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Abstract

Several members of the human kallikrein-related peptidase
family, including KLLK6, are up-regulated in ovarian cancer.
High KLK6 mRNA or protein expression, measured by quanti-
tative polymerase chain reaction and enzyme-linked immuno-
assay, respectively, was previously found to be associated
with a shortened overall and progression-free survival (OS
and PFS, respectively). In the present study, we aimed at
analyzing KLK6 protein expression in ovarian cancer tissue
by immunohistochemistry. Using a newly developed mono-
specific polyclonal antibody, KLK6 immunoexpression was
initially evaluated in normal tissues. We observed strong
staining in the brain and moderate staining in the kidney,
liver, and ovary, whereas the pancreas and the skeletal muscle
were unreactive, which is in line with previously published
results. Next, both tumor cell- and stromal cell-associated
KLK6 immunoexpression were analyzed in tumor tissue
specimens of 118 ovarian cancer patients. In multivariate Cox
regression analysis, only stromal cell-associated expression,
besides the established clinical parameters FIGO stage and
residual tumor mass, was found to be statistically signifi-
cant for OS and PFES [high vs. low KLK6 expression; hazard
ratio (HR), 1.92; p=0.017; HR, 1.80; p=0.042, respectively].

These results indicate that KLK6 expressed by stromal cells
may considerably contribute to the aggressiveness of ovarian
cancer.

Keywords: cancer biomarker; immunohistochemistry;
kallikrein-related peptidase 6; KLK6; ovarian cancer;
prognosis.

Introduction

The family of human tissue kallikrein-related peptidases
(KLKSs) constitutes a group of 15 secreted serine proteases,
which are coexpressed in diverse normal and malignant
human tissues. Clustered together on the chromosomal locus
19q13.3-4, the KLK genes share remarkable homology at both
nucleotide and protein levels (Diamandis et al., 2000; Debela
et al., 2008; Goettig et al., 2010). Although KLK gene expres-
sion underlies the regulation by steroid hormones and DNA
methylation (Yousef and Diamandis, 2001; Christophi et al.,
2004; Pampalakis and Sotiropoulou, 2007; Lundwall and
Brattsand, 2008; Bayani and Diamandis, 2011), the enzymatic
activity of several KLKs is considered to be further modulated
by physiological inhibitors or allosterically in the presence of
zinc (Borgofio and Diamandis, 2004; Debela et al., 2006a,b;
Luo and Jiang, 2006). In previous studies, aberrant expression
profiles of KLK proteases, including KLK6, have been linked
to neurodegenerative diseases and skin disorders as well as
to malignant conditions, such as ovarian, breast, and prostate
cancer or malignant melanoma (Sidiropoulos et al., 2005;
Pampalakis et al., 2006; Krenzer et al., 2011). Unsurprisingly,
kallikrein-related peptidases came in the focus as potential
diagnostic, prognostic, and/or predictive tumor markers not
only in hormone-regulated malignancies but also in several
other cancers, including brain, head and neck, gastrointesti-
nal, renal, and lung neoplasms (Emami and Diamandis, 2008;
White et al., 2010).

KLK®6, formerly known as zyme, protease M, or neurosin,
is abundantly expressed in the central nervous system (CNS)
but not or only weakly in the normal ovary (Yousef and
Diamandis, 2001; Petraki et al., 2006; Shaw and Diamandis,
2007). The regulation of KLK6 activity is mediated mainly
through (auto-)proteolytic activation or inactivation, whereas
the most efficient inhibition is achieved by endogenous anti-
thrombin III (Magklara et al., 2003; Bayés et al., 2004). KLK6
displays trypsin-like specificity and, together with many
other proteases, participates in highly organized proteolytic
cascades (Debela et al., 2006b; Yoon et al., 2007, 2008;
Beaufort et al., 2010), which have been suggested to play
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crucial roles in diverse (patho-)physiological processes,
including semen liquefaction, skin desquamation, neurode-
generation, and cancer (Sotiropoulou et al., 2009).

High abundance of KLK6 in CNS prompted further inves-
tigation of its functional role in the field of neurological
disorders. Indeed, several studies suggest an involvement of
KLK®6 in the pathogenesis of Alzheimer and Parkinson dis-
ease because KLK6 has been shown to degrade both amyloid
precursor protein and o.-synuclein (Iwata et al., 2003; Yousef
et al., 2003; Ashby et al., 2010). In patients with multiple
sclerosis, elevated KLK6 serum levels are thought to drive
disease progression and thus aggravate neurological dis-
ability, due to neurotoxic properties causing neuron cell
death and inhibition of axon outgrowth (Scarisbrick et al.,
2008). Still, the potential of KLK6 as a serological marker
for multiple sclerosis is currently a subject of discussion
(Hebb et al., 2010).

Regarding ovarian cancer, there is a growing number
of evidence suggesting that KLK6 is involved in tumor
growth and progression and represents a useful bio-
marker for screening, diagnosis, prognosis, and predic-
tion (Bayani and Diamandis, 2011). Overexpression of
KLKS®6 in ovarian cancer cells, together with other KLKs,
resulted in increased invasion in Matrigel invasion assays
and tumor burden in a nude mouse model (Prezas et al.,
2006). Determination of KLK6 and/or KLK13 in addi-
tion to carbohydrate antigen 125 (CA125 or MUCI16),
presently the best-established marker in clinical appli-
cation for diagnosis and therapy monitoring of ovar-
ian cancer, improves the sensitivity and specificity of
CA125 as a diagnostic tool (Diamandis et al., 2003; White
et al., 2009a). Otherwise, KLK6 and other KLKs were
found to be up-regulated in CA125-negative ovarian can-
cer, implicating the possibility that KLKs could be useful
biomarkers complementary to CA125 (Rosen et al., 2005).
Moreover, a score based on clinical factors, together with
KLK6 and KLK13, can be applied to predict efficiency of
surgical treatment (Dorn et al., 2007).

Several research groups have retrospectively surveyed
expression of KLK6 in relation to clinical and histomor-
phological factors. Elevated KLK6 protein or mRNA levels,
quantitatively analyzed either by enzyme-linked immuno-
assay (ELISA) or quantitative polymerase chain reaction
(PCR), were found to be associated with a more invasive can-
cer phenotype, late tumor (FIGO) stages, higher tumor grade,
suboptimal debulking, as well as serous and undifferentiated
histotypes (Shan et al., 2007; White et al., 2009b; Koh et al.,
2011). Most importantly, up-regulated KLK6 expression was
also identified as a strong indicator of shortened overall sur-
vival (OS) and higher risk of disease recurrence in ovarian
cancer patients (Hoffman et al., 2002; Kountourakis et al.,
2008; Oikonomopoulou et al., 2008; White et al., 2009b).
Finally, KLK6 may also serve as a predictive marker because
higher KLK6 serum levels are associated with chemore-
sistance (Diamandis et al., 2003; Oikonomopoulou et al.,
2008).

Because KLLK6 seems to play a crucial role in ovarian can-
cer, the aim of the present study was to assess its expression

pattern in various normal and ovarian cancer tissues by
immunohistochemistry and to evaluate the prognostic impact
of both tumor cell- and stromal cell-associated KLK6 expres-
sion in ovarian cancer patients.

Results

Generation and characterization of monospecific
polyclonal antibodies directed to KLK6

For immunization of rabbits, purified and refolded recombi-
nant (non-glycosylated) human KLK6 (rec-KLK6), carrying
an N-terminal extension of 17 amino acids encompassing a
histidine (His)-tag and an enterokinase (EK) cleavage site
(Asp-Asp-Asp-Asp-Lys) was used. Monospecific, polyclonal
antibodies directed to KLK6 were purified from the blood
of animal #623 (pAb 623A) by affinity chromatography
against a peptide of KLK6 encompassing amino acids 109
to 119 (according to the chymotrypsin numbering; Goettig
et al., 2010). Based on the X-ray structure of human KLK6
(Bernett et al., 2002; Gomis-Riith et al., 2002), this region
forms a surface-exposed flexible loop. Such loop structures
are generally known to be immunogenic. Furthermore, the
selected region is not highly conserved among the members
of the KLK family, which minimizes the chance for cross-
reaction of the monospecific polyclonal antibodies with other
members of the KLK family. In fact, in a previous study,
monospecific polyclonal antibodies directed against the cor-
responding region in KLK4 were found to be very specific
and not to cross-react with other KLK proteases (Seiz et al.,
2010).

The reaction pattern of affinity-purified pAb 623A was
initially tested in a so-called one-side ELISA assay (Seiz
et al., 2010), in which microtiter plates were coated with
testing proteins and peptides, and then, the reaction of pAb
623A with these attached proteins/peptides was monitored.
pADb 623A strongly reacted with its immunogen, rec-KLK6,
and with the peptide KLK6,, , used for affinity purifi-
cation. No reaction was observed, neither with peptides
covering the (His) -tag and the EK cleavage site nor with
irrelevant proteins, such as rec-KLK?7, carrying the identical
N-terminally located 17-amino acid extension as rec-KLK6
(data not shown). Furthermore, in Western blot analysis, pAb
623 A was found to be highly specific for KLK6, as no cross-
reaction with other KLK proteases was observed (Figure
1A). Human brain is known to express rather high amounts
of KLK6 (Shaw and Diamandis, 2007). Therefore, we used
protein extracts from human brain as the positive control,
and extracts from skeletal muscle as the negative control
(Shaw and Diamandis, 2007), for further characterization
by Western blotting (Figure 1B). KLK6 has been reported to
be N-glycosylated at Asn134 (Kuzmanov et al., 2009), and
thus, the observed strong and rather broad signal in the brain
around 43 kDa is as expected (non-glycosylated KLK6 dis-
plays an apparent molecular weight of ~31 kDa). In skeletal
muscle extracts, no KLK6 reaction was detected using pAb
623A in the Western blot.
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Figure 1 Analysis of specificity of monospecific pAb 623A by
Western blot analysis.

(A) Recombinant pro-forms of KLK3-15 (~1 png each) were sub-
jected to 12% SDS-PAGE, blotted onto a PVDF membrane, and
then incubated with pAb 623A. Only pro-KLK6 (with an appar-
ent molecular weight of ~31 kDa), but not pro-KLK3-5 and pro-
KLK7-15, reacted with pAb 623A. Thus, no cross-reactivity of pAb
623 A with KLK3-5,7-15 was observed. The proper transfer of KLK
proteins onto the membrane was verified by reaction with an anti-
body directed against the C-terminally located Tag100 epitope pres-
ent in all recombinant pro-KLK proteins. (B) Glycosylated KLK6
was detected in tissue extracts from the central nervous system
(~20 pg/lane) by pAb 623A. Compared with non-glycosylated rec-
KLKG6, a higher molecular mass for KLK6 was found in tissue extracts
of the white matter mainly consisting of myelinated axon tracts, in
tissue extracts of the gray matter containing neural cell bodies, and in
undivided brain extracts. Skeletal muscle tissue extract (~20 ng) was
used as a negative control.

Immunohistochemical analysis of KLK6 expression
in healthy adult human tissues using pAb 623A

In immunohistochemical analyses of representative sections
of healthy adult human tissues, pAb 623A was used to probe
these tissues for detection of KLK6. In a variety of normal
adult tissues, KLK6 expression was detected: strong KLK6
expression was observed in the brain (Figure 2A), whereas
moderate immunostaining was found in the liver, kidney,
ovary (Figure 2B-D), breast, lung, and skin (data not shown).
In normal pancreas, skeletal muscle (Figure 2E and F), colon,
and prostate (data not shown), KLK6 was not detected by
reaction with pAb 623A. The observed KLK6 immunoexpres-
sion pattern in normal adult tissues is perfectly in line with
previous results obtained by determination of KLK6 antigen
levels in adult tissue extracts applying a highly specific KLK6
ELISA (Shaw and Diamandis, 2007).

Expression pattern of KLK6 in ovarian cancer
tissue and its association with clinical and
histomorphological parameters

To evaluate protein expression of KLLK6 in ovarian cancer by
immunohistochemistry and its impact on patients’ prognosis,
tumor tissue samples of 118 ovarian cancer patients, repre-
sented on seven tissue microarrays, were investigated using
pAb 623A. In the majority of cases, distinct cytoplasmic
KLK6 immunostaining was observed in malignant epithelial
tumor cells and also, with lower frequency, in surrounding
stromal cells. Based on classical morphological features,

these cells most probably represent (myo-)fibroblasts and
tissue macrophages (Figure 3).

For estimation of KLK6 immunoreactivity, a semiquan-
titative score, ranging from O (negative) to 12 (strongly
positive), based on KLK6 staining intensity and percent-
age of KLK6-positive cancer cells (KLK6-Tc) and KLK6-
positive stromal cells (KLK6-Sc), respectively, was used.
We found a moderate but significant correlation between
KLK6-Tc and KLK6-Sc immunoscore values using
Spearman rank correlation analysis (r,=0.53, p<0.001).
A distinctly elevated KLK6 expression was observed in
tumor cells vs. stromal cells in tumor tissue: the mean
score value of KLK6-Tc (3.81) was much higher than
that of KLK6-Sc (0.79). The frequency of scores greater
than zero was much higher for tumor cells compared with
stromal cells (KLK6-Tc >0, 90 cases vs. KLK6-Tc=0, 28
cases; KLK6-Sc >0, 24 cases vs. KLK6-Sc=0, 93 cases).
For all statistical analyses, the median score values of both
KLK6-Tc (median=4) and KLK6-Sc (median=0) were cho-
sen to classify immunohistochemical KLK6 expression as
high or low (KLK6-Tc low with immunoscore <4 as cutoff,
84 cases; KLK6-Tc high with immunoscore >4, 34 cases;
KLK6-Sc low with immunoscore 0, 93 cases; KLK6-Sc
high with immunoscore >0, 24 cases).

The relationship of KLK6 immunoscore values with rel-
evant clinical and histomorphological parameters of ovarian
cancer patients is summarized in Table 1. A significant asso-
ciation was observed between high KLLK6-Sc score values
and poorly differentiated tumors (nuclear grade G3 vs. G1/2)
as well as the presence of affected lymph nodes (p=0.028 and
p=0.020, respectively). Otherwise, there was no significant
association of KLK6-Sc score values with other clinical/histo-
morphological parameters. Regarding KLLK6-Tc score values,
KLK6 immunoexpression did not differ significantly between
tumors in relation to any of the clinical or histomorphological
parameters.

Association of KLK6 expression and clinical/
histomorphological parameters with patients’
survival

The strength of association between clinical/histomorpholog-
ical parameters and KLK6 immunoexpression with patients’
outcome defined as progression-free survival (PFS) and OS
is presented in Table 2. In univariate Cox regression analy-
sis, all established clinical and histomorphological variables
such as age, FIGO stage, nuclear grade, residual tumor mass,
and ascitic fluid volume were predictors for OS in the ovar-
ian cancer cohort. Likewise, in univariate analysis of PFS,
all of the clinical and histomorphological parameters reached
statistical significance (Table 2).

Moreover, in univariate Cox regression analysis, we found a
significant association between high KLK6-Sc score values in
tumor tissue and an increased risk of death [hazard ratio (HR),
1.80; 95% confidence interval (CI), 1.08-2.99; p=0.024] and
a trend toward statistical significance for the correlation of
high KLK6-Sc score values with tumor progression (HR,
1.68;95% CI, 0.97-2.92; p=0.066). In case of KLK6-Tc, high
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Figure 2 KILK6 immunoexpression pattern in healthy adult human tissues.

Normal tissue sections (A—F) were stained with monospecific pAb 623A using the EnVision system (Dako) (original magnification x400).
(A) In tissue of the central nervous system an intense KLK6 immunostaining was observed in astrocytes, which represent the most frequent
glial cell type in gray matter. (B) KLK6 immunoexpression was found in healthy adult liver as illustrated by a distinct, cytoplasmatic staining
of hepatocytes. In addition, strong staining of erythrocytes was observed within the hepatic venule (marked with %) as well as in the sinusoidal
vasculature between the plates of hepatocytes. (C) Moderate KLK6 immunostaining was detected in proximal and distal convoluted tubules
of the renal cortex. KLK6 expression was not observed in glomeruli (marked with %). Micrograph (D) displays moderate, cytoplasmic KLK6
staining within the surface epithelium of the normal ovary consisting of a single layer of cuboidal to columnar cells. KLK6 was not detected in
the underlying stroma harboring cells with round and spindle-shaped morphology, most of which are probably derived from cells of fibroblastic
type. (E, F) There was no KLK6 immunoexpression in glandular cells of the exocrine pancreas or in skeletal muscle.

immunoexpression values were marginally, but significantly,
related with shorter PFS, whereas there was no significance
for OS (association with PFS: HR, 1.68; 95% CI, 1.02-2.76;
p=0.042; association with OS: HR, 1.51; 95% CI, 0.95-2.39;
p=0.080; Table 2). These findings were confirmed by Kaplan-
Meier estimation, the association of KLLK6-Tc and KLK6-Sc
expression levels with OS and PFS is displayed in the respec-
tive survival curves (Figure 4).

Strikingly, in multivariate analysis, KLK6-Sc score
values were significantly associated with poor OS, i.e., ovar-
ian cancer patients with high KLLK6-Sc immunoexpression
in tumor tissue had a significantly, nearly twofold higher risk
of death (HR, 1.92; 95% CI, 1.12-3.27; p=0.017) as com-
pared with patients who displayed low KLK6-Sc expression
levels (Table 3). Although displaying only a trend in univariate
analysis, patients with high KLK6-Sc score values turned out
to have a nearly twofold higher risk of disease progression in

multivariate analysis (HR 1.80; 95% CI, 1.02-3.19; p=0.042;
Table 3). On the contrary, in multivariate analysis, KLK6 immu-
noexpression in tumor cells (KLK6-Tc) was not significantly
related with OS or PFS of ovarian cancer patients (Table 3).

Finally, concerning the clinical parameters, in multivariate
Cox analysis, residual tumor mass and FIGO stage remained
strong, statistically significant parameters for both shorter OS
and PFS. All other clinical and histomorphological markers
analyzed lost significance for OS and PFS in ovarian cancer
patients in multivariate analysis (Table 3).

Discussion
In the present study, we used monospecific polyclonal anti-

bodies (pAb 623A) that were affinity-purified against a
unique KLK6 peptide encompassing amino acids 109 to 119.
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Figure 3 KLK6 immunoexpression in tumor tissue of ovarian cancer specimens.

Tissue sections were stained with monospecific pAb 623A using the EnVision system (Dako) (original magnification x400). Micrographs
(A-D) illustrate representative core punches corresponding to high (+) or low (-) KLK6 immunoexpression in tumor cells (Tc) and stromal
cells (Sc), respectively. Arrows indicate staining of tumor cells; stromal cells are marked by arrowheads.

Previous structural analyses show that this linear sequence
is exposed on the surface of both the mature form and the
pro-form of KLK6 (Bernett et al., 2002; Gomis-Riith et al.,
2002). Consistent with these data, in our study, pAb 623A
reacted with both the recombinant mature KLK6 (in one-
side ELISA assays; data not shown) and the recombinant
pro-form of KLK6 in Western blot analysis (Figure 1A).
Importantly, KLK6,, ., lacks homology toward respective
regions of other KLKs (Goettig et al., 2010). In fact, for all
of the recombinant pro-forms from KLK3-5 and KLK7-15,
no cross-reaction was observed in Western blot analysis
(Figure 1A). Furthermore, pAb 623A strongly reacted with
a protein of about 43 kDa in brain tissue extracts, whereas
tissue extracts of skeletal muscle, known not to express
KLK6 (Shaw and Diamandis, 2007), were negative (Figure
1B). The higher molecular weight of KLK6 (as well as the
rather broad signal in Western blot analysis) originating from
brain tissue extracts as compared with recombinant, non-
glycosylated KLK6 expressed in Escherichia coli is attribut-
able to N-glycosylation of KLLK6, as reported previously by
Kuzmanov et al. (2009).

In previous studies KLK6 expression has already been sur-
veyed in normal human tissues at the mRNA as well as pro-
tein level by highly specific PCR and ELISA assays (Harvey
et al., 2000; Shaw and Diamandis, 2007). The highest KLK6
expression was reported for the CNS, followed by kidney,
breast, ovary, and skin tissue. By comparison, healthy human
adult tissues of the liver, lung, heart, and spleen showed low
KLKG6 levels, whereas in the colon, skeletal muscle, prostate,

and pancreas, KLK6 expression was not detected. Using pAb
623A to assess KLK6 expression by immunohistochemistry,
we observed a very similar staining pattern to that described by
Shaw and Diamandis (2007). In Western blot analysis, KLK6
was detected in white and gray matter as well as in undivided
brain tissue encompassing both white and gray matter (Figure
1B), implicating that KLK6 might be expressed by cells that
are distributed throughout the entire human brain. However,
by immunohistochemistry, we localized KLK6 expression
exclusively in the astrocytes (Figure 2A), which represent
the most numerous glial cells in gray matter. These findings
are in line with comprehensive immunohistochemical stud-
ies describing weak immunoreactivity of neural cells, but
moderate staining of glial cells using polyclonal and mono-
clonal antibodies directed to KLK6 (Petraki et al., 2001). In
general, glial cells, including the astrocytes, are nonneural
highly branched cells providing both mechanical and meta-
bolic support to neurons. Particularly, the astrocytes, which
are found not only in gray, but also in white matter, exhibit
intimate functional relationships with neurons because they
mediate the exchange of metabolites between neurons and the
vascular system and are also partly forming the blood-brain
barrier. Nevertheless, what seems even more interesting is
the fact that astrocytes are known to participate in the repair
of CNS tissue after injury or damage by disease. Therefore,
KLKG6 expression restricted to astrocytes as detected by pAb
623A is supporting previous findings postulating contribution
of KLKG6 to the process of axon outgrowth following spinal
cord injury as well as to the progression of neurodegenerative
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Table 1 Association of clinical and histomorphological
characteristics with KLK6 immunoexpression in tumor vs. stromal
cells in ovarian cancer patients (n=118).

Clinical/histomorphological =~ Patient =~ KLK6-Tc ~ KLK6-Sc*
parameters numbers  low/high low/high
Total 118 84/34 93/24
Age p=0.291 p=0.791
<60 years 71 48/23 57/14
>60 years 47 36/11 36/10
FIGO stage p=0.141 p=0.275
I+1I 24 20/4 21/3
TI+1V 94 64/30 72/21
Nuclear grade p=0.966 p=0.028*
G1+G2 42 30/12 38/4
G3 76 54/22 55/20
Residual tumor mass® p=0.113 p=0.276
0Ocm 61 47114 50/10
>0 cm 52 33/19 39/13
Ascitic fluid volume® p=0.423 p=0.512
<500 ml 74 54/20 59/14
>500 ml 41 27/14 31/10
Lymph nodes involved® p=0.201 p=0.020%*
No 43 34/9 38/4
Yes 52 35/17 37/15
Response to CT® p=0.945 p=0.746
No 17 12/5 13/4
Yes 76 53/23 60/15

x>-Test (cutoff point: median score values).

“No. of cases n=117.

"The number of cases does not add up to 118 due to missing clinical
data.

*Statistically significant values (p<0.05).

diseases (Scarisbrick et al., 2006, 2008; Hebb et al., 2010).
Furthermore, involvement of KLK6 in intracellular signal-
ing by targeting protease-activated receptors (PARs) has also
been studied. In fact, KLK6 was shown to activate astrocytic
receptors PAR1 and PAR2, thus contributing to glial scarring
in CNS (Vandell et al., 2008).

We further investigated KLK6 protein expression by immu-
nohistochemistry in tumor tissues of 118 ovarian cancer patients
applying pAb 623 A. Distinct cytoplasmic immunostaining was
detected in both malignant epithelial tumor cells and, with lower
frequency, in surrounding stromal cells (Figure 3). We assume
these KLK6 expressing stromal cells to be fibroblasts and tissue
macrophages due to their distinct morphology in histology. In
the white matter of injured spinal cord, in fact, CD68-positive
macrophages have been reported to abundantly express KLK6
(Scarisbrick et al., 2006). Strikingly, we observed a statistically
significant correlation between stromal cell-associated KLK6
expression (KLK6-Sc) and disease survival: in multivariate
analyses, ovarian cancer patients with high KLK6-Sc immu-
noexpression in their tumor tissue faced both a significantly
shorter OS and PES as compared with patients who displayed
low KLKG6-Sc expression levels in their tumor tissue (Table 3).
In ovarian cancer, elevated KLK6 mRNA and protein levels
have indeed repeatedly been observed and already been related
to poor disease outcome of the patients (Hoffmann et al., 2002;

Luo et al., 2006; Kountourakis et al., 2008; Bayani et al., 2011;
Koh et al., 2011). However, to our knowledge, this is the first
study demonstrating that stromal cell-associated KLLK6 expres-
sion significantly affects patients’ prognosis. Previous studies
concerning KLLK4 protein expression in breast cancer have
reported up-regulation of KLK4 in the tumor stroma (Mangé
et al., 2008), although its clinical significance was not investi-
gated. Additionally, enhanced KLLK4 expression has also been
identified in the effusions and stroma of invasive epithelial
ovarian cancers (Davidson et al., 2005) and was associated pre-
dominantly with primary cancers over metastases. However,
no association was found between KLK4 stromal expression
and survival, in contrast to the data presented here for KLLK6.

To date, KLK6 has shown a wide range of functional diver-
sity with respect to carcinogenesis (Bayani and Diamandis,
2011); however, our understanding of its contribution in the
reactive stroma to the tumor microenvironment is only begin-
ning to emerge. In a recent study, the expression pattern of
KLK6 was investigated in cutaneous malignant melanoma
(Krenzer et al., 2011). Interestingly, KLK6 was not detect-
able in tumor cells, but a strong KLK6 protein expression
was found in stromal cells and keratinocytes adjacent to
tumor cells and a paracrine function of secreted KLK6 dur-
ing neoplastic transformation and malignant progression was
suggested. In fact, when recombinant KLLK6 was added to
melanoma cells in vitro, both cell migration and cell invasion
were induced, accompanied by an activation of the signaling
receptor PAR1 (Krenzer et al., 2011). In biochemical in vitro
studies, KLK6 was shown to cleave prominent components of
the tumor stroma, such as fibronectin as well as different types
of collagen (Magklara et al., 2003; Borgofio and Diamandis,
2004; Ghosh et al., 2004), which may indeed support tissue
remodeling, tumor invasion, and metastasis.

In conclusion, our immunohistochemical study provides
evidence that, in ovarian cancer, both tumor and surround-
ing stromal cells frequently overexpress KLK6. Because,
especially, stromal cell-associated KLK6 expression in tumor
tissue was found to be significantly related to shortened OS
and PFS in ovarian cancer patients, stromal cell-derived
KLK6 may considerably contribute to the aggressiveness of
ovarian neoplasms.

Materials and methods

Recombinant KLK6

Recombinant KLK6, harboring an N-terminal (His),-tag followed by
an enterokinase cleavage site, was expressed in E. coli and purified
as described previously (Debela et al., 2006a,b). Expressed (non-
glycosylated) protein was purified via its histidine-tag by nickel-
nitrilotriacetic acid agarose affinity chromatography (Qiagen,
Hilden, Germany) under denaturing/slightly reducing conditions.
Subsequently, refolding procedures were used, using reduced and oxi-
dized glutathione as redox reagents (Sigma, Deisenhofen, Germany)
to promote protein renaturation. In addition to rec-KLK6, recombinant
pro-forms of KLK proteases (KLK?2 to KLK15) plus an N-terminally
located (His) -tag and a C-terminal Tag100 epitope were produced
and purified in a similar manner as described (Seiz et al., 2010).
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Table 2 Univariate Cox regression analysis of the association of clinical and histomorphological parameters and KLK6 immunoexpression

with disease survival in ovarian cancer patients (n=118).

Factor No. cases oS PFS
HR (95% CI)? p-Value HR (95% CI)? p-Value

Total number 118
Age

<60 years 71 1 1

>60 years 47 1.76 (1.14-2.72) 0.011* 1.67 (1.03-2.69) 0.036*
FIGO stage

1+11 24 1 1

II+1V 94 6.12 (2.64-14.1) <0.001* 10.4 (3.25-33.3) <0.001*
Nuclear grade

G1+G2 42 1 1

G3 76 2.02 (1.24-3.28) 0.005* 1.80 (1.06-3.07) 0.030*
Residual tumor mass®

0 mm 61 1 1

>0 mm 52 5.74 (3.51-9.40) <0.001* 5.50 (3.24-9.32) <0.001*
Ascitic fluid volume®

<500 ml 74 1 1

>500 ml 41 3.69 (2.35-5.80) <0.001* 3.29 (1.99-5.43) <0.001*
KLK6-Tc*

Low 84 1 1

High 34 1.51 (0.95-2.39) 0.080 1.68 (1.02-2.76) 0.042%*
KLK6-Sced

Low 93 1 1

High 24 1.80 (1.08-2.99) 0.024* 1.68 (0.97-2.92) 0.066

*HR (95% CI) of univariate Cox regression analysis.

°The number of cases does not add up to 118 due to missing clinical data.

‘Dichotomized in high and low levels by the median score values.
9No. of cases, n=117.
*Statistically significant data (p<0.05).

Generation of polyclonal antibodies against rec-KLK6

At the Department of Laboratory Medicine of the Radboud
University, Nijmegen Medical Centre (Nijmegen, The
Netherlands), rabbits were immunized by injection of purified,
refolded human rec-KLK6, carrying the N-terminal (His)-tag
and EK cleavage site, first into the popliteal lymph gland and
then subcutaneously following the protocol by McKiernan et al.
(2008). After 12 booster vaccinations (i.e., about 5 months after
beginning of the immunization), the rabbits were sacrificed, and
(citrated) plasma was generated from collected blood and stored
at -80°C.

Purification of polyclonal antibody 623A by affinity
chromatography

Polyclonal antibodies from animal #623 (pAb 623A) were purified
using an affinity column that contained an equal mixture of AffiGel®10
and AffiGel®15 (Bio-Rad, Hercules, CA, USA) with covalently
linked peptide KLK6, |, following the strategy previously used
to purify monospecific antibodies against recombinant KLK4 (Seiz
et al., 2010). The yield of purified, monospecific pAb 623A was 0.24
mg from 4 ml of unpurified plasma used for the purification.
Peptides KLK6,, ,,,, GSHHHHHHGS, and HHHGSDDDDK
(corresponding to (His)-tag and the EK cleavage site of rec-KLK®6,
respectively) were synthesized by the Service Center of the Max-
Planck-Institute of Biochemistry, Martinsried, Germany.

Western blot analysis

Proteins were denatured in the presence of 2% (w/v) sodium dode-
cyl sulfate and 5% (v/v) 2-mercaptoethanol for 5 min at 95°C, fol-
lowed by 12% SDS-PAGE. Separated proteins were then transferred
onto polyvinylidene fluoride (PVDF) membranes (PALL, Dreieich,
Germany) using a semidry system. The membranes were blocked
with 5% (v/v) skim milk in PBS for 1 h at room temperature and then
incubated overnight with pAb 623A directed to KLK6. Thereafter,
bound antibodies were detected by horseradish peroxidase-conjugat-
ed goat anti-rabbit IgG (Jackson ImmunoResearch Lab, West Grove,
PA, USA,; dilution: 1:10 000), followed by an enhanced chemilumi-
nescence reaction (Amersham Biosciences, Little Chalfont, UK). To
define the relative molecular mass of positive bands, the prestained
Protein IV-Marker set (PeqLab, Erlangen, Germany) was used.

Patients and tissues

One hundred eighteen patients afflicted with ovarian cancer
stages FIGO I-IV (Fédération Internationale de Gynécologie
et d’Obstétrique), treated at the Department of Obstetrics and
Gynecology of the Technical University of Munich between 1992
and 1999, were enrolled in this retrospective study. The study was
approved by the Ethics Committee of the Klinikum rechts der Isar,
Technical University of Munich.

Patients’ age at diagnosis ranged from 20 to 85 years (median,
57 years). All patients initially underwent the standard stage-related
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Figure 4 Probability of OS and PFS of ovarian cancer patients with regard to KLK6 immunoexpression.
(A, B) OS and (C, D) PFS probability curves were generated by Kaplan-Meier analysis using log-rank tests to search for differences. Patients
were divided into groups with low or high KLK6 immunoexpression in stromal cells (A, C) and tumor cells (B, D) using the median score
values (KLK6-Sc, 0 vs. >0; KLK6-Tc, <4 vs. >4).

Table 3 Multivariate Cox regression analysis of the association of clinical and histomorphological parameters and KLK6 immunoexpression
with disease survival in ovarian cancer patients (n=110).

Factor No. cases oS PFS
HR (95% CI)? p-Value HR (95% CI)? p-Value

Total number 110
FIGO stage

1+11 21 1 1

I+1V 89 3.13 (1.18-8.26) 0.021* 4.96 (1.47-16.7) 0.010*
Nuclear grade

G1+G2 38 1 1

G3 72 1.28 (0.76-2.15) 0.350 0.95 (0.54-1.68) 0.868
Residual tumor mass

0 mm 60 1 1

>0 mm 50 3.32 (1.73-6.39) <0.001* 3.21 (1.64-6.26) <0.001*
Ascitic fluid volume

<500 ml 73 1 1

>500 ml 37 1.27 (0.71-2.33) 0.406 1.31 (0.70-2.47) 0.392
KLK6-Tc®

Low 77 1 1

High 33 1.18 (0.73-1.91) 0.507 1.26 (0.75-2.10) 0.387
KLK6-Scbe

Low 86 1 1

High 23 1.92 (1.12-3.27) 0.017* 1.80 (1.02-3.19) 0.042*

“HR (95% CI) of multivariate Cox regression analysis. Biological markers were separately added to the base model of clinical parameters:
FIGO stage, nuclear grade, residual tumor mass, and ascitic fluid volume.
Dichotomized in high and low levels by the median score values.

“No. of cases, n=109.

*Statistically significant data (p=0.05).
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primary radical debulking operation, including hysterectomy, bilat-
eral adnectomy, infragastric omentectomy, and pelvic and paraaor-
tic lymphadenectomy if indicated as well as removal of all existing
tumor if possible. Sixty-one patients (51.7%) were optimally deb-
ulked with complete removal of macroscopically visible tumor mani-
festations. Surgical specimens were histologically examined at the
Institute of Pathology of the Technical University of Munich.

After surgical treatment, 106 (89.8%) patients received adjuvant,
platinum-containing chemotherapy as recommended individually for
each patient by a multidisciplinary tumor board. Due to unfavorable
health conditions, 10 patients received no adjuvant therapy, whereas
two women were subjected to nonplatinum regimens for first-line
chemotherapy. After this multimodal guideline therapy, 68 (57.6%)
patients experienced disease recurrence. Median observation time for
all of the patients was 51 months (range, 1-244 months). For those
36 women still alive at time of recent follow-up in March 2011, the
median observation time was 173 months (range, 14-244 months).
Patient and tumor characteristics are listed in Table 1.

Tissue preparation and microarray construction

Patients’ tissue samples were obtained during surgery, inspected
by a pathologist from the Institute of Pathology of the Technical
University of Munich, and immediately fixed in neutral buffered
formalin and embedded in paraffin. Tissue microarrays were con-
structed using previously established and validated techniques (Wan
etal., 1987; Skacel et al., 2002). First, routine hematoxylin and eosin
(H&E)-stained sections were prepared for each individual tumor
sample. Morphologically representative areas were marked on the
original H&E slides by the pathologist. Using these slides for ori-
entation, three cylindrical core biopsies of 1 mm in diameter were
carefully lifted from the selected areas of each individual paraffin-
embedded tumor tissue (donor block) and precisely mounted into
a paraffin block (recipient block) with the help of a manual tissue
microarray device (MTA-1, Beecher, WI, USA). According to their
predefined coordinates, the core biopsies were positioned into a grid
of empty cylindrical holes prepared on the recipient block. Seven
tissue microarray blocks were constructed this way. In addition,
various tissues from healthy human adults were obtained from the
archives of the Institute of Pathology of the Technical University
of Munich. Core punches from these routinely processed, formalin-
fixed, paraffin-embedded (FFPE) tissue blocks were assembled on
a tissue microarray that was used to evaluate the tissue expression
pattern of KLK6.

Using a standard routine microtome (Microm HM335E; Thermo
Scientific, Germany), 2-pum-thick sections were cut from the tissue
microarray blocks and transferred to electrostatically charged glass
slides. For subsequent deparaffinization, the slides were finally dried
overnight at 35°C.

Immunohistochemistry

Sections of tissue microarrays as well as conventional sections were
stained using rabbit pAb 623A. The tissue sections were dewaxed,
rehydrated, and treated for antigen retrieval by pressure cooking
(4 min, 120°C, 0.1 ™ citrate buffer, pH 6.0). After several washes
with Tris-buffered saline (TBS, pH 7.6), a dual enzyme block con-
taining 0.5% H,0, was applied for 10 min at room temperature to
block both endogenous peroxidase and alkaline phosphatase activ-
ity. Subsequently, the primary antibody pAb 623A was allowed to
react overnight at 4°C. For detection of tissue-bound pAb 623A, a
horseradish peroxidase-labeled polymer comprising secondary anti-
bodies with anti-rabbit and anti-mouse specificity (EnVision; Dako,

Hamburg, Germany) was applied to the slides for 30 min at room
temperature. The peroxidase reaction was developed with 3,3’-
diaminobenzidine (DAB*; Dako) for 7.5 min at room temperature.
Finally, counterstaining of sections was performed with Mayer’s
hematoxylin solution. As a negative control, the primary antibody
was omitted and replaced by green antibody diluent (Dako) or by
irrelevant antibodies.

Quantification of KLK6 immunostaining on tissue
microarrays

For evaluation of KLK6 immunostaining intensity and location, a
semiquantitative score (Remmele score) based on staining intensity
and percentage of positive cells was applied. For this, staining inten-
sity was classified on a scale of 0-3 (0, no staining; 1, weak staining;
2, moderate staining; 3, strong staining). The percentage of posi-
tively stained cells was scored by cell counts after examination of
tissue cores on a scale of 0—4 (0, no staining; 1, staining of 1%—10%
of cells; 2, 11%-50%; 3, 51%—-80%; 4, >80%). The final immuno-
reactivity score (IRS) was created by multiplication of the intensity
score values with the positivity score values, thus obtaining a score
between 0 and 12. As for each individual tumor sample, three tissue
cores were evaluated, and the mean IRS values of the three readings
were used for statistical calculations.

Statistical analysis

The relationship of KLK6 immunoexpression levels (grouped ac-
cording to their median values) with clinical and histomorphological
parameters was determined using the y*-test. For survival analyses,
both PFS and OS of ovarian cancer patients were used as follow-up
end points. The association of KLK6 immunoexpression, as well as
of clinical/histomorphological factors with OS and PFS, was ana-
lyzed using Cox univariate and multivariate proportional hazards re-
gression models and finally expressed as HR with its 95% confidence
interval (95% CI). The multivariate Cox regression model was adjust-
ed for known ovarian cancer-related prognostic factors: FIGO stage,
nuclear grade, residual tumor after surgery, and ascitic fluid volume.
Survival curves were plotted according to Kaplan-Meier using log-
rank tests to recognize differences. All calculations were performed
using the StatView 5.0 statistical package (SAS Institute, Cary, NC,
USA). p-Values <0.05 were considered statistically significant.
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