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Abstract

We tested the hypothesis that human tissue kallikreins
(hKs) may regulate signal transduction by cleaving and
activating proteinase-activated receptors (PARs). We
found that hK5, 6 and 14 cleaved PAR N-terminal peptide
sequences representing the cleavage/activation motifs of
human PAR, and PAR, to yield receptor-activating pep-
tides. hK5, 6 and 14 activated calcium signalling in rat
PAR,-expressing (but not background) KNRK cells. Cal-
cium signalling in HEK cells co-expressing human PAR;
and PAR, was also triggered by hK14 (via PAR, and PAR,)
and hK6 (via PAR,). In isolated rat platelets that do not
express PAR,, but signal via PAR,, hK14 also activated
PAR-dependent calcium signalling responses and trig-
gered aggregation. The aggregation response elicited by
hK14 was in contrast to the lack of aggregation triggered
by hK5 and 6. hK14 also caused vasorelaxation in a phe-
nylephrine-preconstricted rat aorta ring assay and trig-
gered oedema in an in vivo model of murine paw in-
flammation. We propose that, like thrombin and trypsin,

*This article summarises information presented at the First Inter-
national Symposium on Kallikreins, Lausanne/Switzerland, Sep-
tember 2-4, 2005.

Regarding a recommendation for future nomenclature of kallik-
rein gene-derived proteases, see the article ‘A comprehensive
nomenclature for serine proteases with homology to tissue kal-
likreins’ by Lundwall et al., this issue pp. 637-641.

the kallikreins must now be considered as important ‘hor-
monal’ regulators of tissue function, very likely acting in
part via PARs.

Keywords: inflammation; kallikreins; receptors; serine
proteinases; signal transduction; trypsin.

In addition to their ability to generate active hormones
from polypeptide precursors and to function as digestive
enzymes, proteinases are now known to play a hormone-
like role by triggering signal transduction pathways in tar-
get cells. In part, the physiological actions of proteinases
such as thrombin and trypsin are mediated by ‘protein-
ase-activated receptors’ (PARs). The unique mechanism
whereby serine proteinases such as trypsin and thrombin
signal via the PARs involves proteolytic cleavage of the
receptor N-terminal sequence to reveal an activating
tethered ligand (Coughlin, 2000; Macfarlane et al., 2001;
Hollenberg and Compton, 2002; Ossovskaya and Bun-
nett, 2004; Steinhoff et al., 2005). Like the tethered
ligand, synthetic peptides derived from the revealed teth-
ered ligand sequences can selectively activate PARs in
the absence of proteolytic cleavage (Vu et al., 1991). For
instance, TFLLR-NH, selectively activates PAR,, whereas
SLIGRL-NH, and AYPGKF-NH, selectively activate PAR,
and PAR,, respectively (Hollenberg et al., 1993, 1996,
1997, 2004; al-Ani et al., 1995, 2002; Saifeddine et al.,
1996; Kawabata et al., 1999; Hollenberg and Saifeddine,
2001). PAR,, PAR;, and PAR, have been found to be tar-
gets for thrombin (Rasmussen et al., 1991; Vu et al,,
1991; Coughlin, 2000), whereas PAR, is not readily acti-
vated by thrombin. Instead, PAR, can be activated by
trypsin, tryptase and by other serine proteinase members
of the clotting cascade apart from thrombin (e.g., the tis-
sue factor Vlla-Xa complex; Nystedt et al., 1994; Ruf et
al., 2003; Ossovskaya and Bunnett, 2004). Although pan-
creatic trypsin is known to activate intestinal epithelial
PAR, (Kong et al., 1997), human mast cell tryptase acti-
vates PAR, only in selected settings (Mirza et al., 1997;
Molino et al., 1997; Corvera et al., 1999; Compton et al.,
2002a,b). In the PARs, these serine proteinases reveal the
N-terminal tethered ligand by cleaving a target N-terminal
arginine in the receptor sequence to unmask the tethered
ligand (Vu et al., 1991). Except for the acknowledged
physiological role of thrombin as an activator of PAR, and
PAR,, the true physiological activators of PAR, are essen-
tially not known, except in the intestinal tract, where pan-
creatic trypsin is present in sufficient amounts to activate
this receptor (Kong et al., 1997).

As possible physiological activators of the PARs, we
have put forward the hypothesis that tissue kallikreins,
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now known to comprise a large family of secreted serine
proteinases with tryptic or chymotryptic activity, may rep-
resent important physiological regulators of the PARs
(Borgono and Diamandis, 2004; Borgono et al., 2004). In
humans, the kallikreins are abundantly expressed in gro-
ups in many tissues, often in a sex-steroid hormone-
dependent manner. These enzymes have been observed
to be upregulated in many types of cancer, both in the
local tumour area and in the circulation. This situation is
perhaps best known for the prostate-localised human
kallikrein hK3, widely known as a cancer-associated
‘prostate-specific antigen’ (PSA). In addition, hK5, hK6
and hK14 are found at high levels in the serum and/or
ascites fluid of ovarian cancer patients (Diamandis et al.,
2000; Kim et al., 2001; Tanimoto et al., 2001; Borgono et
al., 2003; Yousef et al., 2003). Kallikreins 5 and 14 are
also elevated in the serum of breast cancer patients
(Borgono et al., 2003; Yousef et al., 2003). Furthermore,
kallikreins, such as kallikrein 6, are known to be highly
expressed at sites of inflammation in the central nervous
system (Blaber et al., 2002; Scarisbrick et al., 2002). In
spite of these many settings in which kallikreins can be
identified, the mechanisms by which this enzyme family
regulates tissue function are not clear. Many studies car-
ried out in vitro have identified proteins of the extracel-
lular matrix, pro-urokinase-plasminogen activator (pro-
uPA), kininogens, growth factor precursors (and binding
proteins) and other kallikreins as potential targets of
kallikrein proteolysis in the setting of cancer progression
(Frenette et al., 1997; Takayama et al., 2001; Choong and
Nadesapillai, 2003; Borgono and Diamandis, 2004; Bor-
gono et al.,, 2004). Such substrates may well explain
some but by no means all of the physiological actions of
kallikreins, particularly in the setting of cancer. As already
mentioned, we believe that the kallikreins, the majority of
which exhibit potent trypsin-like serine proteinase activ-
ity, are good candidates to be considered as endogenous
in vivo regulators of the PARs.

In view of the discussion in the previous paragraph, we
tested the hypothesis that tissue kallikreins can act via
the PARs using the following approaches: (1) an analysis
using proteomic methodologies of the cleavage products
yielded upon incubation of hK5, 6 and 14 with PAR N-
terminal peptide sequences representing the cleavage/
activation motifs of human PAR, and PAR,; (2) a study of
PAR-dependent calcium signalling responses (a) in cul-
tured cells only expressing PAR,, (b) in cultured cells
expressing PAR, and PAR,, and (c) in isolated rat plate-
lets that do not express PAR,, but signal via PAR,; (3) a
PAR,-dependent rat platelet aggregation assay; and (4) a
pharmacological approach (a) with a vascular ring vaso-
relaxation assay using tissues from both rats and from
mice, and (b) with a murine paw oedema inflammation
model. For our exploratory work described here, we used
hK14 as a ‘prototype’ trypsin-like kallikrein because of its
particularly wide tissue distribution. Furthermore, we
focussed on the ability of hK14 to regulate PAR, in par-
ticular, because of the well-recognised susceptibility of
this PAR family member to trypsin-like serine proteinase
activation. Added to our focus on PAR,, we evaluated
hK14 for its ability to regulate PAR, and we determined
whether hK5 and 6 might also be able to cleave peptides

representing the tethered ligand sequences of human
PAR; and PAR,.

As outlined in Table 1, hK5, 6 and 14 were all able to
cleave the synthetic tethered ligand sequences of human
PAR, and PAR, at the key arginine to yield the PAR-acti-
vating sequences, SFLLRN... (for PAR,) and SLIGKV...
(for PAR,). These data indicate that in intact human cells
expressing PAR, and PAR,, all three kallikreins could
potentially trigger signals by revealing the active tethered
ligands of the receptors. However, the cleavage data
(Table 1) also showed that hK14 could cleave the syn-
thetic tethered ligand sequence of human PAR, at posi-
tions downstream from the principal R/S cleavage/
activation site (e.g., at the tryptic R/N and chymotryptic
F/L target sequences in human PAR,: SF/LLR/
NPNDKYE...). Hydrolysis at these sites within or down-
stream from the tethered ligand sequence would, in
intact cells, disconnect the activating tethered ligand
SFLLRN sequence from its C-terminal tether, thereby dis-
arming PAR; and preventing its activation by thrombin.
Similarly, by cleaving at the K/V site in the tethered ligand
sequence of human PAR,, hK14 could in principle also
disarm PAR, in intact cells. A comparable ability of hK5
and 6 either to reveal a tethered ligand activating
sequence or to disarm PAR, and PAR, was also observed
(Table 1). Equivalent data were obtained for the cleavage
of the rat tethered ligand sequence representing rat
PAR,, indicating potentially either activation or disarming
of rat PAR,. Thus, in principle, the biochemical data sup-
ported the working hypothesis that hKs could activate
PAR; and PAR,; however, the data also indicated that,
like trypsin (Kawabata et al., 1999), the hKs could poten-
tially disarm one or both of PAR, and PAR,.

Our next step was to test the ability of hK5, 6 and 14
to signal via PARs in intact cells. We focussed principally
on the actions of hK14, comparing its activity with that
of either hK6 or hK5, where appropriate. To monitor PAR-
triggered calcium signalling, we turned to the use of: (1)
a rat Kirsten murine sarcoma virus-transformed normal
rat kidney (KNRK) cell line (KNRKrPAR,) that expresses
recombinant rat PAR,, but not the other PARs, and for
which non-transfected cells do not respond to tryptic or
peptide PAR agonists (al-Ani et al., 2002); (2) a human
embryonic kidney cell line (HEK) that constitutively ex-
presses functional human PAR, and PAR, (Kawabata et
al.,, 1999); and (3) a rat platelet suspension that is trig-
gered by PAR, activation, but not via PAR, or PAR, (Hol-
lenberg et al., 2004). The experimental approach that we
used to monitor enzyme-mediated calcium signalling, as
well as the cross-desensitisation protocols for establish-
ing the PAR selectivity of PAR agonists, has been well
documented (Kawabata et al., 1999). Using this type of
assay, we have previously established that in PAR,-
expressing KNRK cells and HEK cells, calcium signals
generated by proteolytic enzymes such as trypsin and
thrombin result from PAR activation and not from other
mechanisms (Hollenberg et al., 1997; Kawabata et al.,
1999). For the cell signalling and tissue bioassay exper-
iments (below), we elected to use concentrations of the
kallikreins that were in keeping with the concentrations
of trypsin we routinely use for our work (from approx. 0.5
to 30 U/ml). Since the conversion of zymogen to active



Table 1 Cleavage of synthetic PAR tethered ligand sequences
by hKs 5, 6 and 142,

hPAR, (substrate: NATLDPRSFLLRNPNDKYE)

Trypsin NATLDPR—SFLLRNPNDKYE
hK14 NATLDPR—SFLLRNPNDKYE
NATLDPRSF—LLRNPNDKYE
NATLDPRSFLLR—NPNDKYE
hK5 NATLDPR—SFLLRNPNDKYE
NATLDPRSF—LLRNPNDKYE
hK6 NATLDPR—SFLLRNPNDKYE

NATLDPRSF—LLRNPNDKYE
NATLDPRSFLL—RNPNDKYE
NATLDPRS—FLLRNPNDKYE
NATLDPRSFLLR—NPNDKYE
hPAR, (Substrate: acetyl-
GTNRSSKGRSLIGKVDGTSHVTGKGVT-amide)

Trypsin GTNRSSKGR—SLIGKVDGTSHVTGKGVT
GTNRSSKGR—SLIGKVDGTSHVTGK—GVT
GTNRSSKGRSLIGK—VDGTSHVTGK—GVT
GTNRSSKGRSLIGKV—DGTSHVTGK—GVT
GTNRSSKGR—SLIGKVDGTSHVTGKGVT
GTNRSSKGRSLIGK—VDGTSHVTGKGVT
GTNRSSKGRSLIGK—VDGTSHVTGK—GVT
GTNRSSKGR—SLIGKVDGTSHVTGK—GVT
hK5 GTNRSSKGR—SLIGKVDGTSHVTGKGVT

GTNR—SSKGRSLIGKVDGTSHVTGKGVT
hK6 GTNRSSKGR—SLIGKVDGTSHVTGKGVT

GTNRSSKGRSLIGK—VDGTSHVTGK—GVT

GTNRSSKGR—SLIGKVDGTSHVTGK—GVT

aThe synthetic peptide substrates representing the cleavage/
activation sequences of human PAR, and PAR, are shown in
parentheses. The tethered ligand sequences in these substrate
peptides are indicated by underlined letters. These substrates
(100 M) were incubated for 30 min at 37°C with the three
human tissue kallikreins (hK5, 6 and 14; hK5, 4.5 U/ml; hK6,
1.2 U/ml; hK14, 6.2 U/ml) or trypsin (3.5 U/ml). The enzyme
activities of all kallikrein preparations were standardised relative
to the activity of trypsin (i.e., ‘trypsin-like’ U/ml) in terms of their
ability to cleave specific proteinase substrates: Boc-Val-Pro-
Arg-7-amino-4-methylcoumarin or Boc-GIn-Ala-Arg-7-amino-4-
methylcoumarin. The activities of different preparations of
enzyme varied, but the following molar approximations can be
used for a 1 U/ml solution: hK5, 7 nm; hK6, 56 nm; hK14, 4 nwv;
trypsin, 2 nMm. For hydrolysis of the synthetic tethered ligand
sequences, the following buffers were used: 100 mm Na,HPO,,
0.01% Tween-20, pH 7.8 (hK5, hK14 and trypsin); 50 mm Tris,
0.1 mm EDTA, 0.1 m NaCl, and 0.01% Tween-20, pH 7.3 (hK6).
Reactions were terminated by rapid freezing in liquid nitrogen
and samples were stored at -80°C. The cleavage products were
identified by: (a) liquid chromatography-mass spectrometric
analysis [Agilent HP 1100 Nanoflow System followed by linear
ion trap quadrupole (LTQ); Thermoelectron, Norwood, NJ, USA]
and/or (b) matrix-assisted laser desorption ionisation (MALDI)
mass spectrometry at the Proteomics Facilities of Samuel
Lunenfeld Research Institute (Mount Sinai Hospital, Toronto,
Canada). The predicted cleavage sites in the tethered ligand
sequences deduced from the mass spectral identity of the
cleavage products are shown in the table by long spacers (—).
Only the underlined sequences, resulting from proteolysis, that
would remain tethered to the remainder of the cell-associated
receptor would result in enzyme-mediated signalling. Other
potential cleavage sites downstream from the tethered ligand
sequence would disarm the receptor, preventing receptor
activation.

hK14

enzyme can vary from one kallikrein preparation to an-
other, each kallikrein sample used for our experiments
was standardised in terms of its trypsin-equivalent activ-
ity (U/ml, as described in detail in the footnote to Table

1).
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Each of kallikreins 5, 6 and 14 was able to trigger an
elevation of intracellular calcium via PAR, in KNRKrPAR,
cells (Figure 1). No calcium signal was observed in the
background PAR, non-responsive cells (not shown). In
KNRK cells expressing recombinant rat PAR, (but not in
the background non-expressing KNRK cells), hK14 was
also able to generate a calcium signal equivalent to
that caused by the selective PAR,-activating peptide,
SLIGRL-NH, (Figure 2A). This activation of calcium sig-
nalling by hK14 in the PAR,-expressing KNRK cells de-
sensitised the cell response to subsequently added
SLIGRL-NH, compared with the signal generated in the
cells that had not been pre-exposed to hK14 (see arrow
for comparison of the two SLIGRL-NH,-generated cal-
cium signals in Figure 2A). Like hK14, in PAR,-expressing
KNRK cells (but not in non-expressing cells), hK6 also
stimulated elevations of intracellular calcium (Figure 2B).
This activation of KNRK cells with hK6 desensitised the
cell response to trypsin (see arrow comparing the trypsin
signal in the left-hand tracing in Figure 2B, with the sub-
sequent tracing shown for trypsin action alone). Further-
more, after pre-exposing PAR,-expressing cells to hK6,
the subsequent response to the PAR, agonist, SLIGRL-
NH,, was markedly diminished (right-hand portion of last
tracing in Figure 2B) compared to the response of cells
that had not been pre-exposed to hK6 (control response
to SLIGRL-NH,, second-last tracing on right in Figure
2B). The cross-desensitisation by hK14 of the response
triggered by SLIGRL-NH, and the ability of hK6 to de-
sensitise signalling in PAR,-expressing KNRK cells by
both trypsin and SLIGRL-NH, clearly demonstrates the
ability of hK14 and hK6 to activate PAR, (Kawabata
et al., 1999).

As shown in Figure 3A, hK14 was also able to generate
a calcium signal in HEK cells that was somewhat larger
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Figure 1 Activation of calcium signalling by hK5, 6 and 14 via

PAR, in rat PAR,-expressing KNRK cells.

KNRK cells expressing rat PAR, (KNRKrPAR,; Al-Ani et al., 2002)
were exposed to the concentrations of hK5, 6 and 14 indicated
for measurements of calcium signalling (Kawabata et al., 1999)
and the responses were compared to that triggered by trypsin
(right-hand tracing). Time (s) is shown on the X-axis; elevation
of intracellular calcium (Es,,) is denoted by an upward deflection
of the fluorescence tracing, shown in arbitrary fluorescence units
on the Y-axis. Data represent comparable tracings observed in
three or more independent experiments with individually grown
KNRKrPAR, cell samples.
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Figure 2 Calcium signalling triggered by hK14 and hK6 in rat
KNRK cells expressing recombinant rat PAR,.

(A) hK14 signalling cross-desensitises the receptor to activation
by SLIGRL-NH,. (B) hK6 signalling desensitises the receptor to
activation by either trypsin or SLIGRL-NH,. Using methods pre-
viously described in detail (Kawabata et al., 1999), cells loaded
with the calcium indicator, Fluo-3, were exposed to hK14 (O,
3 U/ml) or hK6 (@, 2 U/ml), followed by the addition of either
SLIGRL-NH, (>, 1 wm) or trypsin (CJ, 1 U/ml: lower panel B
only) to the stirred cell suspension. In separate cell suspensions
(separated by the break symbol: //), signalling by either trypsin
alone (I, 1 U/ml) or by the receptor-selective PAR,-activating
peptide SLIGRL-NH, (>, 1 wm) alone (last tracing on the right
in panel A; second-last tracing on the right in panel B) was mon-
itored. The diminished response to SLIGRL-NH, and trypsin
(data shown only for hK6) after pre-treatment of the cells with
either hK14 or hK6 (arrows point to signals before and after
enzyme exposure) indicated that both hK14 and hK6 were sig-
nalling via PAR,. Time (s) is shown on the X-axis; elevation of
intracellular calcium (Ca?*, E,,) is denoted by an upward deflec-
tion of the fluorescence tracing, shown in arbitrary fluorescence
units on the Y-axis. Under these conditions, the values calcu-
lated for intracellular calcium in the HEK and KNRK cells were
approximately 30 nm under basal conditions and maximally
approx. 340 nm upon exposure to SLIGRL-NH, (Kawabata et al.,
1999). Data represent comparable tracings observed in three or
more independent experiments with individually grown rat PAR,-
expressing KNRK cell samples. KNRK cells that did not express
recombinant PAR, did not yield a calcium signal in response to
hK6, hK14 or SLIGRL-NH, (not shown).

in magnitude than that generated by thrombin alone
acting at its EC,, (right-hand tracing, Figure 3A). This sig-
nal was presumed to result from the combined activation
of PAR, and PAR, by hK14. Subsequent to the activation
of HEK cells by hK14, the signal caused by thrombin

was considerably diminished compared to the control
thrombin signal generated in cells that had not been pre-
exposed to hK14 (see arrow for comparison with the sig-
nal shown on the far right of the tracing in Figure 3A).
This result indicates that the first exposure of the cells to
hK14 led to activation-desensitisation and/or disarming
of PAR, in HEK cells. Thus, the subsequent response to
thrombin was attenuated. Similarly, pre-treatment of HEK
cells with an activating concentration of hK14 desensi-
tised the cell response to the PAR, agonist, SLIGRL-NH,
(right-hand portion of first tracing in Figure 3B) compared
with the signal caused by the peptide in cells that were
not pre-exposed to hK14 (see arrow for comparison of
the two SLIGRL-NH,-triggered signals in Figure 3B).
Data obtained from the calcium signalling experiments
using KNRKrPAR, and HEK cells thus indicate that
hK14 is capable of activating/desensitising both PAR,
and PAR,. The preliminary study showed that like hK14,
hK5 and hK6 were also able to activate PAR,, but more
work using HEK cells is required to assess the impact of
hK5 and hK6 on PAR,. Further detailed experiments are

A
hK14,10 U/ml O  Thrombin, 0.5 U/ml =
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Figure 3 Calcium signalling triggered by hK14 in cultured
human embryonic kidney cells (HEK) co-expressing functional
PAR; and PAR,.

(A) Signalling by hK14 desensitises the signal triggered by
thrombin. (B) Signalling by hK14 desensitises the signal gener-
ated by the PAR,-selective agonist, SLIGRL-NH,. The arrows
show a comparison of the calcium signals generated by either
thrombin or SLIGRL-NH, either after (left) or before (right trac-
ings) the cells were exposed to hK14. As described in detail
previously for measuring PAR-mediated calcium signalling
(Kawabata et al., 1999), cells loaded with the calcium indicator,
Fluo-3, were exposed to hK14 (O, 10 U/ml), followed by the
addition of thrombin (M, 0.5 U/ml) to the cuvette. A separate cell
suspension was exposed to the same concentration of thrombin
without prior exposure to hK14 (right-hand tracing). Time (s) is
shown on the X-axis; elevation of intracellular calcium (Eg;) is
denoted by an upward deflection of the fluorescence tracing,
shown in arbitrary fluorescence units on the Y-axis. Data rep-
resent comparable tracings observed in three or more inde-
pendent experiments with individually grown HEK cell samples.
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Figure 4 Activation of rat platelet PAR, by hK14, but not by hK6 and 5: calcium signalling (A) and aggregation (B).

Washed rat platelets were isolated from male Sprague Dawley rats as previously described (Hollenberg et al., 2004) and were either
loaded with Fluo-3 for calcium signalling experiments (A), as for the HEK or KNRK cells, or were used for a platelet aggregation
assay (B), as also described previously (Hollenberg et al., 2004). The responses to hK14 and the lack of aggregation response to
hKs 6 and 5 were compared with the responses to thrombin. The data are representative of four (A) or six (B) independently conducted
experiments with different platelet preparations. Increased intracellular calcium (Ca?*, E,;,) is shown (A) in arbitrary fluorescence units
on the Y-axis; aggregation (B) is indicated by the downward deflection of the turbidity (arrow).

therefore warranted to determine the precise action of
the kallikreins on these two PARs.

As an index of the ability of hKs to activate PAR,, we
made use of a rat platelet calcium signalling assay and
a rat platelet aggregation assay, in which the response
to trypsin and thrombin is entirely due to the activation
of PAR, and not PAR,, since the rat platelet does not
express PAR, (Hollenberg and Saifeddine, 2001; Hollen-
berg et al., 2004). In the rat platelet calcium signalling
assay, hK14 (10 U/ml) was able to cause a prompt plate-
let response that was approximately 60% of that caused
by maximally active amounts of thrombin (2 U/ml) (Figure
4A). In the rat platelet aggregation assay, which is PAR,-
dependent in terms of the thrombin response, hK14
(25 U/ml), like thrombin (0.25 U/ml), triggered an aggre-
gation response (Figure 4B). However, at equivalent
enzyme concentrations, neither hK5 nor hK6 was able to
cause rat platelet aggregation (right-hand traces, Figure
4B). Thus, in rat platelets, hK14 appears to signal like
thrombin, presumably via PAR,, and neither hK5 nor hK6
appears to activate this receptor.

In previous work, we established the ability of trypsin
to cause an endothelium-dependent, nitric oxide-medi-
ated relaxation via PAR, activation (Hollenberg et al.,
1996, 1997). We used the same vascular bioassay ap-
proach (Hollenberg et al., 1996, 1997) to evaluate the
action of hK14. As shown in Figure 5A, in an endotheli-

um-intact rat aorta preparation pre-constricted with 1 um
phenylephrine, hK14 (21 U/ml) was able to cause a relax-
ation response equivalent to that of 10 wm acetylcholine.
Following prior exposure to hK14, the relaxant response
of the tissue preparation to trypsin (24% of the relaxant
action of 10 wm acetylcholine) was diminished compared
to the control relaxant response to trypsin observed in
the absence of hK14 pre-treatment (75% of the relaxant
action of 10 wm acetylcholine; Figure 5B). These data
indicate that, like trypsin, hK14 has vasoregulatory prop-
erties, very likely due to the activation of endothelial cell
PAR, (Hollenberg et al., 1997). Further work with aorta
tissue derived from PAR,”- mice is required to substan-
tiate the role of PAR, in the regulation of vascular tension
by kallikreins.

It has already been established that trypsin, acting via
PAR,, can cause an inflammatory response, as monitored
in a paw oedema model of inflammation and a model of
colitis (Vergnolle et al., 1999b, 2001b; Cenac et al., 2002,
Nguyen et al., 2003). We hypothesised that hK14 could
mimic the action of trypsin in a murine paw oedema
inflammation model. Thus, with the methodology previ-
ously employed to assess the inflammatory action of
agonists of PAR, (Hollenberg et al., 2004), we used the
murine paw oedema model to examine the potential
inflammatory action of hK14 via PARs (Figure 6). Indeed,
intra-plantar administration of hK14 (18 U/paw) caused
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Figure 5 hK14-mediated vasorelaxation in an endothelium-
intact rat aorta ring preparation.

(A) An endothelium-intact rat aorta ring preparation (responsive
to 10 wm acetylcholine: ¥, Ach) was pre-constricted with phen-
ylephrine (A, 1 wM PE) and allowed to reach a plateau of tension,
using methods previously described in detail (Hollenberg et al.,
1993, 1996, 1997, 2004). The preparation was then exposed to
hK14 (O, 21 U/ml) while continually monitoring the tissue ten-
sion. After the transient relaxation caused by hK14 had returned
towards maximum tension, trypsin (CJ, 1 U/ml) was added to the
organ bath to monitor its relaxant effect after pre-exposure of
the tissue to hK14. The relaxant responses of the tissue to hK14
and trypsin were compared with the relaxant effect of acetyl-
choline (¥, 10 w™m Ach). (B) Without pre-treatment of the tissue
with hK14, the relaxant effect of trypsin was approximately 75%
of the relaxation caused by 10 wm acetylcholine (Ach), whereas
the response to trypsin after pre-treatment with hK14 was only
approximately 24% of the relaxant response to 10 wm acetyl-
choline in the same tissue. The scales for time (min, X-axis) and
tension (g, Y-axis) are shown by the insets. The data are repre-
sentative of three independently conducted experiments.

an oedema response in mice (increased paw diameter
in mm), with an increase in diameter over baseline of
0.37+£0.12 mm (average increase in diameter =SEM,
n=>5) at 30 min. The swelling was maintained at 60 min
(0.50+0.13 mm). The increase in oedema caused by
hK14 (Figure 6) was in keeping with the oedema caused
by trypsin over the same time course (data not shown).
Administration of the same amount of heat-inactivated
hK14 resulted in little oedema at the 30-min (0.024+
0.01 mm) and 60-min time points (0.050+0.01 mm). This
lack of swelling was in stark contrast (p<0.005) to the
persistent oedema caused by active hK14. The pattern
of oedema response over time was the same as that
previously shown for PAR-induced oedema (Hollenberg
et al., 2004). We conclude that, as for trypsin and tryp-
tase, hK14 can cause an inflammatory response in
murine paw. As suggested by our in vitro data showing
PAR activation by hK14, and the large volume of literature

hK14-induced paw oedema
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Figure 6 hK14-induced murine paw oedema.

The increased paw oedema (A, mm) in response to hK14 admin-
istration was measured as outlined in the text at 30 and 60 min
for either active (group 1: left histograms) or heat-inactivated
hK14 (group 2: right histograms) (18 U/paw). The bars in the
histograms represent the average increases (A, mm=*=SEM, n=5
for groups 1 and 2) in paw diameter.

data demonstrating a pro-inflammatory role for PAR acti-
vation (Steinhoff et al., 2005; Vergnolle, 2005), this pro-
inflammatory effect of hK14 could be mediated by PAR
activation.

Our data demonstrate that human tissue kallikreins
(hK5, 6 and 14) can cleave synthetic PAR-related teth-
ered ligand peptide sequences in a manner that in intact
cells could potentially result in either the generation of
PAR-activating tethered ligand sequences or in the dis-
arming of PAR; and PAR,. Furthermore, hK6 and 14 both
mimic PAR, cellular signalling caused by PAR,-activating
peptides and by trypsin (elevation of intracellular calcium;
endothelium-dependent vasorelaxation). The cross-de-
sensitisation experiments using HEK cells and the PAR,-
expressing KNRK cell line conclusively demonstrated
activation of PAR, by hK6 and 14. These results are con-
sistent with the ability of hK14 to cause a trypsin-like
oedema response in the murine paw inflammation model.
Our data also indicate that in addition to PAR,, PAR, and
PAR, also appear to be targets for kallikrein regulation.
The rat platelet aggregation and calcium signalling results
strongly support our hypothesis that hK14 can activate
PAR,. Furthermore, the platelet aggregation data show
that there can be a differential response of tissues to
hK14 compared to hK5 and hKB6.

In summary, our data add PARs to the list of kallikrein
targets that may explain the signalling properties that this
enzyme family has in many tissues. By activating the
PARs, the kallikreins can potentially signal by a variety
of G protein-coupled signalling pathways (G,, Gi, Giz/13)
(Macfarlane et al., 2001), thus regulating processes rang-
ing from cell migration, inflammation and nociception to
tumour angiogenesis, growth, metastasis and invasion.
The effects that kallikreins may have in any situation may
depend on the spectrum of kallikreins present and the
availability of PARs that may be expressed in any specific
tissue. We suggest that kallikreins very likely represent
widely distributed endogenous PAR regulators that may
be as important as thrombin in terms of their biological
impact by activating the PARs. Apart from these recep-
tor-mediated signalling pathways, serine proteinases
such as the kallikreins can generate novel receptor-acti-
vating agonists and can potentially regulate signalling



pathways via non-receptor mechanisms (e.g., modulat-
ing matrix-integrin interactions), which can be added to
their recognised ability to generate active polypeptides
from pro-agonist protein precursors. The signalling prop-
erties of the kallikreins via the PARs add a novel dimen-
sion to the biological significance of this enzyme sup-
erfamily. Based on our previous findings related to the
potential pathophysiological roles of the PARs (Vergnolle
et al.,, 1999a, 2001a,b; Noorbakhsh et al., 2003, 2005;
Vergnolle, 2004), we propose that the kallikreins, via PAR-
mediated signalling, may play a prominent role in a wide
variety of pathologies, including cancer. In this regard,
the kallikrein-PAR axis may be seen as a fruitful thera-
peutic target for a number of disease states.

Acknowledgements

The data presented in this article resulted from work supported
in part by a Canadian Institutes of Health Research Proteinases
and Inflammation Network Group grant (M.D.H. and N.V.), by a
Servier International Alliance Project grant (M.D.H. and N.V.), and
by operating grants from the Canadian Institutes of Health
Research (M.D.H. and N.V.). The preparation of hK6 for this
study was supported by grant RG 3406-A-2 to MB, and
RG3367B-4-01 to LA.S. from the National Multiple Sclerosis
Society. The laboratory of E.P.D. is supported by a University-
Industry Grant from the Natural Sciences and Engineering
Research Council of Canada (NSERC and IBEX Technologies,
Montreal, Canada). K.K.H. was supported by a post-doctoral fel-
lowship from the Alberta Heritage Foundation for Medical
Research. N.V. is an Alberta Heritage Foundation for Medical
Research Scholar and a Canadian Institutes for Health Research
Scientist. We are grateful to Kevin Chapman for his assistance
with the paw oedema assays and to John Yu for help with the
platelet aggregation studies.

References

al-Ani, B., Saifeddine., M., and Hollenberg, M.D. (1995). Detec-
tion of functional receptors for the proteinase-activated-
receptor-2-activating polypeptide, SLIGRL-NH,, in rat vas-
cular and gastric smooth muscle. Can. J. Physiol. Pharma-
col. 73, 1203-1207.

al-Ani, B., Saifeddine, M., Wijesuriya, S.J., and Hollenberg, M.D.
(2002). Modified proteinase-activated receptor-1 and -2
derived peptides inhibit proteinase-activated receptor-2 acti-
vation by trypsin. J. Pharmacol. Exp. Ther. 300, 702-708.

Blaber, S.I., Scarisbrick, I.A., Bernett, M.J., Dhanarajan, P., Sea-
vy, M.A,, Jin, Y., Schwartz, M.A., Rodriguez, M., and Blaber,
M. (2002). Enzymatic properties of rat myelencephalon-spe-
cific protease. Biochemistry 47, 1165-1173.

Borgono, C.A. and Diamandis, E.P. (2004). The emerging roles
of human tissue kallikreins in cancer. Nat. Rev. Cancer 4,
876-890.

Borgono, C.A., Grass, L., Soosaipillai, A., Yousef, G.M., Petraki,
C.D., Howarth, D.H., Fracchioli, S., Katsaros, D., and Dia-
mandis, E.P. (2003). Human kallikrein 14: a new potential
biomarker for ovarian and breast cancer. Cancer Res. 63,
9032-9041.

Borgono, C.A., Michael, I.P.,, and Diamandis, E.P. (2004). Human
tissue kallikreins: physiologic roles and applications in can-
cer. Mol. Cancer Res. 2, 257-280.

Cenac, N., Coelho, A.M., Nguyen, C., Compton, S., Andrade-
Gordon, P, MacNaughton, W.K., Wallace, J.L., Hollenberg,
M.D., Bunnett, N.W., Garcia-Villar, R., et al. (2002). Induction

Tissue kallikreins and signal transduction 823

of intestinal inflammation in mouse by activation of protein-
ase-activated receptor-2. Am. J. Pathol. 767, 1903-1915.

Choong, PF. and Nadesapillai, A.P. (2003). Urokinase plasmin-
ogen activator system: a multifunctional role in tumor pro-
gression and metastasis. Clin. Orthop. Relat. Res. 415,
S46-58.

Compton, S.J., McGuire, J.J., Saifeddine, M., and Hollenberg,
M.D. (2002a). Restricted ability of human mast cell tryptase
to activate proteinase-activated receptor-2 in rat aorta. Can.
J. Physiol. Pharmacol. 80, 987-992.

Compton, S.J., Sandhu, S., Wijesuriya, S.J., and Hollenberg,
M.D. (2002b). Glycosylation of human proteinase-activated
receptor-2 (hPAR2): role in cell surface expression and sig-
nalling. Biochem. J. 368, 495-505.

Corvera, C.U., Dery, O., McConalogue, K., Gamp, P,, Thoma, M.,
al-Ani, B., Caughey, G.H., Hollenberg, M.D., and Bunnett,
N.W. (1999). Thrombin and mast cell tryptase regulate guin-
ea-pig myenteric neurons through proteinase-activated
receptors-1 and -2. J. Physiol. 517, 741-756.

Coughlin, S.R. (2000). Thrombin signalling and protease-activat-
ed receptors. Nature 407, 258-264.

Diamandis, E.P.,, Yousef, G.M., Soosaipillai, A.R., and Bunting, P.
(2000). Human kallikrein 6 (zyme/protease M/neurosin): a
new serum biomarker of ovarian carcinoma. Clin. Biochem.
33, 579-583.

Frenette, G., Tremblay, R.R., Lazure, C., and Dube, J.Y. (1997).
Prostatic kallikrein hK2, but not prostate-specific antigen
(hK3), activates single-chain urokinase-type plasminogen
activator. Int. J. Cancer 77, 897-899.

Hollenberg, M.D. and Compton, S.J. (2002). International Union
of Pharmacology. XXVIII. Proteinase-activated receptors.
Pharmacol. Rev. 54, 203-217.

Hollenberg, M.D. and Saifeddine, M. (2001). Proteinase-activat-
ed receptor 4 (PAR4): activation and inhibition of rat platelet
aggregation by PAR4-derived peptides. Can. J. Physiol.
Pharmacol. 79, 439-442.

Hollenberg, M.D., Laniyonu, A.A., Saifeddine, M., and Moore,
G.J. (1993). Role of the amino- and carboxyl-terminal do-
mains of thrombin receptor-derived polypeptides in biolog-
ical activity in vascular endothelium and gastric smooth
muscle: evidence for receptor subtypes. Mol. Pharmacol. 43,
921-930.

Hollenberg, M.D., Saifeddine, M., and al-Ani, B. (1996). Protein-
ase-activated receptor-2 in rat aorta: structural requirements
for agonist activity of receptor-activating peptides. Mol.
Pharmacol. 49, 229-238.

Hollenberg, M.D., Saifeddine, M., al-Ani, B., and Kawabata, A.
(1997). Proteinase-activated receptors: structural require-
ments for activity, receptor cross-reactivity, and receptor
selectivity of receptor-activating peptides. Can. J. Physiol.
Pharmacol. 75, 832-841.

Hollenberg, M.D., Saifeddine, M., Sandhu, S., Houle, S., and
Vergnolle, N. (2004). Proteinase-activated receptor-4: evalu-
ation of tethered ligand-derived peptides as probes for
receptor function and as inflammatory agonists in vivo. Br. J.
Pharmacol. 143, 443-454.

Kawabata, A., Saifeddine, M., al-Ani, B., Leblond, L., and Hol-
lenberg, M.D. (1999). Evaluation of proteinase-activated
receptor-1 (PAR1). agonists and antagonists using a cultured
cell receptor desensitization assay: activation of PAR2 by
PAR1-targeted ligands. J. Pharmacol. Exp. Ther. 288,
358-370.

Kim, H., Scorilas, A., Katsaros, D., Yousef, G.M., Massobrio, M.,
Fracchioli, S., Piccinno, R., Gordini, G., and Diamandis, E.P.
(2001). Human kallikrein gene 5 (KLK5) expression is an indi-
cator of poor prognosis in ovarian cancer. Br. J. Cancer 84,
643-650.

Kong, W., McConalogue, K., Khitin, L.M., Hollenberg, M.D.,
Payan, D.G., Bohm, S.K., and Bunnett, N.W. (1997). Luminal
trypsin may regulate enterocytes through proteinase-activat-
ed receptor 2. Proc. Natl. Acad. Sci. USA 94, 8884-8889.



824 K. Oikonomopoulou et al.

Macfarlane, S.R., Seatter, M.J., Kanke, T., Hunter, G.D., and Ple-
vin, R. (2001). Proteinase-activated receptors. Pharmacol.
Rev. 53, 245-282.

Mirza, H., Schmidt, V.A., Derian, C.K., Jesty, J., and Bahou, W.F.
(1997). Mitogenic responses mediated through the protein-
ase-activated receptor-2 are induced by expressed forms of
mast cell a- or B-tryptases. Blood 90, 3914-3922.

Molino, M., Barnathan, E.S., Numerof, R., Clark, J., Dreyer, M.,
Cumashi, A., Hoxie, J.A., Schechter, N., Woolkalis, M., and
Brass, L.F. (1997). Interactions of mast cell tryptase with
thrombin receptors and PAR-2. J. Biol. Chem. 272, 4043-
4049.

Nguyen, C., Coelho, A.M., Grady, E., Compton, S.J., Wallace,
J.L., Hollenberg, M.D., Cenac, N., Garcia-Villar, R., Bueno, L.,
Steinhoff, M., et al. (2003). Colitis induced by proteinase-acti-
vated receptor-2 agonists is mediated by a neurogenic
mechanism. Can. J. Physiol. Pharmacol. 87, 920-927.

Noorbakhsh, F., Vergnolle, N., Hollenberg, M.D., and Power, C.
(2003). Proteinase-activated receptors in the nervous sys-
tem. Nat. Rev. Neurosci. 4, 981-990.

Noorbakhsh, F., Vergnolle, N., McArthur, J.C., Silva, C., Vodjgani,
M., Andrade-Gordon, P, Hollenberg, M.D., and Power, C.
(2005). Proteinase-activated receptor-2 induction by neuroin-
flammation prevents neuronal death during HIV infection. J.
Immunol. 774, 7320-7329.

Nystedt, S., Emilsson, K., Wahlestedt, C., and Sundelin, J.
(1994). Molecular cloning of a potential proteinase activated
receptor. Proc. Natl. Acad. Sci. USA 917, 9208-9212.

Ossovskaya, V.S. and Bunnett, N.W. (2004). Protease-activated
receptors: contribution to physiology and disease. Physiol.
Rev. 84, 579-621.

Rasmussen, U.B., Vouret-Craviari, V., Jallat, S., Schlesinger, Y.,
Pages, G., Pavirani, A., Lecocq, J.P., Pouyssegur, J., and Van
Obberghen-Schilling, E. (1991). cDNA cloning and expres-
sion of a hamster alpha-thrombin receptor coupled to Ca?*
mobilization. FEBS Lett. 288, 123-128.

Ruf, W., Dorfleutner, A., and Riewald, M. (2003). Specificity
of coagulation factor signaling. J. Thromb. Haemost. 17,
1495-1503.

Saifeddine, M., al-Ani, B., Cheng, C.H., Wang, L., and Hollen-
berg, M.D. (1996). Rat proteinase-activated receptor-2 (PAR-
2): cDNA sequence and activity of receptor-derived peptides
in gastric and vascular tissue. Br. J. Pharmacol. 718,
521-530.

Scarisbrick, I.A., Blaber, S.I., Lucchinetti, C.F., Genain, C.P, Bla-
ber, M., and Rodriguez, M. (2002). Activity of a newly iden-
tified serine protease in CNS demyelination. Brain 725,
1283-1296.

Steinhoff, M., Buddenkotte, J., Shpacovitch, V., Rattenholl, A.,
Moormann, C., Vergnolle, N., Luger, T.A., and Hollenberg,
M.D. (2005). Proteinase-activated receptors: transducers of
proteinase-mediated signaling in inflammation and immune
response. Endocr. Rev. 26, 1-43.

Takayama, T.K., McMullen, B.A., Nelson, P.S., Matsumura, M.,
and Fujikawa, K. (2001). Characterization of hK4 (prostase),
a prostate-specific serine protease: activation of the precur-
sor of prostate specific antigen (pro-PSA) and single-chain
urokinase-type plasminogen activator and degradation of
prostatic acid phosphatase. Biochemistry 40, 15341-15348.

Tanimoto, H., Underwood, L.J., Shigemasa, K., Parmley, T.H.,
and O’Brien, T.J. (2001). Increased expression of protease M
in ovarian tumors. Tumour Biol. 22, 11-18.

Vergnolle, N. (2004). Modulation of visceral pain and inflamma-
tion by protease-activated receptors. Br. J. Pharmacol. 147,
1264-1274.

Vergnolle, N. (2005). Clinical relevance of proteinase activated
receptors (PARs) in the gut. Gut 54, 867-874.

Vergnolle, N., Hollenberg, M.D., and Wallace, J.L. (1999a). Pro-
and anti-inflammatory actions of thrombin: a distinct role for
proteinase-activated receptor-1 (PAR1). Br. J. Pharmacol.
126, 1262-1268.

Vergnolle, N., Hollenberg, M.D., Sharkey, K.A., and Wallace, J.L.
(1999b). Characterization of the inflammatory response to
proteinase-activated receptor-2 (PAR2)-activating peptidesin
the rat paw. Br. J. Pharmacol. 727, 1083-1090.

Vergnolle, N., Bunnett, N.W., Sharkey, K.A., Brussee, V., Comp-
ton, S.J., Grady, E.F, Cirino, G., Gerard, N., Basbaum, A.l,
Andrade-Gordon, P., Hollenberg, M.D., and Wallace, J.L.
(2001a). Proteinase-activated receptor-2 and hyperalgesia: a
novel pain pathway. Nat. Med. 7, 821-826.

Vergnolle, N., Wallace, J.L., Bunnett, N.W., and Hollenberg, M.D.
(2001b). Protease-activated receptors in inflammation, neu-
ronal signaling and pain. Trends. Pharmacol. Sci. 22,
146-152.

Vu, TK., Hung, D.T., Wheaton, V.I,, and Coughlin, S.R. (1991).
Molecular cloning of a functional thrombin receptor reveals
a novel proteolytic mechanism of receptor activation. Cell 64,
1057-1068.

Yousef, G.M., Polymeris, M.E., Grass, L., Soosaipillai, A., Chan,
P.C., Scorilas, A., Borgono, C., Harbeck, N., Schmalfeldt, B.,
Dorn, J., et al. (2003). Human kallikrein 5, a potential novel
serum biomarker for breast and ovarian cancer. Cancer Res.
63, 3958-3965.

Received January 17, 2006; accepted March 28, 2006



