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Abstract
Human kallikrein 6 (hK6), a trypsin-like serine protease, is
a newly identified member of the kallikrein gene family.
Its involvement in inflammatory CNS lesions and in
demyelination has been reported. Recent work has sug-
gested that expression of this enzyme is significantly ele-
vated in patients with ovarian cancer. We have identified
many tumour cell lines that secrete hK6, but its physio-
logical role is unknown. Here, we try to unveil the role of
this kallikrein in the metastasis and invasion of tumour
cells. We demonstrate that purified human recombinant
hK6 can cleave gelatin in zymography and can efficiently
degrade high-molecular-weight extracellular matrix pro-
teins such as fibronectin, laminin, vitronectin and colla-
gen. In Boyden chamber assays, we found that tumour
cells treated with a neutralizing hK6 antibody migrate
less than control cells. We conclude that hK6 might play
a role in the invasion and metastasis of tumour cells and
may be a candidate therapeutic target.

Copyright © 2004 S. Karger AG, Basel

Introduction

The human kallikrein family consists of 15 closely
related serine proteases, encoded by genes that are tan-
demly localized on chromosome 19q13.4 [1]. Recent
work has suggested that the expression of different kalli-
kreins varies in different pathophysiological conditions.
Several kallikreins are regarded as potential diagnostic
markers of cancer and Alzheimer’s disease [2–7]. One of
the newly identified members of the human kallikrein
gene family is kallikrein 6 (hK6), also known as protease
M [8], neurosin [9] or zyme [10]. This kallikrein is a 223-
amino acid residue serine protease with trypsin-like activ-
ity. Its expression at the mRNA level has been confirmed
in several tissues such as kidney, endometrium, breast,
pancreas, prostate and the CNS (brain, cerebellum and
spinal cord) [8, 9, 11]. By ELISA assays, this protein has
been found in different biological fluids such as milk, nip-
ple aspirate fluid, breast cyst fluid, male and female
serum, seminal plasma, cerebrospinal fluid and amniotic
fluid [6, 12, 13]. Immunohistochemistry has shown abun-
dant hK6 expression in various other normal tissues and
confirmed its epithelial localization [14]. The potential
involvement of this protein in the development and pro-
gression of Alzheimer’s disease has been reported [6, 9,
10, 13]. It was also found that ovarian cancer patients
have significantly elevated levels of hK6 in the circulation
[5]. This finding is supported at both the mRNA and pro-
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tein levels in ovarian tumours [15, 16]. Although the pres-
ence of hK6 in various pathological conditions has been
reported, its physiological role is still unknown. Scaris-
brick et al. [13] reported the presence of myelencephalon-
specific protease, which is identical to hK6, in inflamma-
tory CNS lesions and suggested that this enzyme might
promote demyelination. Also, it has been reported that
this protein might play a role in the degradation of ß-amy-
loid or turnover of amyloid precursor protein [17]. Mag-
klara et al. [18] showed that hK6 can cleave collagen I,
collagen IV, fibrinogen and casein. The kinetic properties
of hK6 have been studied, and hK6 is regarded as a
degradative protease with broad specificity for cleavage
after an arginine residue in the P1 position of the substrate
[18, 19].

In the present investigation, we examine the role of
hK6 in the degradation of extracellular matrix (ECM)
proteins. ELISA assays of tumour cell culture superna-
tants have shown that many tumour cells secrete hK6 in
significant amounts, along with other enzymes such as
metalloproteinases. The crystallographic work on hK6
has suggested that this protein has low affinity for low-
molecular-weight peptide substrates, whereas it may func-
tion very efficiently with larger peptide substrates with
full potential for extended-contact interaction such as
myelin basic protein, fibronectin or laminin [19]. We thus
decided to explore the role of hK6 in degrading ECM pro-
teins, including basement membrane proteins such as col-
lagen, fibronectin, laminin and vitronectin. Basement
membrane acts as a regulator of specific biological func-
tions such as cellular growth, differentiation, repair and
migration as well as a modulator of pathological events
like tumour cell differentiation, invasion and metastasis
[20–29].

Materials and Methods

Production and Purification of Recombinant hK6
Human embryonic kidney 293 cells, stably transfected with a

plasmid containing the 1.4-kb pro-hK6 cDNA, were grown as pre-
viously described [10]. The expressed pro-hK6 was purified from the
culture supernatant following the method of Magklara et al. [18].
Briefly, the supernatant was concentrated by passing through an
ultrafiltration membrane and added to an FPLC cation-exchange
column (CM Sepharose, Amersham Biosciences, N.J., USA) mixed
with running buffer in a 1:2 ratio (50 mM sodium acetate buffer, pH
5.3). Repeated washing of the column with the running buffer
ensured removal of unbound proteins. Then, hK6 was eluted using a
linear gradient of elution buffer (0–1 M NaCl with 50 mM sodium
acetate buffer, pH 5.3) at a flow rate of 1 ml/min. The presence of
pro-hK6 in the fractions was tested by ELISA and SDS-PAGE. The
fractions enriched with hK6 were pooled and concentrated by ultra-

filtration and used in HPLC for further purification. The concen-
trated mixture was diluted in a running buffer (i.e. mobile phase
water with 0.1% trifluoroacetic acid) and loaded onto the pre-equili-
brated reversed-phase C8 column with the equilibration buffer at a
flow rate of 0.5 ml/min. The column was washed thoroughly and hK6
was eluted using a gradient system (acetonitrile with 0.1% trifluoro-
acetic acid). The presence of pro-hK6 in the fractions was tested by
ELISA, as well as by SDS-PAGE. The fractions containing purified
pro-hK6 were pooled for further work. Traces of organic solvents
were removed by nitrogen bubbling. Purified pro-hK6 was stored in
aliquots at –70 °C.

Assay of hK6 Enzymatic Activity with Synthetic Substrates
The following synthetic peptides were purchased from Bachem

(King of Prussia, Pa., USA): Pro-Phe-Arg-aminomethylcoumarin
(AMC), Val-Pro-Arg-AMC (VPR-AMC), Phe-Ser-Arg-AMC (FSR-
AMC), Glu-Gly-Arg-AMC, Asp-Pro-Arg-AMC, Gly-Gly-Arg-AMC,
Val-Leu-Lys-AMC, Glu-Lys-Lys-AMC and Ala-Ala-Pro-Phe-AMC.
All substrates were diluted in DMSO at a final concentration of
80 mM and stored at –20°C. The optimum buffer system for the
analysis of the activity of hK6 was 50 mM Tris, 0.1 M NaCl and
0.01% Tween-20, pH 7.3. In 100 Ìl of reaction buffer, 1 ÌM substrate
and 0.5–1 Ìg of purified pro-hK6 were added in microtiter plates and
equilibrated at 37°C in a spectrofluorometer (Wallac-Victor, Perkin-
Elmer, Mass., USA). The excitation and emission wavelengths were
set at 485 and 535 nm, respectively, and fluorescence was measured
for 20 min. Enzyme-free reactions were used as negative controls,
and background fluorescence was subtracted from each value. All
experiments were performed in triplicate. As mentioned elsewhere
[18], pro-hK6 is autoactivated during the first 5 min of incubation.

Zymography
Zymography was performed according to the method of Liotta

and Stetler-Stevenson [30]. Nupage 1% gelatin gels were purchased
from Invitrogen (Ont., Canada), along with the renaturation, devel-
oping and running buffer. Proteins were run in the gel according to
the instructions of the manufacturer. After electrophoresis, the gel
was incubated in the renaturation buffer for 30 min at room tempera-
ture followed by incubation in developing buffer overnight. The gel
was stained with Coomassie blue for 1 h and destained with water.
The enzyme spots were visible as white bands on a blue background.

Cleavage of ECM Proteins by hK6 and Western Blot Analysis
Biotinylation of ECM Proteins. Fibronectin, laminin, vitronectin

and collagen were selected for biotinylation as they are considered
important members of the ECM. Biotinylation of ECM proteins was
performed as previously described [31]. The proteins were dialyzed
in 100 mM sodium phosphate buffer (pH 7.4) overnight to remove
salts. NHS-LC-biotin (Pierce Chemical Co., Rockford, Ill., USA) at a
100-fold molar ratio was added and left to react for 1 h at room tem-
perature. The biotinylated proteins were then dialyzed for 72 h in 5
litres of sodium phosphate buffer (pH 7.4) at 4°C with 3 buffer
changes per day to remove unbound biotin. These biotinylated pro-
teins were used as substrates of hK6.

Incubation of Biotinylated ECM Proteins with hK6. The biotiny-
lated proteins (50 Ìg) were incubated in a 250-Ìl reaction mixture
with 100 mM phosphate buffer (pH 7.6), 0.1 M NaCl and 0.01%
Tween-20 with 1–2 Ìg of purified hK6. This mixture was incubated
in a 37°C incubator. At 0, 12, 24 and 48 h, 20 Ìl of the reaction
mixture were removed for analysis. The same reaction mixture but
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Fig. 1. Catalytic activity of purified hK6
with VPR-AMC and FSR-AMC substrates.

without any enzyme was run for 48 h in parallel as a negative control.
Proteins were separated on 4–12% SDS-PAGE gels (Nupage, Invi-
trogen) under reducing conditions and were transferred to nitrocellu-
lose membranes. Membranes were blocked by 5% skim milk over-
night followed by incubation with a streptavidin-alkaline phospha-
tase conjugate (1:40,000) for 1 h. The membranes were washed in
washing buffer (50 mM Tris, 50 mM NaCl, pH 7.6, with 0.1%
Tween-20) and exposed to a chemiluminescence substrate for 1 min.
They were then developed by exposure to an X-ray film.

ELISA of Tumour Cell Line Supernatants for Secreted hK6
We identified 5 cell lines: HTB75 (ovarian cancer), HTB161

(ovarian cancer), HTB19 (breast cancer), MDA468 (breast cancer)
and PC3 (AR)6 (prostate cancer) that secrete significant amounts of
hK6 by ELISA analysis of tissue culture supernatants.

Inhibition of hK6 Catalytic Activity by a Monoclonal Antibody
hK6 monoclonal antibodies were produced by standard hybrido-

ma technology using recombinant hK6 protein as immunogen [18].
One antibody clone, E24, was found to inhibit the enzymatic activity
of hK6 by more than 99%. This monoclonal antibody was used to
block the catalytic activity of hK6. In 100 Ìl of reaction mixture, 1 Ìg
of hK6 and E24 antibody (2, 5, 10 and 20 Ìg) were used. The mixture
was incubated for 2 h at 4°C. The enzymatic reaction was then
started by the addition of 2 Ìl of 80 mM VPR-AMC substrate. The
fluorescence was monitored for 20 min, at 1-min intervals. All assays
were performed in duplicate.

Cell Migration in a Boyden Chamber
A 96-well reusable Boyden chamber with an 8-Ìm polycarbonate-

framed filter was used to study the role of hK6 in the migration of
tumour cells [32]. HTB19, a tumourigenic breast cancer cell line (also
known as BT-20) that secretes significant amounts of hK6, was used
in the migration assay. It was cultured in serum-free media and
grown to confluency in 250-ml culture flasks. The filter was soaked
overnight with ECM proteins, including fibronectin, laminin, vitro-
nectin, collagen II and collagen III at 10 Ìg/cm2. In parallel, the hK6
monoclonal antibody was used to block the activity of secreted hK6
from the cells in the culture media. The optimum concentration of
the antibody was established from inhibition assays with the enzyme.
In control wells, the same amount of dilution buffer was added. Fifty

microlitres of culture media with 10% FBS were used in the lower
chamber as a chemoattractant. The chamber was incubated in a CO2
incubator at 37°C for 48 h. Removal of cells from the upper surface
and staining of the migrated cells on the bottom surface of the filter
was performed according to the method of Tarui et al. [33]. Finally,
pictures of the migrated cells were taken with an inverted microscope
(Olympus, Japan) at !200 magnification with random selection of at
least four fields.

Labelling of HTB19 Cells with Calcein and Migration Assay in
a Boyden Chamber
The cultured HTB19 cells were labelled with calcein according to

the method of Frevert et al. [34]. The labelled cells were then placed
in the upper well of a Boyden chamber, keeping the other parameters
constant. The migrated cells that reached the lower chamber were
measured by calcein fluorescence with a fluorometer (Wallac, Per-
kin-Elmer).

Results

hK6 was produced and purified following the method
described elsewhere [18]. hK6 produced by this method is
greater than 98% pure, as judged by SDS-PAGE. The
enzymatic activity of this protein was confirmed using
synthetic fluorogenic substrates (fig. 1). As previously
shown, this enzyme autoactivates itself and cleaves pref-
erentially after an arginine residue [18]. Gelatin zymogra-
phy for active hK6 indicated effective cleavage at the
expected molecular weight of hK6 (fig. 2).

We tested the ability of hK6 to cleave ECM proteins
such as fibronectin, laminin, vitronectin, collagen II and
collagen III (fig. 3). Prolonged incubation time increased
the fragmentation pattern of these proteins (fig. 3). Some-
times the proteins in control conditions showed some
cleavages; as most of the ECM is composed of several
polypeptide chains, those are separated due to the re-
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Fig. 2. Gelatin zymography of purified hK6 and trypsin (control).
Numbers in parentheses represent amounts of enzyme per lane, in
micrograms. Numbers on the left of the figure represent molecular
weights in kD.
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duced conditions of the gel. None of the bands visible in
the blot were contributed by self-cleavage of hK6 as it was
not biotinylated. There were several bands always visual-
ized in the blot in the case of ‘0 h’ of incubation of all the
substrates as the enzyme had the opportunity to cleave the
substrate within the ample time of mixing the enzyme
into the reaction mixture and freezing it at –80°C.

In table 1, we present the concentration of secreted
hK6 in tissue culture supernatants from various cancer
cell lines. The same cell lines were tested by ELISA for
production of other kallikreins such as hK5, hK7, hK8,
hK10, hK11, hK13 and hK14 (data not shown). We chose
the cell line HTB19 for migration and invasion assays
since this cell line produced relatively large amounts of
hK6 and much lower amounts of all other kallikreins.

In figure 4, we present the inhibitory activity of mono-
clonal antibody E24 on the enzymatic activity of hK6.
The enzymatic activity was completely abolished at anti-
body concentrations of 20 Ìg/ml or higher.

In Boyden chamber assays, we found that cells treated
with the neutralizing hK6 monoclonal antibody migrated
less than control (non-treated) cells. Using calcein fluores-

Fig. 3. Cleavage of ECM components by purified hK6. M = Molecular weight markers (in kD); C = control digestion
without enzyme. Digestion was performed for variable times (0–48 h). Note digestion of proteins with generation of
new bands over time. For discussion, see text. All proteins were biotinylated and detected by Western blot with
streptavidin-alkaline phosphatase and chemiluminescence.
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Fig. 4. Inhibition of catalytic activity of hK6
by monoclonal antibody E24. Purified hK6
and different concentrations of the mono-
clonal antibody were mixed and incubated
for 2 h. Then, the reaction was started by
addition of substrate (VPR-AMC).

cence measurements, we were able to quantify cell migra-
tion. In general, cell migration was reduced by approxi-
mately 40% when cells were treated with the neutralizing
hK6 antibody (p ! 0.05 in all cases).

Discussion

ECM is a highly specialized structure composed of dif-
ferent high-molecular-weight proteins that surround nor-
mal as well as malignant cells. Collagen is one of the main
components of ECM proteins and represents 60% of the
total protein in the human body. There are different types
of collagen, according to its molecular weight and its
structural and functional conformation, which associate
with different components of the ECM. Collagen II is
abundant in cartilage and forms a network of fibrils
extended by proteoglycans that serve as a platform for the
attachment of collagen IX, growth factors and cells [35].
Collagen III is reported to be an ECM protein that could
interact with maspin (mammary serine protease inhibi-
tor), a tumour suppressor protein in human breast epithe-
lial cells. A direct interaction between maspin and ECM
collagen may contribute to cell adhesion, which plays a
role in the prevention of tumour cell migration and angio-
genesis [36]. The degradation of collagen III by hK6 could
be a crucial event leading to tumour cell metastasis. For
progression, invasion or metastasis, tumour cells must
dissolve the collagen network [29]. Zymography is consid-
ered a standard technique to examine the activity of
matrix-degrading enzymes produced by tumour cells [37,
38]. In our experiments, the zymogram revealed the abili-

Table 1. Concentration of hK6 in tissue culture supernatants of var-
ious cancer cell lines

Cell line Origin hK6, Ìg/l
media with FCS

Serum-free
media

MDA468 breast cancer 300 75
PC3 (AR)6 prostate cancer1 800 230
HTB75 ovarian cancer 30 2
HTB161 ovarian cancer 60 5
HTB19 (BT-20) breast cancer 75 50

FCS = Fetal calf serum.
1 This cell line was stably transfected with androgen receptor.

ty of hK6 to degrade gelatin. As gelatin is derived from
collagens, these data indicate the capability of hK6 to
degrade collagen networks. Our Western blot data with
collagen II and III are in agreement with the zymographic
results. For both collagen types, many bands appeared
after digestion with hK6, in comparison with control
(fig. 3). The density and number of bands were generally
proportional to the length of the incubation. Among the
non-collagen components of the ECM, fibronectin, lami-
nin and vitronectin are the most important. Collagen in
association with these proteins forms the scaffold of ECM
that regulates cell migration, differentiation, prolifera-
tion, metastasis and invasion [23, 39, 40]. Fibronectin is
responsible for interaction with integrin molecules during
migration of tumour cells [29, 37, 41, 42]. Degradation of
this protein influences cell migration, attachment and sig-
nal transduction. So, degradation of fibronectin may have
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multiple roles in metastasis. Our Western blots with
fibronectin revealed many fragments after 48 h of incuba-
tion, indicating the ability of hK6 to hydrolyze this impor-
tant protein. Laminin is another member of the ECM and
basement membrane that forms a network with collagen
IV [24]. Integrins can bind to laminin and fibronectin
during migration, regulating focal adhesion kinase, one of
the main kinases associated with cell migration [39–41].
Our data show that laminin can be degraded by hK6. Deg-
radation of fibronectin and laminin by hK6 was also
shown by Bernett et al. [19].

Vitronectin is a 75-kD extracellular glycoprotein de-
posited extravascularly in many tissues [43, 44]. In our
experiments, it was shown that vitronectin generated
many fragments after digestion with hK6. Previously,
Magklara et al. [18] showed that hK6 cleaves collagen I
and collagen IV and several other physiologically impor-
tant proteins such as fibrinogen and casein. These data
complement the results presented herein.

The Boyden chamber is now considered a powerful in
vitro tool for testing cell migration [32]. We have chosen
to work with the HTB19 tumour cell line for several rea-
sons: first, this cell line secretes mostly hK6 in serum-free
media (50 Ìg/l) but not other kallikreins, and secondly,
these cells were reported to be metastatic. We cultured the
cells in media which were protein- and serum-free, to
eliminate the effects of other proteins on migration. Incu-
bation was extended up to 48 h, which is sufficient for
secretion of hK6, since this kallikrein was reported to
appear in culture media within 24 h [5]. Tumour cells
cleave ECM proteins through the action of their secreted
proteases, and the metastatic or invasive cells move to the
other side, through the dissolved matrix, and ultimately
through the pore of the polycarbonate membrane due to
chemoattraction. Addition of neutralizing hK6 antibody
blocks the activity of hK6 and results in decreased migra-
tion and invasiveness. These preliminary data support a
role of hK6 in metastasis and invasion and suggest that
hK6 may be a therapeutic target. The fluorescence end
point assay is technically superior and more quantitative

than the visual end point assay [34]. Frevert et al. [34]
showed that calcein fluorescence maintained a linear
function with the number of cells and did not affect the
migration of cells in any way. In the Boyden chamber, a
major portion of metastatic cells always reaches the me-
dium of the lower chamber rather than staying anchored
on the bottom of the filter. So, measurement of the cells
only from the bottom of the filter may not be enough to
reveal the actual picture of the migration [34, 45]. In our
experiment, cells labelled with calcein were added in the
Boyden chamber. The bottom side of the filter was
stained, and migrated cells that reached the wells of the
lower chamber were counted by measurement of fluores-
cence.

hK6 is secreted as a pro-enzyme but is autoactivated
[18]. Once activated, it acts similarly to rat myelencepha-
lon-specific protease, which is characterized as a degrada-
tive protease with much greater catalytic efficiency for
Arg versus Lys in the P1 position [18, 19]. In comparison
to other proteases, its overall structural conformation,
folding and catalytic motif seem to be similar to trypsin.
The X-ray crystallographic data of hK6 suggest that the
variable surface loop region that is responsible for activity
is short and generally oriented away from the substrate
binding site. This is a characteristic feature of a degrada-
tive type of protease, exemplified by the digestive enzyme
trypsin [46]. Our data regarding the degradation of high-
molecular-weight ECM proteins and our experiments
with synthetic substrates are consistent with this hypothe-
sis. The suggested role of hK6 for matrix protein degrada-
tion is important, in light of present knowledge that ovari-
an and other tumours overexpress hK6. If such a role of
hK6 is confirmed in vivo, this enzyme may represent a
novel target for anti-metastatic therapy.

Acknowledgement

This work was supported by a grant from the Natural Sciences
and Engineering Research Council of Canada and IBEX Technolo-
gies, under a University-Industry Program.

References

1 Yousef GM, Diamandis EP: The new human
tissue kallikrein gene family: Structure, func-
tion, and association to disease. Endocr Rev
2001;22:184–204.

2 Diamandis EP, Yousef GM: Human tissue kal-
likreins: A family of new cancer biomarkers.
Clin Chem 2002;48:1198–1205.

3 Yousef GM, Diamandis EP: Expanded human
tissue kallikrein family – a novel panel of can-
cer biomarkers. Tumour Biol 2002;23:185–
192.

4 Diamandis EP, Yousef GM, Soosaipillai AR,
Grass L, Porter A, Little S, Sotiropoulou G:
Immunofluorometric assay of human kalli-
krein 6 (zyme/protease M/neurosin) and pre-
liminary clinical applications. Clin Biochem
2000;33:369–375.



Role of hK6 in Metastasis and Invasion of
Tumour Cells

Tumor Biol 2004;25:193–199 199

5 Diamandis EP, Yousef GM, Soosaipillai AR,
Bunting P: Human kallikrein 6 (zyme/protease
M/neurosin): A new serum biomarker of ovari-
an carcinoma. Clin Biochem 2000;33:579–
583.

6 Diamandis EP, Yousef GM, Petraki C, Soosai-
pillai AR: Human kallikrein 6 as a biomarker
of Alzheimer’s disease. Clin Biochem 2000;33:
663–667.

7 Luo LY, Bunting P, Scorilas A, Diamandis EP:
Human kallikrein 10: A novel tumor marker
for ovarian carcinoma? Clin Chim Acta 2001;
306:111–118.

8 Anisowicz A, Sotiropoulou G, Stenman G,
Mok SC, Sager R: A novel protease homolog
differentially expressed in breast and ovarian
cancer. Mol Med 1996;2:624–636.

9 Yamashiro K, Tsuruoka N, Kodama S, Tsuji-
moto M, Yamamura Y, Tanaka T, Nakazato
H, Yamaguchi N: Molecular cloning of a novel
trypsin-like serine protease (neurosin) prefer-
entially expressed in brain. Biochim Biophys
Acta 1997;1350:11–14.

10 Little SP, Dixon EP, Norris F, Buckley W,
Becker GW, Johnson M, Dobbins JR, Wyrick
T, Miller JR, MacKellar W, Hepburn D, Cor-
valan J, McClure D, Liu X, Stephenson D,
Clemens J, Johnstone EM: Zyme, a novel and
potentially amyloidogenic enzyme cDNA iso-
lated from Alzheimer’s disease brain. J Biol
Chem 1997;272:25135–25142.

11 Yousef GM, Luo LY, Scherer SW, Sotiropou-
lou G, Diamandis EP: Molecular characteriza-
tion of zyme/protease M/neurosin (PRSS9), a
hormonally regulated kallikrein-like serine pro-
tease. Genomics 1999;62:251–259.

12 Yousef GM, Diamandis EP: Tissue kallikreins:
New players in normal and abnormal cell
growth? Thromb Haemost 2003;90:7–16.

13 Scarisbrick IA, Blaber SI, Lucchinetti CF, Ge-
nain CP, Blaber M, Rodriguez M: Activity of a
newly identified serine protease in CNS demy-
elination. Brain 2002;125:1283–1296.

14 Petraki CD, Karavana VN, Skoufogiannis PT,
Little SP, Howarth DJ, Yousef GM, Diaman-
dis EP: The spectrum of human kallikrein 6
(zyme/protease M/neurosin) expression in hu-
man tissues as assessed by immunohistochem-
istry. J Histochem Cytochem 2001;49:1431–
1441.

15 Tanimoto H, Underwood LJ, Shigemasa K,
Parmley TH, O’Brien TJ: Increased expression
of protease M in ovarian tumors. Tumour Biol
2001;22:11–18.

16 Hoffman BR, Katsaros D, Scorilas A, Diaman-
dis P, Fracchioli S, Rigault de la Longrais IA,
Colgan T, Puopolo M, Giardina G, Massobrio
M, Diamandis EP: Immunofluorometric quan-
titation and histochemical localisation of kalli-
krein 6 protein in ovarian cancer tissue: A new
independent unfavourable prognostic bio-
marker. Br J Cancer 2002;87:763–771.

17 Ogawa K, Yamada T, Tsujioka Y, Taguchi J,
Takahashi M, Tsuboi Y, Fujino Y, Nakajima
M, Yamamoto T, Akatsu H, Mitsui S, Yama-
guchi N: Localization of a novel type trypsin-
like serine protease, neurosin, in brain tissues
of Alzheimer’s disease and Parkinson’s disease.
Psychiatry Clin Neurosci 2000;54:419–426.

18 Magklara A, Mellati AA, Wasney GA, Little
SP, Sotiropoulou G, Becker GW, Diamandis
EP: Characterization of the enzymatic activity
of human kallikrein 6: Autoactivation, sub-
strate specificity, and regulation by inhibitors.
Biochem Biophys Res Commun 2003;307:
948–955.

19 Bernett MJ, Blaber SI, Scarisbrick IA, Dhana-
rajan P, Thompson SM, Blaber M: Crystal
structure and biochemical characterization of
human kallikrein 6 reveals that a trypsin-like
kallikrein is expressed in the central nervous
system. J Biol Chem 2002;277:24562–24570.

20 Engbring JA, Kleinman HK: The basement
membrane matrix in malignancy. J Pathol
2003;200:465–470.

21 Kalluri R: Basement membranes: Structure, as-
sembly and role in tumour angiogenesis. Nat
Rev Cancer 2003;3:422–433.

22 Quondamatteo F: Assembly, stability and in-
tegrity of basement membranes in vivo. Histo-
chem J 2002;34:369–381.

23 Hudson BG, Reeders ST, Tryggvason K: Type
IV collagen: Structure, gene organization, and
role in human diseases. Molecular basis of
Goodpasture and Alport syndromes and dif-
fuse leiomyomatosis. J Biol Chem 1993;268:
26033–26036.

24 Colognato H, Yurchenco PD: Form and func-
tion: The laminin family of heterotrimers. Dev
Dyn 2000;218:213–234.

25 Timpl R: Macromolecular organization of
basement membranes. Curr Opin Cell Biol
1996;8:618–624.

26 Aaboe M, Offersen BV, Christensen A, An-
dreasen PA: Vitronectin in human breast carci-
nomas. Biochim Biophys Acta 2003;1638:72–
82.

27 Kiefer JA, Farach-Carson MC: Type I collagen-
mediated proliferation of PC3 prostate carci-
noma cell line: Implications for enhanced
growth in the bone microenvironment. Matrix
Biol 2001;20:429–437.

28 Lockwood DS, Yeadon TM, Clouston AD,
Crawford DG, Fawcett J, Callaghan SA, Gotley
DC: Tumor progression in hepatocellular carci-
noma: Relationship with tumor stroma and
parenchymal disease. J Gastroenterol Hepatol
2003;18:666–672.

29 Yoon SO, Park SJ, Yun CH, Chung AS: Roles
of matrix metalloproteinases in tumor metasta-
sis and angiogenesis. J Biochem Mol Biol 2003;
36:128–137.

30 Liotta LA, Stetler-Stevenson WG: Metallopro-
teinases and cancer invasion. Semin Cancer
Biol 1990;1:99–106.

31 Diamandis EP, Christopoulos TK: The biotin-
(strept)avidin system: Principles and applica-
tions in biotechnology. Clin Chem 1991;37:
625–636.

32 Albini A, Iwamoto Y, Kleinman HK, Martin
GR, Aaronson SA, Kozlowski JM, McEwan
RN: A rapid in vitro assay for quantitating the
invasive potential of tumor cells. Cancer Res
1987;47:3239–3245.

33 Tarui T, Majumdar M, Miles LA, Ruf W,
Takada Y: Plasmin-induced migration of endo-
thelial cells. A potential target for the anti-
angiogenic action of angiostatin. J Biol Chem
2002;277:33564–33570.

34 Frevert CW, Wong VA, Goodman RB, Good-
win R, Martin TR: Rapid fluorescence-based
measurement of neutrophil migration in vitro.
J Immunol Methods 1998;213:41–52.

35 Fertala A, Han WB, Ko FK: Mapping critical
sites in collagen II for rational design of gene-
engineered proteins for cell-supporting materi-
als. J Biomed Mater Res 2001;57:48–58.

36 Blacque OE, Worrall DM: Evidence for a direct
interaction between the tumor suppressor ser-
pin, maspin, and types I and III collagen. J Biol
Chem 2002;277:10783–10788.

37 Kleiner DE, Stetler-Stevenson WG: Quantita-
tive zymography: Detection of picogram quan-
tities of gelatinases. Anal Biochem 1994;218:
325–329.

38 Kleiner DE, Stetler-Stevenson WG: Matrix
metalloproteinases and metastasis. Cancer
Chemother Pharmacol 1999;43(suppl):S42–
S51.

39 Erickson AC, Couchman JR: Still more com-
plexity in mammalian basement membranes. J
Histochem Cytochem 2000;48:1291–1306.

40 Rohrbach DH, Robinson LK, Murrah VA:
Loss of the basement membrane matrix mole-
cule, bamin, in diphenylamine-treated mice.
Matrix 1993;13:341–350.

41 Cukierman E, Pankov R, Stevens DR, Yamada
KM: Taking cell-matrix adhesions to the third
dimension. Science 2001;294:1708–1712.

42 Nakano S, Iyama K, Ogawa M, Yoshioka H,
Sado Y, Oohashi T, Ninomiya Y: Differential
tissular expression and localization of type IV
collagen alpha1(IV), alpha2(IV), alpha5(IV),
and alpha6(IV) chains and their mRNA in nor-
mal breast and in benign and malignant breast
tumors. Lab Invest 1999;79:281–292.

43 Preissner KT, Seiffert D: Role of vitronectin
and its receptors in haemostasis and vascular
remodeling. Thromb Res 1998:89:1–21.

44 Hintner H, Dahlback K, Dahlback B, Pepys
MB, Breathnach SM: Tissue vitronectin in nor-
mal adult human dermis is non-covalently
bound to elastic tissue. J Invest Dermatol 1991;
96:747–753.

45 Shi Y, Kornovski BS, Savani R, Turley EA: A
rapid, multiwell colorimetric assay for chemo-
taxis. J Immunol Methods 1993;164:149–154.

46 Bode W, Chen Z, Bartels K, Kutzbach C,
Schmidt-Kastner G, Bartunik H: Refined 2 A
X-ray crystal structure of porcine pancreatic
kallikrein A, a specific trypsin-like serine pro-
teinase. Crystallization, structure determina-
tion, crystallographic refinement, structure and
its comparison with bovine trypsin. J Mol Biol
1983;164:237–282.


