
Introduction

Metastasis is the decisive prognostic parameter in almost all
malignancies. Unfortunately, surgical, radiological or chemo-ther-
apeutic ablations have turned out to be insufficient strategies to
deal with advanced metastatic disease, particularly when the sec-
ondary site is affected by scattered tumour cell dissemination. It is
now an emerging concept that the formation of a ‘pre-metastatic
niche’, characterized by a higher susceptibility to metastasizing
tumour cells, is one prerequisite for metastasis [1]. Furthermore,
it has been suggested that alteration of the organ homeostasis by

an imbalance of proteinases and their inhibitors is important for
enabling efficient metastatic colonization of distant organs [2].
Therefore, the protease web can be considered as a major deter-
minant of metastatic priming [3].

At first, it was believed that proteinases promoted metastasis
due to their path-clearing function, whereas proteinase inhibitors
were considered to be anti-metastatic. However, not all proteinases
are pro-metastatic or even exhibit anti-metastatic features so that
broad-spectrum proteinase inhibition can also induce metastasis
[4]. Due to the complexity of proteinase function as well as the
dynamics of the protease web, it is not surprising that in many
malignancies also high expression of proteinase inhibitors is asso-
ciated with poor prognosis. In particular, plasminogen activator
inhibitor-1 (PAI-1) [5] and tissue inhibitor of metalloproteinases-1
(TIMP-1) [6] have been found to be negative prognostic factors in a
large variety of cancers. Under physiological conditions, these nat-
ural inhibitors tightly regulate the proteolytic activity of plasminogen
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activators (PAs) [7] and matrix metalloproteinases (MMPs) [8],
respectively. In addition to its inhibitory actions, TIMP-1 exerts
strong growth-promoting, anti-apoptotic and pro-angiogeneic func-
tions [9, 10]. Furthermore, we have previously demonstrated that
high TIMP-1 levels in the host, although able to abolish the activity
of MMPs over the time course of the experiments, lead to an
increase of total metastatic burden in the liver [11]. This promotion
of metastasis has mainly been a consequence of massive infiltration
and scattering of tumour cells throughout the liver parenchyma and
has not been due to increased numbers of larger multicellular foci
[11]. The observed scattered metastasis phenotype has been based
on a particular pro-metastatic gene expression signature involving
proteinases of various families such as the serine proteinase uroki-
nase-type plasminogen activator (uPA) [11] and has been triggered
by the induction of hepatocyte growth factor (HGF) signalling, as
impaired activation of this signalling pathway leads to a subtotal
inhibition of scattered micrometastases [11].

Induction of HGF signalling requires binding of proteolytically
activated pro-HGF to its receptor c-Met. uPA not only plays a
prominent role in the activation of the ligand [12] which is pre-
dominantly stored in the extracellular matrix (ECM) [12] and syn-
thesized by activated fibroblasts and endothelial cells [12] as well
as immune cells like neutrophils [13] and macrophages [14]. At
least in the case of acute liver and lung injury, uPA has also been
shown to induce the recruitment of myeloid leucocytes to second-
ary sites and to mediate their degranulation [15, 16] leading to
increase of available HGF in the liver. Consequently, adenoviral
gene transfer of the natural uPA-inhibitor PAI-2 leads to a signifi-
cant reduction of overall metastatic burden as well as of tumour
cell scattering in the liver [17]. This raised the question to which
extent uPA was involved in TIMP-1-induced liver metastasis.

To elucidate these functional interrelationships, we exploited
the well-established L-CI.5s murine T-cell lymphoma model of
liver metastasis [18]. Using uPA-ablated mice, we document here
that host uPA largely mediates TIMP-1-triggered HGF signalling
and subsequent scattering of L-CI.5s murine lymphoma cells
throughout the liver parenchyma. Host uPA is crucial for attract-
ing neutrophils to the liver with elevated TIMP-1 levels, thereby
increasing the availability of HGF. In contrast to host uPA, uPA
derived from tumour cells plays only a minor role in enabling fatal
scattered metastasis, as functional genetic down-regulation of
uPA in tumour cells did not impair their scattering throughout
their target organ. This emphasizes the outstanding importance of
modulations of the microenvironment for amplifying the suscepti-
bility to metastasis.

Materials and methods

Cells and viruses

Human embryonic kidney (HEK) 293 and lacZ-tagged L-CI.5s cells were
cultured as described previously [18]. Recombinant adenoviruses coding

for human TIMP-1 were generated, purified and plaque titred as illustrated
[19]. As control, Addl70–3, an adenovirus without transgene, was used
[20]. Functionality of adenoviral constructs was tested in vitro as depicted
[19]. Adenoviral infection in vivo was performed as described earlier [21].
To achieve a sustained gene-silencing effect in L-CI.5s cells, oligodes-
oxynucleotides coding for a shRNA against murine uPA mRNA and a
 corresponding scrambled sequence (both from Eurogentec Deutschland,
Cologne, Germany) were cloned into pSiren-RetroQ retroviral vector
(Invitrogen, Karlsruhe, Germany). According to standard protocols, HEK
293 cells were co-transfected with these vectors and the helper plasmids
pHIT60 [22] and pHCMV-G [23] (both from Eurogentec Deutschland) to
generate retroviruses for the transduction of L-CI.5s cells. By means of a
limiting dilution and a simultaneous selection with 20 �g/ml puromycin
(Sigma-Aldrich Chemie, Deisenhofen, Germany), clones were raised and the
amount of their uPA expression was quantified. Therefore, RNA isolation,
reverse transcription and qRT-PCR were performed as shown previously
[24] using inventoried primers and probes from Applied Biosystems
Applera Deutschland, Frankfurt am Main, Germany. Clones of high uPA
down-regulation were pooled to generate a cell line (L-CI.5sshuPA).
Analogously, a cell line was generated from clones expressing scrambled
shRNA (L-CI.5sshscr).

Experimental metastasis assays

The generation of META/Bomnu/nu mice of variable uPA genotypes was
published earlier [25]. For genotyping, DNA from tail biopsies, PCR and
qualitative agarose gel electrophoresis were performed in the customary
manner. Only immunodeficient knockout and wild-type littermates at an
age of 8 to 12 weeks were included in experiments. Animals were injected
i.v. 2 � 109 plaque-forming units of AdTIMP-1 and Addl70–3, respectively.
Maintenance of the TIMP-1 overexpression until the mice’s killing has
been published [11]. Three days later, 5000 L-CI.5s cells were inoculated
in the contralateral tail vein. Mice were killed and their livers were removed
6 days later. Wild-type and uPA-ablated META/Bomnu/nu mice were
depleted from neutrophils as shown previously [26]. In short, mice were
inoculated with 250 �l of anti-Ly-6G rabbit antibody serum (polyclonal;
Accurate Chemical & Scientific Corporation, Westbury, NY, USA) 24 hrs
and 2 hrs before as well as 5 days after administration of AdTIMP-1,
respectively. Three days after TIMP-1 gene transfer, 5000 L-CI.5s cells
were inoculated, and another 6 days later, mice were killed and their livers
were removed. In a second assay, pathogen-free, athymic CD1nu/nu mice
(Charles River, Sulzfeld, Germany) were treated analogously with the
exception that 5000 L-CI.5sshuPA or L-CI.5sshscr cells were inoculated.
Mice were killed and their livers were removed 6 days later. Different liver
tissue samples were snap-frozen in liquid nitrogen for biochemical analy-
sis, sliced for cryo-based histology or stained with 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside (X-Gal; Roche Diagnostics, Penzberg,
Germany) to detect tumour cells as described previously [18].
Multicellular foci exceeding the cut-off size of 0.2 mm in mean diameter
were qualified as ‘macrometastases’. Representative close-up pictures
were taken to approximately quantify tumour cell scattering. All animal
experiments were done in compliance with the guidelines of the
Tierschutzgesetz des Freistaates Bayern.

Immunostaining

To detect invaded macrophages and neutrophils, 5-�m-thick cryo-sections
were dried, fixed, blocked and intermittently washed in TBS according to
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standard protocols. Then incubation was performed for 2 hrs at room tem-
perature with anti-FIRE (clone 6F12; Becton Dickinson, Heidelberg,
Germany) and anti-Ly-6G antibodies (clone NIMP-R14; Abcam plc,
Cambridge, MA, USA), respectively, both diluted 1:50 in TBS. As second-
ary system biotinylated rabbit anti-rat immunoglobulin (polyclonal; Dako,
Hamburg, Germany) and StreptAB Complex (Dako) was used. Staining was
performed with AEC Substrate (Dako). All sections were counterstained
with Mayer’s hemalaun (Merck, Darmstadt, Germany) for 1 min. and
mounted with Kaiser’s glycerol gelatine (Merck). Immunostaining of phos-
phorylated c-Met was performed on 5-�m-thick frozen sections with anti-
phospho-c-Met antibody (polyclonal; Assay designs, Ann Arbor, MI, USA)
as described previously [11]. Simultaneous counterstaining was done with 
1 �g/ml 4�,6-diamidino-2-phenylindole (DAPI) (AppliChem, Darmstadt,
Germany). Sections were mounted with Moviol (Merck).

Biochemical analysis

RNA isolation from snap-frozen liver samples and reverse transcription, and
qRT-PCR quantifying HGF mRNA were performed as depicted previously
[24] using inventoried primers and probes from Applied Biosystems Applera
Deutschland. Liver protein extraction, purification, assessment of protein
concentration and the intermittent washing procedures in TBS containing
0.1% (w/v) Tween-20 (TBST; AppliChem) were performed as shown previ-
ously [24]. A total of 75 �g of protein were electrophoresed through 8%
(w/v) SDS-PAGE and electroblotted at 250 mA for 2 hrs on nitrocellulose
membranes (Amersham Biosciences, Amersham, UK). Blots were blocked
with 5% (w/v) skim milk (AppliChem) in TBST overnight at 4�C. Then, for 
2 hrs at room temperature, slices were incubated with primary antibodies,
diluted in 2.5% (w/v) bovine serum albumin (BSA) in TBST as follows: anti-
�-tubulin (mouse; Clone DM1A; Calbiochem Immunochemicals, Darmstadt,
Germany) 1:500, anti-�-D-galactosidase (mouse; Clone 200–193;
Calbiochem Immunochemicals) 1:500, anti-HGF (goat; polyclonal; R&D
Systems, Wiesbaden, Germany) 1:1000 (detecting both complete pro-HGF
and the separated HGF �-chain) and anti-phospho-c-Met (rabbit; polyclonal;
GenScript, Piscataway, NJ, USA) 1:1000. For 1 hr at room temperature, incu-
bation was performed with HRP-conjugated secondary antibodies, diluted in
2.5% (w/v) BSA in TBST as follows: anti-goat (chicken; polyclonal; R&D
Systems) 1:1000, antimouse (donkey; polyclonal; Amersham Biosciences,
Amersham, UK) 1:1000 and anti-rabbit (donkey; polyclonal; Amersham
Biosciences, Amersham, UK) 1:5000. Visualization was carried out using
Lumi-Light Western Blotting Substrate (Roche Diagnostics).

Statistical analysis

Data were analysed using Mann-Whitney rank sum test. P � 0.05 was con-
sidered significant.

Results

Decreased TIMP-1-induced tumour cell scattering
in uPA knockout mice

To assess whether TIMP-1-induced promotion of metastasis was
dependent on uPA expression by the host, AdTIMP-1- and

Addl70–3-transduced uPA knockout mice and their wild-type con-
trols were challenged with lacZ-tagged L-CI.5s cells and livers
were stained with X-Gal. Lack of host uPA significantly decreased
TIMP-1-induced overall metastatic burden (Fig. 1A, B). This effect
could be attributed to the inhibition of TIMP-1-induced scattering
(Fig. 1C), as the number of macrometastases in mice with elevated
TIMP-1 levels was not affected by uPA ablation (Fig. 1D).

Reduced TIMP-1-induced HGF signalling 
in uPA-ablated mice

Next, we investigated whether host uPA was involved in TIMP-1-
associated triggering of HGF signalling, which had been shown to
account for the increased scattering of tumour cells in the liver
(11). The 3-fold TIMP-1-induced increase of phosphorylated 
c-Met protein (Fig. 2A, B) in uPA wild-type animals was completely
abrogated in uPA knockout mice (Fig. 2A, B). When TIMP-1 levels
were elevated, prominent phospho-c-Met staining in the liver was
detected (Fig. 2C). This induction of HGF signalling in liver com-
partments affected by metastatic spread was not observed in uPA
knockout mice (Fig. 2C).

Decreased TIMP-1-induced levels of latent 
and activated HGF in uPA knockout mice

We assessed whether changes of protein levels of pro-HGF and its
activated form were detectable depending on different levels of
TIMP-1 and presence or absence of host uPA. Indeed, gene trans-
fer of TIMP-1 led to increase of pro-HGF protein by about 2.4-fold
(Fig. 3A, B). Ablation of host-derived uPA reduced the levels of
pro-HGF by 50% (Fig. 3A, B). A similar effect was observed when
the amount of activated HGF (HGF-�) was analysed. Transduction
with AdTIMP-1 increased HGF-� protein levels even by 3.2-fold,
whereas loss of uPA expression by the host again reduced the levels
by 50% (Fig. 3A, C). Quantitative RT-PCR of liver tissue revealed
no significant change of HGF mRNA transcription after gene transfer
of TIMP-1 (Fig. 3D). Thus, the elevated protein levels of HGF had
to derive from HGF storing cells invading the liver.

Requirement of host uPA for TIMP-1-induced 
neutrophil recruitment to the liver

Next, we addressed whether recruitment to the liver of neutrophils
and macrophages as known carriers of HGF [13, 14] is affected by
the co-operation of TIMP-1 and host uPA. In wild-type mice with
elevated TIMP-1 levels macrophage infiltration was augmented by
almost 2-fold (Fig. 4A) and a 6-fold elevation of infiltrated neu-
trophils even was detected (Fig. 4B) in comparison to the null
virus control. When uPA was ablated, TIMP-1-associated infiltra-
tion of neutrophils was efficiently inhibited (Fig. 4B), whereas the
infiltration of macrophages was not affected (Fig. 4A). In order to
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test whether the contribution of HGF by neutrophils was crucial 
for the induction of TIMP-1 induced scattering, we depleted neu-
trophils from uPA wild-type mice. Comparison with uPA knockout
littermates revealed a similarly weak c-Met phosphorylation 
(Fig. 4C) and no induction of scattered liver metastasis (Fig. 4D)
upon neutrophil depletion.

Unaltered TIMP-1-induced scattering of tumour
cells with uPA knockdown

We investigated also whether uPA derived from the tumour cells
might play an analogue role in TIMP-1-induced scattered metastasis.

Fig. 1 META/Bomnu/nu mice of variable uPA genotype (uPA	/	 and uPA
/
, respectively) were transduced by either AdTIMP-1 or Addl70–3 aden-
oviruses and 3 days later challenged with lacZ-tagged L-CI.5s cells. Killing and liver removal were performed another 6 days later. (A) Representative
Western blot of �-D-galactosidase, the protein encoded by the tumour cell tag lacZ, in liver protein. (B) Densitometry of all performed western blots
revealed increased total tumour cell mass in livers with elevated TIMP-1. Loss of host uPA diminished this augmented metastatic burden. Columns:
Mean intensities of the �-D-galactosidase bands versus �-tubulin band intensities. The mean of the reference group Addl70–3/uPA	/	 was set as 100%.
Bars: S.E. n � 5 mice. Addl70–3/uPA	/	: 100.0% � 27.7%; Addl70–3/uPA
/
: 95.0% � 4.3%; AdTIMP-1/uPA	/	: 188.1% � 27.7%; AdTIMP-
1/uPA
/
: 100.5% � 3.7%. (C) Close-up pictures of surfaces of representative X-Gal-stained metastasis-bearing livers showed increased scattering 
of tumour cells (indigo-blue signal) in livers with elevated TIMP-1 levels. Loss of host uPA led to a subtotal reduction of this micrometastatic spread.
(D) Quantification of macrometastases in X-Gal-stained metastasis-bearing livers revealed a reduction of multicellular foci in livers with elevated TIMP-1
levels. Columns: Mean number of macrometastases. The mean of the reference group Addl70–3/L-CI.5s was set as 100%. Bars: S.E. Addl70–3/uPA	/	:
100.0% � 7.5%, n � 3 mice; Addl70–3/uPA
/
: 71.9% � 14.0%, n � 5 mice; AdTIMP-1/uPA	/	: 44.3% � 2.7%, n � 4 mice; AdTIMP-1/uPA
/
:
46.1% � 1.8%, n � 4 mice.
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For this purpose, we first inoculated AdTIMP-1 or Addl70–3 ade-
noviruses, respectively, in wild-type mice. Three days later the ani-
mals were challenged with tumour cells showing a highly efficient
shRNAi-based knockdown of uPA (L-CI.5sshuPA) (Fig. 5A). As
control, L-CI.5s cells transduced with a scrambled vector were
used (L-CI.5sshscr). Lack of uPA expression by tumour cells did
not significantly reduce TIMP-1-associated increase of overall

metastatic burden (Fig. 5B, C) and did not inhibit TIMP-1-induced
tumour cell scattering throughout the liver parenchyma (Fig. 6A).
Immunofluorescence analysis of liver sections revealed that
TIMP-1-induced c-Met phoshorylation was not impaired by lack of
tumour cell-derived uPA (Fig. 6B). Quantification of multicellular
foci on X-Gal-stained liver surfaces showed decreased numbers of
macrometastases, independent of elevated TIMP-1 levels (Fig. 5D).

Fig. 2 (A) Representative western blot of phosphorylated c-Met in liver protein of META/Bomnu/nu mice (uPA	/	 and uPA
/
, respectively), transduced
by either AdTIMP-1 or Addl70–3 adenoviruses. (B) Densitometry of all performed Western blots revealed increased c-Met activation in livers with ele-
vated TIMP-1. Loss of host uPA diminished this induction of HGF signalling. Columns: Mean intensities of the phospho-c-Met bands versus �-tubulin
band intensities. The mean of the reference group Addl70–3/uPA	/	 was set as 100%. Bars: S.E. n � 5 mice. Addl70–3/uPA	/	: 100.0% � 16.1%;
Addl70–3/uPA
/
: 51.5% � 22.9%; AdTIMP-1/uPA	/	: 296.7% � 63.9%; AdTIMP-1/uPA
/
: 69.9% � 11.2%. (C and D) Representative immunoflu-
orescence analysis of phospho-c-Met (green signal) on cryo-sections (5 �m) of metastasis-bearing bearing livers. Counterstaining was done with DAPI
(blue signal). Approximate boundaries of macrometastases were delineated in white. (C) In both Addl70–3- and AdTIMP-1-transduced livers strong
staining of phospho-c-Met was found around veins. In livers with elevated TIMP-1, additional c-Met activation in parenchyma was detected. Lack of
host uPA did only affect the parenchymatous localization of HGF signalling. (D) Within and around macrometastases, only in livers of uPA wild-type ani-
mals with elevated TIMP-1 levels HGF signalling was induced.
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Discussion

In this study, we demonstrate that host-derived uPA mediates the
recently discovered [11] effect of elevated TIMP-1 levels in induc-
ing HGF signalling-dependent promotion of liver metastasis. Host
uPA is here found to be a crucial co-factor for the characteristic
accumulation of available HGF in livers with elevated TIMP-1 levels,
as it is necessary for the attraction of neutrophils. We further
show that host but not tumour cell-derived uPA participates in
TIMP-1-induced c-Met phosphorylation in the liver, previously
shown to lead to the increased susceptibility of the liver for metas-
tasizing tumour cells [11].

The recognition of the protease web as the complex network
regulating tissue homeostasis in physiological and pathophysio-
logical conditions [27] motivated our search for non-canonical
interactions among its various components. This, together with
the evidence that the initial axiom that proteinases strictly act as
pro-metastatic factors whereas their inhibitors exert anti-
metastatic features cannot be maintained any more [3], led to our
aim to get functional insight into possible pro-metastatic interre-
lationships between uPA and elevated TIMP-1 levels. Indeed,
simultaneous overexpression of TIMP-1 and uPA has been
observed in several tumours including breast cancer [28], col-
orectal cancer [29] and myeloproliferative disorders [30].
Furthermore, decreased TIMP-1-induced liver metastasis after

Fig. 3 (A) Representative Western blot of pro-HGF and its activated form (HGF-�) in liver protein of META/Bomnu/nu mice (uPA	/	 and uPA
/
, respec-
tively), transduced by either AdTIMP-1 or Addl70–3 adenoviruses. (B and C) Densitometries of all performed Western blots revealed increase of HGF
protein levels and its activation in livers with elevated TIMP-1. Loss of host uPA reduced the amounts both of latent and activated HGF. Columns: Mean
intensities of either pro-HGF (B) or HGF-� bands (C) versus �-tubulin band intensities. The mean of the reference group Addl70–3/uPA	/	 was set as
100%, respectively. Bars: S.E. n � 5 mice. (B) Addl70–3/uPA	/	: 100.0% � 24.5%; Addl70–3/uPA
/
: 58.0% � 5.8%; AdTIMP-1/uPA	/	: 237.3%
� 9.8%; AdTIMP-1/uPA
/
: 146.5% � 8.0%. (C) Addl70–3/uPA	/	: 100.0% � 52.9%; Addl70–3/uPA
/
: 78.6% � 20.1%; AdTIMP-1/uPA	/	:
319.2% � 53.2%; AdTIMP-1/uPA
/
: 159.8% � 18.1%. (D) qRT-PCR of HGF mRNA in livers of META/Bomnu/nu wild-type mice. Columns: Mean
amount of the HGF mRNA versus 18S-RNA. The mean of the reference group Addl70–3/uPA	/	 was set as 100%. Bars: S.E. n � 3 mice.
Addl70–3/uPA	/	 100.0% � 11.8%; AdTIMP-1/uPA	/	 83.0 � 5.5%.
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functional-genetic up-regulation of PAI-2 has been the first but
indirect evidence for a functional interplay between TIMP-1 and
PAs [17]. Here, we determine a direct functional coherence
between these two factors elucidating that uPA mediates TIMP-1-
triggered c-Met phosphorylation and subsequent tumour cell
scattering throughout the liver parenchyma.

In fact, HGF, originally also described as the scatter factor [31],
induces a plethora of pro-metastatic genes via the interaction with
its receptor c-Met [32]. uPA plays a pivotal role in initiating these
intracellular signalling cascades via c-Met as it positively regulates
HGF at several levels: uPA is able to induce the expression of HGF
[33], to release sequestered pro-HGF from the ECM [34] and to
activate it subsequently by limited cleavage [12]. Furthermore,
uPA participates in mechanisms attracting to distant organs

myeloid leucocytes, cells known to produce and intracellularly
store HGF [13, 14], and inducing the release of HGF by degranu-
lation [15, 16]. The present study demonstrates that host uPA is
crucial for the infiltration of neutrophils, but not of macrophages,
into livers with elevated TIMP-1 levels. This correlated with
increased c-Met phosphorylation and subsequent tumour cell
scattering throughout the parenchyma.

With regard to tumour progression, a first hint at the overall
significance of neutrophils as a main source of HGF has been the
recent observation that in non-Hodgkin’s lymphoma the number
of neutrophils correlates with the amount of HGF protein [35].
Here, we confirm the importance of infiltrating neutrophils for
TIMP-1-triggered progression of metastasis. The fact that ele-
vated TIMP-1 levels do not induce transcription of HGF mRNA in

Fig. 4 (A and B) Quantification of macrophages (A) and neutrophils (B) in metastasis-bearing bearing livers of META/Bomnu/nu mice (uPA	/	 and
uPA
/
, respectively), transduced by either AdTIMP-1 or Addl70–3 adenoviruses, exploiting immunohistochemistry of FIRE (A) and Ly-6G (B) protein,
respectively, on liver cryo-sections (5 �m). In livers with elevated TIMP-1 increased infiltration of both macrophages (A) and neutrophils (B) was
detected. Loss of host uPA only diminished the number of invaded neutrophils (B), but did not impair macrophage recruitment (A). Columns: Mean
number of either invaded macrophages (A) or invaded neutrophils (B) per 1.0 mm2 liver section surface. Bars: S.E. n � 5 mice. (A) Addl70–3/uPA	/	:
3.4 � 0.4; Addl70–3/uPA
/
: 4.7 � 0.3; AdTIMP-1/uPA	/	: 6.3 � 0.1; AdTIMP-1/uPA
/
: 5.3 � 0.6. (B) Addl70–3/uPA	/	: 27.8 � 3.5;
Addl70–3/uPA
/
: 26.9 � 2.5; AdTIMP-1/uPA	/	: 167.0 � 2.7; AdTIMP-1/uPA
/
: 39.1 � 7.0. (C) Representative Western blot of phosphorylated c-
Met in liver protein of META/Bomnu/nu mice (uPA	/	 and uPA
/
, respectively) receiving AdTIMP-1 adenovirus. Analysis revealed similarly weak c-Met
phosphorylation in livers of uPA
/
animals without depletion of neutrophils (uPA
/
/Ø) and of neutrophil depleted wild-type littermates
(uPA	/	/depleted). (D) Close-up pictures of surfaces of representative X-Gal-stained metastasis-bearing livers of uPA
/
/Ø and uPA	/	/depleted mice,
both with elevated TIMP-1 levels. Areas with one large metastasis (indigo-blue) and the immediate environment are shown. Characteristic TIMP-1-
induced scattering of tumour cells (indigo-blue signal) in the livers of uPA	/	animals (compare Fig. 1C) is similarly abrogated in conditions without
elevated TIMP-1 levels and after depletion of neutrophils.
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the liver tissue although the amount of HGF protein is increased,
indicates that HGF storing cells must infiltrate the liver. Although
TIMP-1 has recently been demonstrated to have a certain
chemotactic function on neutrophils in myocarditis [36], we pro-
vide here for the first time, in the context of metastasis, the 
evidence that elevated TIMP-1 levels indeed trigger infiltration of
HGF storing cells and that uPA mediates this pro-metastatic
function of TIMP-1. Neutrophils are found to be the crucial con-
tributors of HGF, as their depletion inhibits TIMP-1-induced 
c-Met phosphorylation and subsequent tumour cell scattering
throughout the liver. The fact that uPA ablation is sufficient to
preclude neutrophil attraction to the liver as well as the scattered
metastasis phenotype, clearly shows that host uPA is the pivotal
mediator of this TIMP-1-triggered effect. This study underlines
the eminent role of this proteinase in the TIMP-1-modulated pro-
metastatic microenvironment and suggests a link between
imbalances of the protease web and the collaborative interac-
tions among metastasizing tumour cells and invading immune
cells [37]. Furthermore, these findings stress the importance of
the cell signalling function of TIMP-1 [9], whose elevated levels
drastically alter the gene expression signature, including the
expression of uPA via a yet unknown pathway, in the liver as tar-
get organ of metastasis [11].

In several experimental metastasis models, e.g. of breast 
cancer [38], melanoma [39] and prostate cancer [40], down-

Fig. 5 (A) Exploiting shRNAi-based knockdown strategy, lacZ-tagged 
L-CI.5s cells with a highly efficient uPA-knockdown under the PCR detec-
tion limit (L-CI.5sshuPA) were generated as verified by qRT-PCR analy-
sis. Analogue transduction of non-template cDNA resulted in a widely
unchanged uPA expression by tumour cells (L-CI.5sshscr). Columns:
Mean amount of the uPA mRNA versus 18S-RNA. The mean of the refer-
ence group L-CI.5s was set as 100%. Bars: S.E. n � 2 cell pools. L-CI.5s
100.0% � 1.5%; L-CI.5sshscr 90.3 � 3.0%; L-CI.5sshuPA 0.0 � 0.0%.
(B and C) CD1nu/nu mice were transduced by either AdTIMP-1 or
Addl70–3 adenoviruses and 3 days later challenged with L-CI.5s cells
either displaying high or low levels of uPA expression. Killing and liver
removal were performed another 6 days later. (B) Representative
Western blot analysis of �-D-galactosidase in liver protein. (C)
Densitometry of all performed Western blots revealed an increase of total
tumour cell mass in livers with elevated TIMP-1. Lack of tumour cell uPA
did not significantly diminish this augmented metastatic burden.
Columns: Mean intensities of the �-D-galactosidase bands versus �-
tubulin band intensities. The mean of the reference group
Addl70–3/uPA	/	 was set as 100%. Bars: S.E. n � 5 mice.
Addl70–3/uPA	/	: 100.0% � 29.3%; Addl70–3/uPA
/
: 70.6% �

7.0%; AdTIMP-1/uPA	/	: 220.9% � 5.5%; AdTIMP-1/uPA
/
: 148.3%
� 28.1%. (D) Quantification of macrometastases revealed TIMP-1-inde-
pendent reduction of multicellular foci in livers by lack of tumour cell-
derived uPA. Columns: Mean number of macrometastases. The mean of
the reference group Addl70–3/L-CI.5sshscr was set as 100%. Bars: S.E.
Addl70–3/L-CI.5sshscr: 100.0% � 8.5%, n � 6 mice; Addl70–3/L-
CI.5sshuPA: 54.5% � 3.8%, n � 5 mice; AdTIMP-1/L-CI.5sshscr:
94.3% � 8.4%, n � 8 mice; AdTIMP-1/L-CI.5sshuPA: 31.8% � 4.8%, 
n � 5 mice.
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regulation of uPA expression in tumour cells has also inhibited
metastasis. Therefore, one could suggest that tumour cell-derived
uPA was similarly necessary for TIMP-1-induced scattered liver
metastasis. However, we document here that neither tumour cell
scattering throughout the liver nor c-Met phosphorylation are
affected by lack of tumour cell-derived uPA. Nevertheless, we find
that lack of tumour cell-derived uPA decreases the number of
larger metastatic colonies in the liver. All these findings are in line
with ample experimental evidence attributing a predominant role
to host-derived uPA in the formation of primary tumours [41] and
larger metastatic foci [25, 42]. The observed decrease in the num-
ber of macrometastases is independent of modified TIMP-1 levels,
reproducing the known effect that uPA expression by tumour cells
determines to a certain extent their metastatic potential [39]. Host
uPA, however, crucially participates in mediating HGF signalling in
the TIMP-1-modulated pro-metastatic liver microenvironment,
thereby preparing the soil for the effective scattered infiltration of
the target organ.

Altogether, we elucidate for the first time a functional inter-
play between an activator (uPA) and an inhibitor (TIMP-1) of
two different proteinase families. This interrelation between uPA
and TIMP-1, pro- and anti-proteolytic protagonists initially
assumed to functionally counteract each other in the overall
proteolytic balance, illustrates the enormous intricacy of the

protease web. It is important to note that the present study dis-
sects the mechanistic details in a murine model. However, as
both molecules were up-regulated in livers of patients with bad
prognosis [11] it is possible that they have a similar role in the
promotion of metastasis in human disease. This mechanism
could represent one of the detrimental side effects that caused
the clinical failure of broad-spectrum MMP inhibitors, even
more as treatment with batimastat, a pharmaceutical of this
group, has been shown to increase host uPA expression [43].
Consequently, simultaneous interference with pro- and anti-
proteolytic systems may be a quite unexpected but possibly
viable approach in the treatment of malignancies. Moreover, the
awareness that uPA mediates TIMP-1-induced HGF signalling
suggests that also triggered effector molecule pathways should
be included in the therapeutic spectrum. In synopsis, a non-
canonical combination of different targeted therapies may
enable us to fight cancer more efficiently.
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