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Human Kallikrein 8 Protease Confers a Favorable Clinical Outcome
in Non–Small Cell Lung Cancer by Suppressing
Tumor Cell Invasiveness
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The human kallikrein 8 (KLK8) gene, a member of the human
tissue kallikrein gene family, encodes a serine protease. The
KLK8 protein (hK8) is known to be a favorable prognostic
marker in ovarian cancer, but the biological basis of this is
not understood. We found that overexpressing the KLK8 gene
in highly invasive lung cancer cell lines suppresses their
invasiveness. This role in invasiveness was further confirmed
by the fact that inhibition of endogenous KLK8 expression
with a specific short hairpin RNA reduced cancer cell
invasiveness. In situ degradation and cell adhesion assays
showed that proteins produced from KLK8 splice variants
modify the extracellular microenvironment by cleaving
fibronectin. DNA microarray experiments and staining of cells
for actin filaments revealed that the degradation of fibronectin by hK8 suppresses integrin signaling and retards cancer
cell motility by inhibiting actin polymerization. In addition,
studies in a mouse model coupled with the detection of
circulating tumor cells by quantitative PCR for the human Alu
sequence showed that KLK8 suppresses tumor growth and
invasion in vivo. Finally, studies of clinical specimens from
patients with non–small cell lung cancer showed that the time
to postoperative recurrence was longer for early-stage
patients (stages I and II) with high KLK8 expression (mean,
49.9 months) than for patients with low KLK8 expression
(mean, 22.9 months). Collectively, these findings show that
KLK8 expression confers a favorable clinical outcome in non–
small cell lung cancer by suppressing tumor cell invasiveness.
(Cancer Res 2006; 66(24): 11763-70)

Introduction
Human tissue kallikreins (hK) are encoded by a family of 15
structurally homologous genes (KLK) clustered together on
chromosome 19q13.4. Aberrant amounts of KLK transcripts and/
or hK proteins have been found in several hormonal malignancies,
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such as breast, prostate, testicular, and ovarian cancers, making the
hKs useful diagnostic and/or prognostic biomarkers (1).
Cancer metastasis consists of a series of linked sequential steps.
It is not surprising that proteases, such as the hKs, are reported to
promote tumor invasion (2–5). Human kallikrein 8 (KLK8; neuropsin/ovasin) is a member of the KLK family and the hK8 protein is
homologous to mouse neuropsin (6). Most studies have focused on
the clinical value of hK8 as a serologic or histologic biomarker of
tumors. For instance, a high level of hK8 expression is detected in
cervical cancer (7), and patients with a higher level of hK8 in
ovarian tumor tissue have a lower grade of disease, a longer
progression-free survival, and relapse less frequently (8). Despite
this information, little is known about the biological function of
hK8, why it is associated with favorable outcome in cancer, and
what role it plays in metastasis.
To investigate the role of hK8 in cancer metastasis, we first
analyzed KLK8 expression in a panel of cell lines with different
degrees of invasiveness. Surprisingly, although proteolytic enzymes
are believed to participate in tumor progression by degrading the
extracellular matrix (ECM), we found that KLK8 transcripts were
highly expressed in cancer cell lines of low invasiveness. We
therefore investigated the likely reasons and mechanisms by which
hK8 suppresses invasion by performing a series of molecular,
cellular, and animal studies using a group of model lung
adenocarcinoma cell lines with different levels of invasiveness.
Finally, based on a study of clinical specimens from non–small cell
lung cancer (NSCLC) patients, we conclude that hK8 suppresses
tumor cell invasiveness and results in a favorable clinical outcome
in patients with early-stage NSCLC.

Materials and Methods
Cell lines. The following cell lines were obtained from the American Type
Culture Collection (Manassas, VA): breast cancer cell lines SK-BR3, T47D,
ZR-75-1, and Hs578T; colon cancer cell lines Colo320DM, Colo320HSR,
WiDr, and LoVo; ovarian cancer cell lines OVCAR-3, A59, ES2, PA1, and
A59-4; bladder cancer cell lines HT1197, HT1197-4, EJ, and NTUB1; and
lung cancer cell lines A549 and H928. The cell lines were grown in the
recommended culture media. The invasiveness of the cell lines was
examined in a Matrigel invasion assay system as previously described (9).
Two human lung adenocarcinoma cell lines of different invasiveness
(CL1-0, weakly invasive; CL1-5, highly invasive) were derived as previously
described (10). The materials and methods for the reverse transcriptionPCR (RT-PCR) analysis of KLK8 expression in these cell lines are described
in the Supplementary Data.
KLK8 gene transcript construction and retroviral infection.
The KLK8 splice variants, K8-2 and K8-R, were amplified by RT-PCR from
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Protein expression assays. The expression of hK8 protein in the tumor
mass was assayed by ELISA and Western blotting. The materials and
methods for hK8 protein assays as well as for measurement of vascular
endothelial growth factor (VEGF) and CD31 in the tumor mass are
described in the Supplementary Data.
Analysis of tumor growth rate affected by hK8 expression. Three
groups ( four mice each) of 8-week-old male nonobese diabetic-severe
combined immunodeficiency (SCID) mice were injected s.c. with 3  106
CL1-5/Vector, CL1-5/K8-2, or CL1-5/K8-R cells. The tumor volume (in cubic
millimeters) was estimated using the ellipsoidal formula: length (mm) 
width (mm)  height (mm)  0.52 (16). The mice were monitored until the
tumor size approached 2,000 mm3 or until it appeared to be suffering or
moribund. Mice were euthanized according to the institutional regulations
for animal studies.
In vivo assay of cellular invasiveness in the mouse model. The
invasiveness of CL1-5 cells transfected with each KLK8 splice variant was
measured in the mouse model by measuring the level of circulating tumor
cells. Peripheral blood samples were taken from mice in heparinized
microhematocrit tubes (Assistant, Sondheim, Germany), and genomic DNA
was extracted from the blood samples using a QIAamp mini DNA kit
(Qiagen, Hilden, Germany). The level of circulating tumor cells was
measured by quantitative PCR (qPCR) for the human Alu sequence (17).
Lung cancer patients and tissue specimens. Cancer tissue specimens
from 88 patients with NSCLC who underwent surgical resection at the
Taichung Veterans General Hospital between November 1999 and December
2004 were included in this study. The clinicopathologic features of the
patients are given in Table 1. Written informed consent was obtained from
all patients. The materials and methods for qPCR analysis of KLK8
expression in clinical specimens are described in the Supplementary Data.
Statistical analyses. Where appropriate, the data are presented as the
means F SD. All statistical analyses were done using the Statistical Program
for Social Sciences package, version 10.0 (Chicago, IL). Disease-free curves
between groups with low and high KLK8 expression were obtained by the
Kaplan-Meier method. All statistical tests having two-sided P < 0.05 were
considered to be statistically significant.

Results
High expression of KLK8 transcripts correlates with low
invasiveness in cancer cell lines. Using 19 cancer cell lines with
different degrees of invasiveness, we examined the KLK8 gene
expression and cancer cell invasiveness in a Matrigel assay system.

Table 1. Clinicopathologic characteristics and their
correlation with KLK8 expression in patients with NSCLC
Characteristics
Age (median F SD)
Gender (no. patients)
Male
Female
c
Stage
I–II
III
Histology (no. of patients)
Squamous cell carcinoma
Adenocarcinoma

Low KLK8

High KLK8

P

64 F 12.1

69 F 6.9

0.053*

41
11

31
5

0.42

33
19

22
14

0.83

20
32

20
16

0.13

*Derived from the Mann-Whitney test; other P values were derived
using Fisher’s exact test. All statistical tests were two-sided.
cTumor stage was classified according to the International System for
Staging of Lung Cancer.

http://rsb.info.nih.gov/nih-image/.
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CL1-0 cells using a forward primer (5¶-GGGGGCCCAGCCGGCCGCGTGTGGAAGCCTGGACCTC-3¶ for K8-2 or 5¶-GGGGGCCCAGCCGGCCGGACACTCCAGGGCACAGGAGG-3¶ for K8-R) and reverse primer
(5¶-CTTATCGATGAATCAGCCCTTGCTGCCTATGA-3¶, for both K8-2 and
K8-R). The amplified products were inserted into the pLNCX retroviral
vector (BD Clontech, Palo Alto, CA) with a human influenza hemagglutinin
tag after the leader sequence for secreted proteins to produce the pLNCX/
KLK8 splice variants. Retroviruses were generated as previously described
(11). The virus-infected cells were selected in 1 mg/mL G418 (Invitrogen,
Carlsbad, CA) to generate CL1-5/Vector, CL1-5/K8-2, and CL1-5/K8-R cells.
Lentiviral short hairpin RNA–mediated knockdown of KLK8 in
CL1-0 cells. The short hairpin RNA (shRNA) vector for the knockdown of
KLK8 (TRCN0000050182; shK8; target sequence of 5¶-GCCTTGTTCCAGGGCCAGCAA-3¶) was obtained from the RNA interference consortium shRNA
library (Open Biosystems, Huntsville, AL). Lentivirus was generated by
cotransfecting TE671 cells with lentiviral vector and packaging DNA mix
using GeneJammer (Stratagene, La Jolla, CA). The lentiviruses were then used
to infect CL1-0 cells for 24 hours in the presence of 8 Ag/mL polybrene. The
infected cells were grown for 48 hours in RPMI containing 10% fetal bovine
serum and then selected in 0.4 Ag/mL puromycin (Sigma, St. Louis, MO).
In situ fibronectin degradation and cell adhesion assays. Glass
coverslips were coated with 15 Ag/mL of FITC-conjugated human plasma
fibronectin (Invitrogen) in 0.1 mol/L carbonate-bicarbonate buffer (pH 9.5)
for 2 hours at 37jC and blocked with 1% bovine serum albumin (BSA) for
1 hour at 37jC. Cells were cultured on the coverslips for 17 hours at 37jC,
and then fixed with 3% paraformaldehyde in PBS. Fluorescence images were
taken with a confocal fluorescence microscope (MRC1000; Bio-Rad,
Hercules, CA). Image quantification was done using the ImageJ program.7
To test the effect of hK8s on cell adhesion, cells were incubated for
40 minutes at 37jC on tissue culture plates coated with 10 ng/AL fibronectin
or 1% BSA in PBS. Loosely bound cells were removed by washing with
PBS, and the bound cells were stained as previously described (12). The
percentage of adhesion was calculated by using the following formula:
adhesion (%) = 100%  (number of cells adhering under the test condition) /
(number of untreated cells adhering after 3 hours).
Microarray gene expression profile analysis. We prepared 150mer
gene-specific DNA microarrays containing 13,440 unique human genes and
768 control genes as previously described (13). Cytoplasmic total RNA from
cells was reverse-transcribed to cDNA and indirectly labeled with
fluorescent dyes using the SuperScript Indirect cDNA labeling system
(Invitrogen). The cDNA derived from CL1-5/Vector was labeled with Cy5,
whereas the cDNAs from CL1-5/K8-2, CL1-5/K8-R, and CL1-0 cells were
labeled with Cy3. Cells cultured without fibronectin were used as the
negative controls. The labeled cDNA was then hybridized to the microarrays
at 42jC for 16 to 18 hours in the Pronto! Universal Microarray Reagent
System (Corning, NY).
To calculate log ratios of expression, the background-corrected
intensities for the CL1-0, CL1-5/K8-2, or CL1-5/K8-R cells were divided by
those for the CL1-5/Vector cells. The log ratio values (M) were calculated
from the base 2 logarithm of the ratios normalized within and between
chips by using the marrayNorm package from the Bioconductor project
(14). The color gradation image displays positive M values in red, negative
values in green, and no difference in expression in black. Kendall’s s rank
correlation coefficient (15) was used to search for genes whose expression
patterns most agreed with the expected profile.
Immunofluorescence imaging of actin filaments and filopodia. The
cells were seeded onto fibronectin-coated coverslips, cultured overnight,
and fixed with 3% paraformaldehyde for 30 minutes at room temperature.
The cells were blocked with PBS containing 0.1% Triton X-100 and 5% BSA
for 1 hour at 37jC, and then stained with FITC-phalloidin (Invitrogen).
Fluorescence images were taken with a fluorescence microscope (Axiovert
200; Carl Zeiss, Gottingen, Germany). Image analysis was done using Meta
Morph V 6.21 software (Universal Imaging Corporation, Downingtown, PA).
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These cell lines can be categorized as weakly or highly invasive
(Fig. 1A, bottom). RT-PCR analysis showed that five cell lines (nos. 6
and 8–11) in the weakly invasive group had relatively high levels of
KLK8 transcripts, whereas only one cell line (no. 15) in the highly
invasive group exhibited a residual KLK8 band (Fig. 1A, top). Based
on these results, the positive detection rate of KLK8 in the weakly
invasive group was 45% (5 of 11), whereas it was 13% (1 of 8) in the
highly invasive group. The quantitative data for KLK8 expression
are shown in Supplementary Table S1.
KLK8 is overexpressed in weakly invasive lung cancer cells.
To further investigate the association of KLK8 expression and
cancer cell invasion, we examined the production of KLK8
transcripts in two lung adenocarcinoma cell lines with different
degrees of invasiveness: CL1-0 cells, which are weakly invasive, and
CL1-5 cells, which are highly invasive. To avoid interference by
incompletely spliced RNAs in the nucleus, we isolated cytoplasmic
RNA. RT-PCR analysis of the cytoplasmic KLK8 transcripts revealed
five bands in the CL1-0 cell line, but only one faint band in the
CL1-5 cell line (Fig. 1B). Further sequence analysis revealed that
these five bands represent alternative splice variants of the KLK8
gene (Fig. 1C). A detailed description of these five splice variants is
provided in the Supplementary Data. Four of these five splice
variants of the KLK8 gene have been detected in ovarian cancer
(18). Because the three catalytic residues essential for serine
protease activity are located in exons 3, 4, and 6 (19), we chose to
examine the function of the K8-2 and K8-R splice variants because
they are expected to be catalytically active.
Overexpression of hK8 decreases the invasiveness of lung
cancer cells. We examined the function of the K8-2 and
K8-R isoforms by overexpressing them in CL1-5 cells. These two
isoforms were detected on the Western blot at the expected
molecular weights of 34 and 29 kDa, respectively (Supplementary
Fig. S1A). CL1-5 cells expressing either K8-2 (CL1-5/K8-2) or K8-R
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(CL1-5/K8-R) had markedly lower invasiveness than CL1-5 cells
transfected with an empty vector (CL1-5/Vector) (P < 0.01; Fig. 2A).
We further investigated KLK8 function using a shRNA targeting
KLK8 (shK8) to inhibit endogenous hK8 expression by CL1-0
cells (Supplementary Fig. S1B). As a negative control, the cells were
also treated with a luciferase shRNA (shLuc). We found that the
invasiveness of CL1-0/shK8 cells was significantly increased
compared with that of CL1-0/shLuc cells or CL1-0 cells (P < 0.01;
Fig. 2B). The reciprocal effects, i.e., that hK8 overexpression in CL15 cells reduces their invasiveness and that inhibition of hK8
expression in CL1-0 by shK8 increases their invasiveness, shows
that hK8 plays a role in the suppression of tumor cell invasion.
hK8 degrades fibronectin and decreases cell adherence. The
mouse homologue of hK8, neuropsin, has been reported to have
strong proteolytic activity against fibronectin but no or only weak
activity against gelatin and collagen types I, III, IV, and VI (20). We
suspected that, like neuropsin, hK8 could remodel the extracellular
microenvironment by degrading fibronectin. We assayed the
protease activity by measuring the degradation of FITC-labeled
fibronectin by cells transfected with or without KLK8 transcripts.
To emulate the extracellular degradation of fibronectin, we
cultured CL1-5/KLK8 splice variant cells on coverslips coated with
FITC-conjugated human plasma fibronectin and examined them by
confocal fluorescence microscopy. We found that CL1-0, CL1-5/
K8-2, and CL1-5/K8-R cells degraded FITC-conjugated fibronectin
to different extents, as shown by the formation of a dark region
under the cells (Fig. 2C). Fibronectin was not degraded by the
CL1-5/Vector cells. The extent of degradation, quantified by
dividing the dark area in the fluorescence image by the area of
the cell in the phase contrast image, was 61% for K8-2, 68% for K8R, and 95% for CL1-0. These results were further confirmed using a
cell adhesion assay. Specifically, we found that CL1-5/K8-2 and
CL1-5/K8-R cells displayed weaker adherence to fibronectin-coated
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Figure 1. KLK8 expression profiles in different cancer cell types with different degrees of invasiveness. A, KLK8 expression was examined in the following cell lines:
1, SK-BR3; 2, T47D; 3, ZR-75-1; 4, Colo320DM; 5, Colo320HSR; 6, WiDr; 7, LoVo; 8, OVCAR-3; 9, A59; 10, HT1197; 11, HT1197-4; 12, Hs578T; 13, ES2; 14,
PA1; 15, A59-4; 16, EJ; 17, NTUB1; 18, A549; and 19, H928. The invasiveness of these cell lines was normalized by setting the invasion rate of the highly invasive
CL1-5 lung adenocarcinoma cell line to 100%. This separated the 19 cell lines into two groups: weakly invasive, with an invasiveness of <50% (1–11 ); and highly
invasive, with an invasiveness of >50% (12–19 ). B, KLK8 expression was examined in two lung adenocarcinoma cell lines with different degrees of invasiveness
(CL1-0, weakly invasive; CL1-5, highly invasive). Top, expression profile of KLK8. Middle, expression of GAPDH (internal control). Bottom, percentage of invasiveness
of the cell lines determined by Matrigel analysis and compared with CL1-5 as 100%. Cell lines 1 to 3 and 12 are breast cancer cell lines; 4 to 7 are colon cancer
cell lines; 8, 9, and 13 to 15 are ovarian cancer cell lines; 10, 11, 16, and 17 are bladder cancer cell lines; and 18 and 19 are lung cancer cell lines. C, genomic structure
of the different KLK8 splice variants. The exons and the number of nucleotides in each exon are indicated for each splice variant. The KLK8 gene is composed
of six exons and five introns, and the first exon is noncoding. c, location of the start codon; *, location of the stop codon; H, D, and S, approximate amino acid
locations of the characteristic catalytic triad of serine proteases.
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plates than the CL1-5/Vector cells (P < 0.01; Fig. 2D). The lower
degree of adherence by the CL1-5/K8-2 and CL1-5/K8-R cells can
be attributed to the degradation of fibronectin.
Gene expression profiling in KLK8-transfected cells. We next
compared the gene expression profiles of a CL1-5/KLK8 splice
variant and CL1-5/Vector cells using DNA microarray analysis to
further investigate the pathways that are affected by hK8-mediated
degradation of fibronectin, and which lead to the suppression of
cell invasion. We used Kendall’s s correlation coefficient to search
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Figure 2. Association of KLK8 with cancer cell invasiveness. A, in vitro Matrigel
invasion assay for CL1-5 cells transfected with different splice variants.
The invasiveness of the different cell lines was normalized by that of CL1-5/
Vector cells. B, in vitro Matrigel invasion assay for CL1-0 cells transfected with
shLuc or shK8. The invasiveness was normalized by that of CL1-0 cells.
C, degradation of FITC-conjugated fibronectin coated on coverslips by
KLK8 -transfected cells. The fluorescence images were taken with a confocal
microscope. Degraded FITC-conjugated fibronectin (dark region under the cell ).
D, CL1-5 cells overexpressing KLK8 splice variants were assayed for
adhesion to a fibronectin-coated substrate.

for genes with expression profiles most concordant with the
relative degree of invasiveness. A theoretical profile was created
(Fig. 3A, top left) based on the relative invasiveness of the cells
(CL1-0 = 0, CL1-5/K8-2 = CL1-5/K8-R = 1, CL1-5/Vector = 2). The
expression profiles of the genes (Fig. 3A, left) were then sorted
according to their concordance between this profile and their
Kendall’s s correlation coefficients.
The genes in the most concordant cluster are listed in
Supplementary Table S2, and the probable pathways involved were
analyzed using the Ingenuity Pathway Analysis program.8 This
analysis indicated that several signaling pathways, such as those for
integrin, phosphatidylinositol 3-kinase/AKT, transforming growth
factor-h, extracellular signal-regulated kinase/mitogen-activated
protein kinase, VEGF, and Wnt/h-catenin, were down-regulated in
the CL1-0, CL1-5/K8-2, and CL1-5/K8-R cells compared with the
CL1-5/Vector cells (Supplementary Table S3).
The gene expression profiles related to fibronectin-activated
integrin signaling (21) and cell migration (22) were selected from
the microarray data (Fig. 3B). Close examination of these genes
revealed that they were grouped in the most concordant cluster
(C1). In the absence of fibronectin, the expression of these genes
did not differ from that in CL1-5/Vector cells (Fig. 3B). These genes
can be grouped into three categories related to cell migration
(I, cell polarization; II, protrusion and adhesion formation; and III,
rear retraction; ref. 22). We selected a few genes from each of
these three categories to verify the microarray results by real-time
qPCR. The results were similar to the microarray results shown in
Fig. 3B, with high Pearson’s correlation coefficients (Supplementary
Table S4).
To verify whether hK8 is involved in modulating integrin
signaling, we examined the phosphorylation of Src, a downstream
signaling target in the fibronectin-integrin pathway. The ratio of
activated Src [i.e., phosphorylated Src protein (p-Src)] versus total
Src protein was lower in CL1-5/K8-2 and CL1-5/K8-R cells than in
CL1-5/Vector cells (ratio = 0.59, 0.51, and 0.74, respectively; Fig. 3C).
Conversely, the p-Src/Src ratio was higher in CL1-0/shK8 cells than
in CL1-0 cells (ratio = 0.57 and 0.23, respectively). Both the
microarray and the Src protein assay data indicate that hK8
expression blocked fibronectin-activated integrin signaling in
cancer cells.
Tumor invasion is associated with dynamic changes in actin
polymerization, which is known to play a key role in cell motility
(23). To verify that cytoskeletal reorganization signaling pathways
are suppressed in K8-expressing cells, we examined the
distribution of actin filaments (F-actin) by staining with FITCconjugated phalloidin, which binds tightly to F-actin but not to
free actin monomers (24). As shown in Fig. 3D, confocal
fluorescence microscopy revealed highly visible filopodia (long,
thin, needle-like projections protruding from the cell membrane)
along the cell membrane in CL1-5/Vector cells. CL1-5/K8-2 and
CL1-5/K8-R cells, however, had few filopodia. These experimental
results show that hK8 proteins interfere with the fibronectinintegrin signaling pathways, altering the actin cytoskeleton so
that fewer filopodia are produced. This, in turn, reduces the
motility of the cells.
KLK8 overexpression suppresses tumor growth and cancer
cell invasion in vivo. To investigate whether hK8 can suppress
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cancer cell invasion in vivo, we injected SCID mice s.c. with CL1-5/
Vector, CL1-5/K8-2, or CL1-5/K8-R cells. The expression of hK8 in
s.c. tumors in SCID mice was also confirmed by ELISA and Western
blotting (Supplementary Fig. S2A and B). The mice were monitored
for tumor growth every 3 to 4 days (Fig. 4A). Over a 17-day period,
the tumors produced by CL1-5/Vector cells were significantly larger
than those produced by CL1-5/K8-2 or CL1-5/K8-R cells.
We also monitored the intravasation of the s.c. implanted CL1-5/
Vector, CL1-5/K8-2, and CL1-5/K8-R cells in the peripheral blood of
the mice by the circulating tumor cell assay method (25, 26) using
human Alu as a marker. Real-time qPCR for human Alu showed
that circulating tumor cells were not present on day 10; however,
on days 13 and 17, more circulating tumor cells were detected in
SCID mice bearing CL1-5/Vector tumor cells than mice bearing
CL1-5/K8-2 or CL1-5/K8-R tumor cells. After normalizing by the
tumor size, the number of circulating tumor cells on the 17th day
after implantation was greater in mice implanted with CL1-5/
Vector cells than in mice implanted with KLK8-expressing tumor
cells. These results indicate that hK8 proteins suppress the growth
and invasiveness of tumor cells in vivo.
Early-stage NSCLC patients with high KLK8 expression had a
lower recurrence rate. We hypothesized that the suppression of
invasion by KLK8 expression retards metastasis and results in a
favorable prognosis in cancer. To examine the validity of this
hypothesis, we studied KLK8 expression in specimens from 88
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patients with NSCLC using real-time qPCR. The DC T value for
the 88 tumor samples ranged from 18.2 to 5.4, with a mean of
13.8. We arbitrarily used the mean value of the DC T to classify
patients into low- and high-expression groups. There was no
statistically significant association between KLK8 expression and
clinicopathologic variables, such as age, gender, stage, and
histologic cell type (Table 1). The time to postoperative recurrence
was longer for early-stage patients (stages I and II) with high
KLK8 expression (mean, 49.9 months; 95% confidence interval,
41.4–58.5 months) than for patients with low KLK8 expression
(mean, 22.9 months; 95% confidence interval, 18.6–27.3 months) as
shown by the Kaplan-Meier analysis graph in Fig. 5A. The same
analysis for the late-stage patients (stage III) did not achieve
statistical significance.
Further analysis of the percentage of postoperative recurrence
showed that the early-stage NSCLC patients with high KLK8
expression had a significantly lower rate of recurrence than
patients in the low KLK8 expression group at two different followups 6 months apart (P = 0.049 and 0.026 by Fisher’s exact test;
Fig. 5B). For the stage III patients, however, the rate of recurrence
at the last follow-up for the high KLK8 expression group (71%) was
not significantly lower than for the low KLK8 expression group
(84%; P = 0.42). The difference in the recurrence rate was
marginally significant for the high KLK8 expression group at
6 months before the last follow-up (74% versus 43%; P = 0.148).
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Figure 3. A, gene expression profiles clustered by
correlation analysis to the expected profile using
Kendall’s s correlation coefficients. Top left, the
expected profile. The most concordant cluster (C1 )
with the expected profile was formed by a cutoff value
of 0.91 and resulted in 448 genes. Top right, most
concordant cluster. Points, mean; bars, 1 SE.
B, expression patterns of genes related to fibronectin
matrix assembly and cell migration. Green, genes with
suppressed expression in CL1-0 or CL1-5/KLK8 splice
variant–transfected cells compared with the CL1-5/
Vector control cells. The genes can be grouped into
three categories: I, cell polarization; II, protrusion and
adhesion formation; and III, rear retraction. C, effect of
hK8 on integrin signaling. Cells were plated on
fibronectin for 40 minutes and then lysed. p-Src was
detected by Western blotting with antibody to Src
phosphorylated on tyrosine. The relative level of p-Src
was determined using the ImageJ program by dividing
the level of p-Src by the level of total Src protein.
D, analysis of F-actin and filopodia in cells
overexpressing hK8. F-actin was detected with
phalloidin-FITC. Insets, enlarged images of
filopodia along the cell membrane.
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correlate with cancer cell line invasiveness, although the correlation is not linear. The lack of a linear correlation between
expression levels and invasiveness is not surprising because these
cell lines originate from different tissues and are highly heterogeneous. Therefore, we examined the linearity between hK8 protein
expression and invasiveness in a single cell line (CL1-5) transfected
with or without KLK8 (Fig. 2A). We found a linear correlation
coefficient of 0.92, indicating a strong (|r| > 0.8) linear correlation.
Although multiple KLK8 splice variants were present in the
weakly invasive cell lines, we found only two splice variants with
the complete catalytic triad (K8-2 and K8-R) to have sufficient
protease activity to suppress the invasiveness of lung cancer cells.
We also overexpressed the K8-3 splice variant, which contains only
one residue of the catalytic triad, in CL1-5 cells. The level of protein
expression, however, was low and its ability to suppress invasion
Downloaded from http://aacrjournals.org/cancerres/article-pdf/66/24/11763/2558180/11763.pdf by guest on 27 September 2022

Figure 4. Functional assay of hK8 in an animal model. A, tumor volume was
measured after s.c. implantation of tumor cells. SCID mice (n = 4 for each group)
were s.c. injected with 3  106 human CL1-5 tumor cells on day 0. B, circulating
CL1-5 tumor cells were detected by real-time qPCR for human Alu . The
relative amount of circulating tumor cells was calculated by dividing the qPCR
results by those from control mice that were not implanted with tumor cells. The
relative amount of circulating tumor cells was normalized by the tumor size.
A high amount of circulating tumor cells was detected in SCID mice injected with
CL1-5/Vector cells, but a low amount was detected in mice injected with
CL1-5/K8-2 or CL1-5/K8-R cells. Columns, means of assays performed on
the 13th and 17th days after s.c. implantation of tumor cells; bars, SD.

These results suggest that KLK8 expression retards recurrence and
that KLK8 can be used as a prognostic marker in early-stage
NSCLC patients.

Discussion
The proteases involved in tumor progression are generally
thought to act by degrading ECM proteins to promote tumor
invasion; however, some serine proteases have been shown to
function as negative regulators of invasion, for example, prostasin,
NES1, hepsin, and thrombomodulin (27–29). In this study, we found
that hK8 suppresses invasion by degrading fibronectin, thereby
remodeling the ECM and modulating tumor cell behavior.
We detected multiple splice variants of KLK8 in weakly invasive
cancer cell lines derived from different tissues (Fig. 1A). To test the
correlation between paired samples, we used the Wilcoxon test,
which is the nonparametric equivalent of the paired sample t test.
The results of the Wilcoxon test (P < 0.01) showed that the
expression of KLK8 is significantly different between the weakly
and highly invasive cell lines. On the other hand, the linear
correlation coefficient calculation yielded a value of 0.4. These
statistical results show that KLK8 gene expression levels inversely
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Figure 5. Expression of KLK8 in tumor tissue specimens from 88 patients
with NSCLC. A, there is a statistically significant difference in the probability of
disease-free survival between the patients with high and low KLK8 early-stage
expression (stages I and II; P = 0.019). Tick marks, all patients who remained
in complete remission as of their last follow-up. B, the recurrence rate was
monitored at two follow-up times. Open columns, recurrence rate calculated
at the last follow-up; filled columns, recurrence rate 6 months before the last
follow-up. For the last follow-up, the recurrence rate for early-stage patients
(stages I and II) was 52% (17 of 33) for patients with low KLK8 expression and
23% (5 of 22) for patients with high KLK8 expression, whereas the recurrence
rate for late-stage patients (stage III) was 84% (16 of 19) for patients with low
KLK8 expression and 71% (10 of 14) for patients with high KLK8 expression.
For the follow-up 6 months earlier, the recurrence for stage I and II patients was
48% (16 of 33) for patients with low KLK8 expression and 18% (4 of 22) for
patients with high KLK8 expression, whereas the recurrence for stage III patients
was 74% (14 of 19) for patients with low KLK8 expression and 43% (6 of 14)
for patients with high KLK8 expression.
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cultured on fibronectin, those with a higher KLK8 expression had a
lower PTEN expression. This indicates that cellular interaction with
fibronectin is involved in PTEN expression. Fibronectin is known
to interact with integrin receptors a4h1, a5h1, and avh1 (37), and
different fibronectin-binding integrins have opposite effects on cell
migration/invasion and PTEN expression (38–41). These findings
raise new questions about which integrins are involved, and to
what extent they participate, in the suppression of invasion by
KLK8. Addressing these questions will require further studies.
In our study, we found that early-stage (stages I and II) NSCLC
patients with higher expression of KLK8 in their tumor cells have
significantly longer remission times and lower rates of recurrence
(Fig. 5A). Our results also provide a good explanation of why
ovarian cancer patients who have detectable levels of KLK8 mRNA
in their cancer tissue (8, 18), or higher concentrations of hK8 in
their ascites fluid (42), have a better prognosis.
Figure 5B shows that the rate of recurrence was lower for
patients with high KLK8 expression at both early and late stages.
Although the Fisher’s exact t test shows that the P values are lower
at the earlier follow-up ( filled versus open columns), the results are
statistically significant only for the early-stage patients. Table 1
shows that KLK8 expression does not inversely correlate with the
tumor stage in the NSCLC patients. A similar observation was
reported in patients with ovarian cancer (18). These observations
raise the long-standing question of whether metastasis arises from
rare highly metastatic cell variants within the primary tumor or is
due to a generic predisposition of the primary tumor (43, 44).
The experiments on clinical specimens were carried out using
the bulk population of cells from the primary tumors. It has been
shown that cells isolated from metastases are frequently more
highly metastatic than the bulk population of cells from primary
tumors (45). This may account for the results in Fig. 5B, showing
that the recurrence was due to previously metastasized cells in
stage III patients and that the outcome had less to do with the
cancer cells in the primary tumor.
On the other hand, the expression of diagnostic or prognostic
markers derived from the predisposition signature of primary
tumors did not change with tumor progression (43). This may
account for the fact that KLK8 expression is not lower in later-stage
patients than in early-stage patients and that KLK8 expression did
not correlate with tumor stage.
Accumulating evidence indicates that the KLK family is a rich
source of tumor biomarkers, particularly for hormone-dependent
malignancies. KLK8 is no exception, and it has been reported to be
differentially expressed in breast, cervical, and ovary cancer tissues
compared with their normal tissue counterparts (7, 46, 47). Our
experimental data showed that KLK8 is also expressed in weakly
invasive non–hormone-dependent tumor cells, including lung
(CL1-0) and bladder (HT1197) cancer cells. In summary, we
provide experimental results from cell line models, animal models,
and clinical studies to show that human KLK8 degrades
fibronectin, thereby suppressing tumor cell invasion, which, in
turn, retards cancer metastasis and results in a favorable prognosis
in early-stage NSCLC.
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was negligible (data not shown). Thus, the protease activity of hK8
plays an important role in suppressing cancer cell invasiveness.
Multiple splice variants of KLK8 were also found in tumor tissues
from patients with lung cancer. The mRNA expression profiles were
similar, and K8-2 and K8-R were the major splice variants in both
tissues and cell lines from patients with lung cancer. Other splice
variants of KLK8 either generated no protein or lacked noticeable
protease activity. The finding that patients with stage I and II lung
cancer with high KLK8 expression had a better outcome should be
attributed to the expression of splice variants K8-2 and K8-R. Why
multiple splice variants are simultaneously expressed in weakly
invasive tumor cells and tumor tissues remains to be determined.
Regardless, the availability of multiple KLK8 splice variants allowed
us to design in vitro and in vivo studies to gain insight into how
KLK8 suppresses cancer cell invasion.
Actin plays a key role in various cell motility processes, including
the formation of large, broad lamellipodia or spike-like filopodia
(30). Filopodia are the first locomotor structures to appear in
stimulated migratory cells and act as motors to pull the leading
edge of the cell forward. We found that fewer filopodia were
present in weakly invasive, KLK8-overexpressing cells than in
highly invasive, vector-transfected cells. On the basis of the
microarray results, the Src protein assay, and the known
mechanisms of cytoskeletal reorganization, we propose that
KLK8 splice variants reduce cancer cell invasion by preventing
the binding of fibronectin to integrin.
Angiogenesis provides the nutrients and oxygen required for
tumor cell growth and is essential for cancer development and
growth (31). A key inducer of angiogenesis is VEGF. Our microarray
analysis showed that VEGF signaling was down-regulated in cells
overexpressing KLK8. Furthermore, in the mouse model studies, the
KLK8-overexpressing tumor cells formed smaller tumors than cells
lacking KLK8 expression (Fig. 4A). Because the replication times for
CL1-5/Vector, CL1-5/K8-2, and CL1-5/K8-R cells in culture were the
same (data not shown) and because cell death was not observed
when KLK8-overexpressing CL1-5 and CL1-0 cells were cultured in
fibronectin, it is plausible that angiogenesis was suppressed in mice
bearing CL1-5/K8-2 or CL1-5/K8-R tumor cells. The protein levels of
VEGF and the endothelial cell marker CD31 were lower in KLK8overexpressing tumor lysate than in the lysate of CL1-5/Vector
tumors (Supplementary Fig. S3). Recently, several ECM protein
fragments with potent antiangiogenic properties have been isolated.
These antiangiogenic properties were apparent only after proteolytic
cleavage of their parental molecules (32). One study (33) showed that
fragments of fibronectin were potent inhibitors of endothelial cell
growth. It is therefore possible that hK8 inhibits angiogenesis by
degrading fibronectin into antiangiogenic fragments.
Phosphatase and tensin homology deleted on chromosome 10
(PTEN) has been identified as a tumor-suppressor gene that
inhibits cell migration and invasion (34). Mutations of PTEN have
been identified in a variety of malignancies, and a loss of PTEN
activity is associated with the invasive and metastatic potential of
tumors (35). The highly invasive cell line CL1-5 expressed a PTEN
transcript with a deletion in exon 5, which is located within the
putative phosphatase domain, and encodes a truncated protein.
On the other hand, the weakly invasive cell line CL1-0 expressed
the wild-type PTEN transcript (36). Therefore, we expected that
weakly invasive cells would express less mutated PTEN than highly
invasive cells. The microarray study showed no difference in the
expression of PTEN in CL1-5 cells with or without KLK8 expression
when they were cultured without fibronectin. In contrast, in cells

Cancer Research

References

Cancer Res 2006; 66: (24). December 15, 2006

11770

33. Homandberg GA, Williams JE, Grant D, Schumacher
B, Eisenstein R. Heparin-binding fragments of fibronectin are potent inhibitors of endothelial cell growth. Am J
Pathol 1985;120:327–32.
34. Steck PA, Pershouse MA, Jasser SA, et al. Identification of a candidate tumor suppressor gene, MMAC1, at
chromosome 10q23.3 that is mutated in multiple
advanced cancers. Nat Genet 1997;15:345–62.
35. Li J, Yen C, Liaw D, et al. PTEN, a putative protein
tyrosine phosphatase gene mutated in human brain,
breast, and prostate cancer. Science 1997;275:1943–7.
36. Hong TM, Yang PC, Peck K, et al. Profiling the
downstream genes of tumor suppressor PTEN in lung
cancer cells by complementary DNA microarray. Am J
Respir Cell Mol Biol 2000;23:355–63.
37. Hynes RO. Integrins: bidirectional, allosteric signaling
machines. Cell 2002;110:673–87.
38. Zhang Y, Lu H, Dazin P, et al. Functional differences
between integrin a4 and integrins a5/av in modulating
the motility of human oral squamous carcinoma cells in
response to the V region and haprin-binding domain of
fibronectin. Exp Cell Res 2004;295:48–58.
39. Han S, Khuri FR, Roman J. Fibronectin stimulates
non-small cell lung carcinoma cell growth through
activation of Akt/mammalian target of rapamycin/S6
kinase and inactivation of LKB1/AMP-activated protein
kinase signal pathways. Cancer Res 2006;66:315–23.
40. White ES, Thannickal VJ, Carskadon SL, et al.
Integrin a4h1 regulates migration across basement
membranes by lung fibroblasts. Am J Respir Crit Care
Med 2003;168:436–42.
41. Hsia DA, Lim ST, Bernard-Trifilo JA, et al. Integrin
a4h1 promotes focal adhesion kinase-independent cell
motility via a4 cytoplasmic domain-specific activation
of c-Src. Mol Cell Biol 2005;25:9700–12.
42. Kishi T, Grass L, Soosaipillai A, et al. Human
kallikrein 8, a novel biomarker for ovarian carcinoma.
Cancer Res 2003;63:2771–4.
43. Hynes RO. Metastatic potential: generic predisposition of the primary tumor or rare, metastatic variants—
or both? Cell 2003;113:821–3.
44. Kang YK, Siegel PM, Shu W, et al. A multigenic
program mediating breast cancer metastasis to bone.
Cancer Cell 2003;3:537–49.
45. Clark EA, Golub TR, Laner ES, et al. Genomic
analysis of metastasis reveals an essential role for RhoC.
Nature 2000;406:532–5.
46. Yousef GM, Yacoub GM, Polymeris ME, Popalis C,
Soosaipillai A, Diamandis EP. Kallikrein gene downregulation in breast cancer. Br J Cancer 2004;90:167–72.
47. Shigemasa K, Tian X, Gu L, et al. Human kallikrein
8 (hK8/TADG-14) expression is associated with an early
clinical stage and favorable prognosis in ovarian cancer.
Oncol Rep 2004;11:1153–9.

www.aacrjournals.org

Downloaded from http://aacrjournals.org/cancerres/article-pdf/66/24/11763/2558180/11763.pdf by guest on 27 September 2022

1. Yousef GM, Obiezu CV, Luo LY, et al. Human tissue
kallikreins: from gene structure to function and clinical
applications. Adv Clin Chem 2005;39:11–79.
2. Wolf WC, Evans DM, Chao L, Chao J. A synthetic tissue
kallikrein inhibitor suppresses cancer cell invasiveness.
Am J Pathol 2001;159:1797–805.
3. Killian CS, Corral DA, Kawinski E, Constantine RI.
Mitogenic response of osteoblast cells to prostatespecific antigen suggests an activation of latent TGF-h
and a proteolytic modulation of cell adhesion receptors.
Biochem Biophys Res Commun 1993;192:940–7.
4. Ghosh MC, Grass L, Soosaipillai A, Sotiropoulou G,
Diamandis EP. Human kallikrein 6 degrades extracellular matrix proteins and may enhance the metastatic
potential of tumour cells. Tumour Biol 2004;25:193–9.
5. Kapadia C, Ghosh MC, Grass L, Diamandis EP.
Human kallikrein 13 involvement in extracellular matrix
degradation. Biochem Biophys Res Commun 2004;323:
1084–90.
6. Yoshida S, Shiosaka S. Plasticity-related serine proteases in the brain (review). Int J Mol Med 1999;3:405–9.
7. Cane S, Bignotti E, Bellone S, et al. The novel serine
protease tumor-associated differentially expressed gene14 (KLK8/Neuropsin/Ovasin) is highly overexpressed in
cervical cancer. Am J Obstet Gynecol 2004;190:60–6.
8. Borgono CA, Kishi T, Scorilas A, et al. Human
kallikrein 8 protein is a favorable prognostic marker in
ovarian cancer. Clin Cancer Res 2006;12:1487–93.
9. Chou RH, Lin KC, Lin SC, Cheng JY, Wu CW, Chang
WS. Cost-effective trapezoidal modified Boyden chamber with comparable accuracy to a commercial
apparatus. Biotechniques 2004;37:724–6.
10. Chu YW, Yang PC, Yang SC, et al. Selection of invasive
and metastatic subpopulations from a human lung
adenocarcinoma cell line. Am J Respir Cell Mol Biol
1997;17:353–60.
11. Lo CH, Lee SC, Wu PY, et al. Antitumor and antimetastatic activity of IL-23. J Immunol 2003;171:600–7.
12. Mould AP, Akiyama SK, Humphries MJ. Regulation of
integrin a5h1-fibronectin interactions by divalent cations. Evidence for distinct classes of binding sites for
Mn2+, Mg2+, and Ca2+. J Biol Chem 1995;270:26270–7.
13. Chou CC, Chen CH, Lee TT, Peck K. Optimization of
probe length and the number of probes per gene for
optimal microarray analysis of gene expression. Nucleic
Acids Res 2004;32:e99.
14. Gentleman RC, Carey VJ, Bates DM, et al. Bioconductor: open software development for computational
biology and bioinformatics. Genome Biol 2004;5:R80.
15. Kendall MG, Gibbons DJ. Rank correlation methods.
5th ed. New York: Oxford University Press; 1990.
16. Hann HW, Stahlhut MW, Rubin R, Maddrey WC.

Antitumor effect of deferoxamine on human hepatocellular carcinoma growing in athymic nude mice. Cancer
1992;70:2051–6.
17. Zijlstra A, Mellor R, Panzarella G, et al. A quantitative
analysis of rate-limiting steps in the metastatic cascade
using human-specific real-time polymerase chain reaction. Cancer Res 2002;62:7083–92.
18. Magklara A, Scorilas A, Katsaros D, et al. The human
KLK8 (neuropsin/ovasin) gene: identification of two
novel splice variants and its prognostic value in ovarian
cancer. Clin Cancer Res 2001;7:806–11.
19. Yousef GM, Diamandis EP. Human tissue kallikreins:
a new enzymatic cascade pathway? Biol Chem 2002;383:
1045–57.
20. Shimizu C, Yoshida S, Shibata M, et al. Characterization of recombinant and brain neuropsin, a plasticityrelated serine protease. J Biol Chem 1998;273:11189–96.
21. Wierzbicka-Patynowski I, Schwarzbauer JE. The ins
and outs of fibronectin matrix assembly. J Cell Sci 2003;
116:3269–76.
22. Ridley AJ, Schwartz MA, Burridge K, et al. Cell
migration: integrating signals from front to back.
Science 2003;302:1704–9.
23. Cooper JA. The role of actin polymerization in cell
motility. Annu Rev Physiol 1991;53:585–605.
24. Estes JE, Selden LA, Gershman LC. Mechanism of
action of phalloidin on the polymerization of muscle
actin. Biochemistry 1981;20:708–12.
25. Peck K, Sher YP, Shih JY, Roffler SR, Wu CW, Yang PC.
Detection and quantitation of circulating cancer cells in
the peripheral blood of lung cancer patients. Cancer Res
1998;58:2761–5.
26. Sher YP, Shih JY, Yang PC, et al. Prognosis of nonsmall cell lung cancer patients by detecting circulating
cancer cells in the peripheral blood with multiple
marker genes. Clin Cancer Res 2005;11:173–9.
27. Chen LM, Hodge GB, Guarda LA, Welch JL, Greenberg
NM, Chai KX. Down-regulation of prostasin serine
protease: a potential invasion suppressor in prostate
cancer. Prostate 2001;48:93–103.
28. Del Rosso M, Fibbi G, Pucci M, et al. Multiple
pathways of cell invasion are regulated by multiple
families of serine proteases. Clin Exp Metastasis 2002;19:
193–207.
29. Srikantan V, Valladares M, Rhim JS, Moul JW,
Srivastava S. HEPSIN inhibits cell growth/invasion in
prostate cancer cells. Cancer Res 2002;62:6812–6.
30. Mitchison TJ, Cramer LP. Actin-based cell motility
and cell locomotion. Cell 1996;84:371–9.
31. Carmeliet P. VEGF as a key mediator of angiogenesis
in cancer. Oncology 2005;69 Suppl 3:4–10.
32. Clamp AR, Jayson GC. The clinical potential of
antiangiogenic fragments of extracellular matrix proteins. Br J Cancer 2005;93:967–72.

