaign
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promoter spanning nucleotides –199/–170. EMSA was 
formed using nuclear extract (15µg), 0.6µg of poly dI/dC and
(2 × 104 cpm) of a T4 polynucleotide kinase-labelled (γ32P) ATP
oligonucleotide.

Reporter assays

Cells were transfected at 60% confluency using poly-L-ornithine
as described previously (Nead and McCance, 1995). Where
cated, transient transfections were performed in the presenc
luciferase expression vector (4µg) and transfection efficiencie
determined by assaying for luciferase activity. CAT activity w
measured as described previously (Lengyel et al, 1996).
amount of acetylated [14C]chloramphenicol was determined usi
a Storm 840 Phosphorimager (Molecular Dynamics, Sunny
CA, USA) using ImageQuant software. Reporter assays usin
u-PAR promoter fused to a luciferase reporter were as desc
by us previously (Allgayer et al, 1999).

Western blotting and ELISA for u-PAR protein

Cells were extracted into a buffer (10 mM Tris pH 7.4, 0.15M
sodium chloride, 1% Triton X-100, 0.5% NP-40, 20µg ml–1 apro-
tinin, 1 mM phenylmelthylsulphonyl fluoride, 1 mM EGTA, 1 mM

EDTA) for 10 min at 4°C. Insoluble material was removed 
centrifugation and 750µg protein of cell extract immunoprecip
tated at 4°C for 16 h with 0.25µg of a polyclonal anti-u-PAR
antibody and protein A agarose beads. The polyclonal anti
(kindly provided by Dr Andrew Mazar, Angstrom Pharm
ceuticals, San Diego, CA, USA) was raised in rabbits ag
amino acids 1–281 of the human u-PAR and purified o
Sepharose-immobilized u-PAR column. The immunoprecipit
material was subjected to standard Western blotting (Burn
1981) and the blot probed with 5µg ml–1 of an anti-u-PAR mono
clonal antibody (#3931 American Diagnostica, Greenwich, 
USA) and an HRP-conjugated goat anti-mouse IgG. B
were visualized by enhanced chemiluminescence (Amers
Arlington Heights, IL, USA).

u-PAR protein determinations by enzyme-linked immu
sorbent assay (ELISA) were performed as described by the m
facturer (American Diagnostica, Greenwich, CT, USA).

Northern blotting

The level of steady state urokinase receptor transcript was 
mined by Northern analysis (Lengyel et al, 1996). Total cel
RNA was extracted from 90% confluent cultures using 5M

guanidinium isothiocyanate and purified on a caesium chlo
cushion (5.7M) by centrifugation at 150 000 g for 20 h. Purified
RNA was electrophoresed in a 1.5% agarose-formaldehyd
and transferred to Nytran-modified nylon by capillary action u
10 × sodium–saline citrate (SSC). The Northern blot was prob
42°C with a random primed radiolabelled 0.65-kb cDNA spec
for u-PAR mRNA (Roldan et al, 1990). The blots were washe
65°C using 0.25 × SSC (SSC = 0.15M sodium chloride, 15 mM
sodium citrate, pH 7.4) in the presence of 0.75% sodium dod
sulphate (SDS). Loading efficiencies were checked by repro
the blot with a radioactive cDNA which hybridizes with t
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRN
British Journal of Cancer (1999) 80(12), 1184–1891
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Figure 1 Reduced expression of u-PAR in HCT 116 cells containing a disrupted K-Ras. (A) Cells were grown to 95% confluence in McCoys 5A medium
supplemented with (+ FBS) or without (–FBS) 10% FBS. Subsequently, cells were extracted, equal protein amounts immunoprecipitated with a polyclonal anti-u-
PAR antibody and the material subjected to Western blotting using a monoclonal anti-u-PAR antibody. Immunoreactive bands were visualized by enhanced
chemiluminescence. The positive control consists of cellular extract from the RKO cell line which displays 300 000 binding sites per cell (Boyd et al, 1988).
(B) Cells were grown to 95% confluence in 10% FBS, extracted and assayed for u-PAR protein by an ELISA. (C) Cells were grown as described for (B), RNA
extracted and purified. Purified RNA was analysed by Northern blotting using a 0.65 kb cDNA corresponding to the u-PAR mRNA. The blot was reprobed with a
GAPDH cDNA. The data are typical of duplicate experiments
Laminin degradation assays

These were carried out as described previously (Schlechte 
1989). Cells were harvested with 3 mM EDTA–PBS (phosphate
buffered saline), washed twice and seeded (100 000 cell
radioactive laminin-coated (2µg per dish) dishes. The cells we
allowed to attach overnight. Subsequently, cell surface urok
receptors were saturated with 5 nM urokinase and the cells wash
extensively to remove the unbound protease. The cells were
replenished with serum-free medium with, or without, 10µg ml–1

plasminogen (final concentration). After varying times at 37°C,
aliquots of the culture medium were withdrawn and counted
radioactivity. Solubilized laminin represents the degraded gl
protein (Schlechte et al, 1989).

RESULTS

Effect of a disrupted activated K- Ras on u-PAR
mRNA/protein

HCT 116 colon cancer cells contain an activated K-Ras(Buard et
al, 1996). To determine the role of this activated oncogene in 
lating u-PAR expression, the amount of the u-PAR protein/mR
was compared in parental HCT 116 cells and their counter
(HKh-2, Hke-3 and HK2-8) in which the activated K-Ras was
disrupted by homologous recombination (Shirasawa et al, 1
In Western blotting, reactive bands (Mr 45–60 kDa) indistinguish
able in size to the u-PAR receptor were detected using ce
extracts from HCT 116 cells (Figure 1A). The diffuse nature o
bands probably reflects the glycosylation state of the u-
protein (Moller et al, 1993). Cellular extracts generated with
clone HKh-2, in which the mutation-activated K-Ras had been
‘knocked out’, indicated substantially less of the u-PAR pro
when compared with the parental HCT 116 cells. This differe
British Journal of Cancer (1999) 80(12), 1184–1891
al,

n

e

en

r
-

u-

ts

).

ar

e

was independent of whether the cells were propagated in s
free medium (–FBS) or McCoys medium supplemented with 
FBS (+ FBS). Extracts from HCT 116 and three independe
derived clones in which the activated K-Rashad been ‘knocked
out’ were also analysed by a commercially available ELISA
u-PAR protein (Figure 1B). Whereas HCT 116 cells conta
13.0 ± 2.7 ng u-PAR protein–1 mg–1 protein, this value was reduce
by over 50% for clone Hke-3 (5.9 ± 1.5 ng mg–1) and up to 80% fo
the HKh-2 clone (2.3 ± 0.4 ng mg–1). It is presently unclear as 
why u-PAR expression was not uniformly reduced in the t
clones. This is unlikely to be due to different levels of expres
of the activated K-Ras since all clones were verified as bei
disrupted at this allele as demonstrated by site-specific hybri
tion analysis, Southern blotting and reverse transcription p
merase chain reaction (RT-PCR) (Shirasawa et al, 1993).

To corroborate the u-PAR protein data, RNA was extracted
purified from the cells and analysed for steady-state u-PAR m
by Northern blotting (Figure 1C). The three separate clo
lacking the activated K-Ras contained less u-PAR mRN
compared with the parental HCT 116 cells. Thus, HKh-2 
HK2-8 which had the lowest amount of u-PAR protein were c
acterized as having the least amount of u-PAR mRNA. In con
the Hke-3 clone had both intermediate levels of u-PAR protein
mRNA.

Stimulation of u-PAR expression by PMA and an
activated c-Ha- ras in HCT 116 cells in which the
activated K- Ras is disrupted

To rule out the possibility that the method of disrupting 
activated K-Rasgene in HCT 116 had also physically disrupted
u-PAR gene, we determined if an exogenous stimulus previo
shown to be inductive for u-PAR expression (Picone et al, 1
Lund et al, 1991) elevated the amount of this protein in HK
© 1999 Cancer Research Campaign
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Figure 2 Phorbol ester induces u-PAR protein synthesis in HCT 116 cells containing a disrupted K-Ras oncogene. (A) HCT 116 and HKh-2 cells at 80%
confluence were treated with PMA (100 nM) for the indicated times after which cellular extracts were generated and analysed for u-PAR protein as described in
the legend to Figure 1A. The positive control consists of cellular extract from the RKO cell line which displays 300 000 binding sites per cell (Boyd et al, 1988).
(B) HKh-2 cells were transfected with a u-PAR luciferase reporter construct and varying amounts of an expression plasmid encoding an activated c-Ha-ras gene
(H-Ras) or, as a control, pSV2neo. After 2 days, the cells were extracted and analysed for luciferase reporter activity

SF

SF-Plas

HCT 116 SF

HCT 116 SF-Plas

Hkh-2-SF

Hkh-2 SF-Plas

600 000

500 000

400 000

300 000

200 000

100 000

0
0 20 40 60 80 100 120 140 160

Time (min)

La
m

in
in

 d
eg

ra
de

d 
(c

pm
 p

er
 1

00
 0

00
 c

el
ls

)

Figure 3 HCT 116 cells, in which the activated K-Ras gene is disrupted,
degrades laminin at a slower rate compared with cells containing the
activated oncogene. Cells were harvested non-enzymatically and (105) plated
in serum-free medium (SF) onto radioactive laminin-coated dishes. Cells
were allowed to attach and cell surface u-PAR saturated by a 30-min
incubation with 5 nM exogenous urokinase. After this time, the cells were
washed extensively and supplemented with, or without, plasminogen (Plas).
The cells were cultured for varying times at 37°C after which aliquots of the
culture supernatant were counted for radioactivity. At the end of the
experiment, cells were harvested and enumerated. The data are shown as
average values of duplicate experiments
cells. Towards this end, HCT 116 and HKh-2 cells were tre
with 100 nM PMA for varying periods of time and analysed 
u-PAR protein by Western blotting (Figure 2A). Expectedly, in
absence of the phorbol ester, HKh-2 cells contained less u
protein than the parental HCT 116. In contrast, u-PAR protein
substantially induced in both HCT 116 and HKh-2 cells by PM
Although it appeared that the time frames of induction (max
inductions 8 and 23 h for HCT 116 and HKh-2 cells respectiv
were different, the fact that u-PAR expression was inducible b
phorbol ester indicated that this gene was still subject to contr
external stimuli and hence was not physically impaired.

We were also interested in determining whether the re-ex
sion of an activated Raswould lead to increased u-PAR expre
sion. Towards this end, HKh-2 cells were co-transfected w
u-PAR promoter-regulated luciferase reporter construct an
activated c-Ha-ras (Nicolson et al, 1990) expression plasm
Increasing amounts of the effector plasmid resulted in a d
dependent increase in u-PAR promoter activity (Figure 2B). 
highest amount of the c-Ha-ras expression construct led to ove
fivefold induction in u-PAR promoter activity. These resu
suggested that the signalling machinery connecting the Rasprotein
at the cell surface to nuclear transcription factors regulating u-
promoter activity in HKh-2 cells is intact.

HKh-2 cells degrade laminin at a slower rate than HCT
116 cells

Since one of the functions of the u-PAR is to facilitate p
minogen-dependent proteolysis (Ellis et al, 1991), we determ
if laminin degradation by HKh-2 cells was decreased relativ
HCT 116 cells. Cells were harvested non-enzymatically and p
on culture dishes coated with radioactive laminin. After 
attachment and saturation of cells surface u-PAR with exoge
urokinase, plasminogen was added and at various times ther
aliquots of the culture supernatant were counted for radioact
HCT 116 cells rapidly degraded the laminin as measured b
solubilized product. After 100 min, approximately 420 000 cpm
radioactivity was released in duplicate experiments (Figure
© 1999 Cancer Research Campaign
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In contrast, HKh-2 cells solubilized 80% less laminin (ab
80 000 cpm) over an identical time frame. These findings
consistent with the view that disruption of the mutated K-
in HCT 116 colon cancer cells diminishes u-PAR-direc
proteolysis.

Down-regulation of the u-PAR gene in HCT 116 cells
containing a disrupted K- Ras oncogene is partly a
consequence of reduced transactivation of the
promoter through an upstream AP-1 motif

We next determined the mechanism by which u-PAR express
down-regulated in the K-Ras‘knocked out’ HCT 116 cells. Sinc
we previously demonstrated the requirement of an upstream
British Journal of Cancer (1999) 80(12), 1184–1891
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Figure 4 Requirement of an upstream AP-1 motif for u-PAR expression in
HCT 116 cells. HCT 116 cells were transfected with varying amounts of a
CAT reporter regulated by either the wild-type (398 base pairs of flanking
sequence) u-PAR promoter (u-PAR CAT) or the promoter which had been
mutated at the AP-1 motif (AP-1 distal mt u-PAR CAT). Parallel cultures were
transfected with RSV CAT and pSV0 CAT as positive and negative controls
respectively. After 2 days, the cells were extracted and analysed for CAT
reporter activity after normalization for differences in transfection efficiency.
Chloramphenicol conversions were determined using a Storm 840
Phorphorimager. The experiment was carried out twice

Figure 5 HCT 116 cells disrupted for the K-Ras oncogene demonstrate
decreased binding of nuclear factors to the u-PAR promoter AP-1-spanning
sequence. Cells were grown to 95% confluence. The culture medium was
replenished with fresh FBS-containing medium and, after 15 or 45 min,
nuclear extracts generated. Nuclear extracts (15 µg) were incubated with a
radioactive oligonucleotide corresponding to the u-PAR promoter sequence
spanning nucleotides 199/–170 (thus including the AP-1 motif at –184) in the
presence, or absence, of a 100-fold excess of unlabelled oligonucleotide
competitor. Binding complexes were resolved by electrophoresis. The data
are typical of duplicate experiments.
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Figure 6 Decreased binding of c-Fos, c-Jun, JunD and Fra-1 to the u-PAR
AP-1 motif in cells disrupted for the K-Ras oncogene. Nuclear extract (15 µg)
was incubated for 15 min with the oligonucleotide spanning the u-PAR AP-1
motif at –184. Antibodies (1 µg), or as a control IgG (1 µg), were then added
and incubated for an additional 10 min. Bound complexes were resolved in a
5% polyacrylamide gel. The data are representative of duplicate experiments
motif (184 base pairs upstream of the major transcriptional 
site) for the constitutive expression of the gene in another c
cancer cell line (RKO) (Lengyel et al, 1996) we speculated tha
high level of u-PAR protein in HCT 116 may similarly be due
transactivation through this motif. To test this possibility, HCT 
cells were transiently transfected with a CAT reporter driven
either the wild-type or the AP-1-mutated u-PAR promoter. 
u-PAR promoter in which the AP-1 motif was mutated, sho
a 50–70% reduction compared with the wild-type prom
British Journal of Cancer (1999) 80(12), 1184–1891
rt
n
e

(Figure 4). Thus, the constitutive activity of the u-PAR promote
HCT 116 cells is mediated partly through an AP-1 motif at –18

Since optimal u-PAR expression in HCT 116 required the A
motif at –184, we hypothesized that the amount of transcrip
factor(s) bound to this motif would be less using nuclear ex
from HKh-2 cells in which the mutated K-Ras was disrupted
Towards this end, nuclear extracts were generated from both
116 and HKh-2 cells and mobility shifting experiments perform
using a u-PAR promoter oligonucleotide spanning the AP-1 m
at –184. Addition of nuclear extract (equal protein) from eit
HCT 116 or HKh-2 cells resulted in slower moving ban
(Figure 5). Most of these were specific (parenthesis) since 
were abolished with a 100-fold excess of the non-radioac
oligonucleotide. More importantly, the intensity of the spec
bands was substantially greater using nuclear extract from 
116 cells compared with that generated with HKh-2 ce
Interestingly, addition of FBS to the HKh-2 cells resulted in so
induction in the amount of transcription factor(s) bound (comp
45- and 15-min treatments with 10% FBS). However, this wa
the absence of increased u-PAR protein synthesis as evide
Western blotting (Figure 1A). Presumably, this is a consequen
the requirement of multiple transcription factors for induction
u-PAR gene expression. Indeed, we recently reported that u
synthesis is trans-activated by an AP-2α-related factor through 
separate DNA-binding motif (Allgayer et al, 1999).

To identify the trans-acting proteins bound by the olig
nucleotide spanning the AP-1 motif (–184) of the u-PAR promo
supershifting experiments were performed (Figure 6). Additio
antibodies to c-Jun, JunD, c-Fos, and Fra-1 further reduced th
mobility of the shifted bands indicating the presence of th
AP-1-binding proteins complexed with the u-PAR promo
oligonucleotide. Conversely, antibodies to JunB, Fra-2 or FosB
failed to supershift the u-PAR promoter oligonucleotide–pro
complex. Interestingly, the amount of c-Jun, JunD, c-Fos and
© 1999 Cancer Research Campaign
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Fra-1 bound to the u-PAR promoter oligonucleotide was gre
for HCT 116 nuclear extracts when compared with HKh-2 nuc
extracts as judged by the greater intensity of the supersh
bands. Taken together, these data suggest that the lower amo
u-PAR protein in HKh-2 cells containing a disrupted K-Rasonco-
gene is at least partly a consequence of reduced AP-1-depe
transactivation of the promoter. These findings are reminisce
a recent report demonstrating the accumulation of higher le
(and increased DNA-binding) of the AP-1-binding proteins, c-Jun
and Fra-1 (Mechta et al, 1997) in cells transformed with the K-Ras
oncogene.

DISCUSSION

The urokinase receptor has previously been shown to be ov
pressed in invasive colon cancer and this overexpression is a
ated with a shorter survival time for patients afflicted with 
cancer (Pyke et al, 1991; Ganesh et al, 1994). However, the 
stimulus for the elevation in u-PAR protein production has ye
be determined. Since, K-Ras mutations are common in colo
cancer (Bos, 1989; Ahnen et al, 1998) we hypothesized tha
activated oncogene contributes to the elevated expression 
urokinase binding site. To answer this question, we comp
u-PAR expression in a colon cancer cell line (HCT 116) previo
described as having an activated K-Raswith HCT 116 cells in
which this oncogene was disrupted by homologous recombina
Our data clearly show, for the first time, a reduced expressio
the urokinase binding site in the cells in which the activated KRas
gene had been ‘knocked out’. Taken together, these data su
that u-PAR expression, in at least a sub-population of colon ca
is regulated by a mutation-activated K-Ras. However, it should be
emphasized that it is unlikely that elevated u-PAR productio
colon cancer is always a consequence of this mutation. Thu
have found instances in which u-PAR expression in cultured c
cancer is elevated in the absence of a K-Rasmutation (Buard et al
1996; Lengyel et al, 1997).

Interestingly, in an earlier study, Jankun and co-wor
(Jankun et al, 1991) had shown an increased amount of urok
bound to the receptors on fibroblasts transformed with the KRas
oncogene. The authors in that publication concluded tha
K-Ras oncogene was increasing the expression of the s
protease thereby accounting for the increased occupation o
binding sites. At the same time, it is equally possible that the t
formed fibroblasts were manifesting elevated u-PAR expres
thereby capturing more of the protease. However, since u
expression was not measured directly, it is not clear whethe
K-Ras oncogene increased production of the u-PAR in 
fibroblasts.

Although, the u-PAR expression was reduced by the disru
of the activated K-Rasgene, by no means was expression el
nated. These findings would indicate that other signalling me
nisms also contribute to u-PAR expression in the HCT 116 c
cancer cells. For example, it is possible that growth fa
signalling through the normal K-Rasallele (which is intact) main
tains u-PAR expression. However, this is a less likely possib
since we found that u-PAR expression was unchanged by gro
the cells in the absence of serum. Alternatively, it may very we
that signalling events downstream (or in parallel to) (Herrera-
et al, 1997) of K-Rasalso contribute to the elevated expression
the urokinase binding site in HCT 116 colon cancer cells.
© 1999 Cancer Research Campaign
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Considering the evidence implicating the activated K-Ras in
regulating u-PAR expression, what is the molecular mechanis
which this is accomplished? For u-PAR expression, the cu
and a previous study (Lengyel et al, 1996) have implicate
upstream AP-1 motif required for the constitutive expressio
the gene in invasive cultured colon cancer. There has been in
effort to elucidate the downstream molecules that transmi
signal from Ras to the transcription factors regulating AP-
dependent gene expression. For example, it is well recognize
Rascan signal through the classical c-Raf-1-MEK1, extracellular
signal-regulated kinase (ERK) cascade (Minden, et al 199
well as through the parallel Rac-1, mitogen-activated protei
kinase kinase (MEKK), c-Jun amino-terminal kinase (JNK
pathway (Minden et al, 1994; Russell et al, 1995) or a separa
3 kinase-dependent pathway (Rodriguez-Viciana et al, 1
Winkler et al, 1997). Indeed, it is possible that the K-Ras-regulated
u-PAR expression in HCT 116 cells is ERK-dependent. Thus
previously reported that down-regulation of u-PAR expressio
another colon cancer cell line (RKO) could be achieved by
expression of a dominant negative expression construct to E
or by treatment of cells with an inhibitor of ERK1 activation (
098059) (Lengyel et al, 1997). Consistent with this notion is
finding by us of increased amount of c-Fos bound to the u-PAR
promoter AP-1 motif. It is well known that c-Fos expression is
increased by the ERKs via stimulation of ternary complex for
tion on the c-Fospromoter (Gille et al, 1992). On the other ha
recent studies have shown that the activated K-Ras in HCT 116
cells does not result in a constitutive activation of MEK1 and E
(Ohmori et al, 1997). Thus, it may very well be that ot
signalling modules in HCT 116 cells are required for regulatin
PAR expression in response to the K-Rasoncogene. For exampl
the involvement of a JNK1-dependent signalling module in
regulation of u-PAR expression by phorbol ester was demons
by our group (Gum et al, 1998). This MAPK increased AP
dependent gene transcription largely by increasing the tran
tional activity of c-Junsubsequent to its phosphorylation on se
residues (Hibi et al, 1993; Adler et al, 1994; Minden et al, 19
Again, however, previous studies from Ohmori et al (1997) w
indicate otherwise, Thus, these workers found that JNK wa
activated in HCT 116 cells when compared with the clones H
and HKh-2 in which K-Raswas deleted by homologous recom
nation. We can only speculate that the reduced u-PAR expre
in the K-Ras-knocked out cells is due to another signall
pathway. One potential cascade could be p38, which regu
c-Fosexpression via preventing the activation of the Sap-1A t
scription factor (Janknecht et al, 1997). Alternatively, it may
that the increased c-myc levels (Ohmori et al, 1997) in HCT 11
cells are related, in some way, to the elevated u-PAR levels ev
in this cell line when compared with clones in which the K-Ras
gene was disrupted.

In conclusion we have, for the first time, provided evidence
a role of an activated K-Rasas a regulator of the overexpression
the urokinase binding site and consequently plasminogen-d
dent extracellular matrix degradation in at least these cul
colon cancer cell lines.
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