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Serine proteinases participate in tumor growth and
invasion by cleaving and activating proteinase-acti-
vated receptors (PARs). Recent studies have impli-
cated PAR-1 and PAR-4 (activated by thrombin) and
PAR-2 (activated by trypsin but not by thrombin) in
human colon cancer growth. The endogenous activa-
tors of PARs in colon tumors, however, are still un-
known. We hypothesize that the kallikrein-related
peptidase (KLK) family member KLK14, a known tu-
mor biomarker, is produced by colonic tumors and
signals to human colon cancer cells by activating
PARs. We found that i) KLK14 mRNA was present in 16
human colon cancer cell lines, ii) KLK14 protein was
expressed and secreted in colon cancer cell lines, and
iii) KLK14 (0.1 �mol/L) induced increases in intracel-
lular calcium in HT29, a human colon cancer–derived
cell line. KLK14-induced calcium flux was associated
with internalization of KLK14-mediated activation of
PAR-2. Furthermore, KLK14 induced significant extra-
cellular signal–regulated kinases 1 and 2 (ERK1/2)
phosphorylation and HT29 cell proliferation, pre-
sumably by activating PAR-2. A PAR-2 cleavage and
activation–blocking antibody dramatically reduced
KLK14-induced ERK1/2 signaling. Finally, ectopic ex-
pression of KLK14 in human colon adenocarcinomas
and its absence in normal epithelia was demonstrated
by IHC analysis. These results demonstrate, for the first

time, the aberrant expression of KLK14 in colon cancer
and its involvement in PAR-2 receptor signaling. Thus,
KLK14 and its receptor, PAR-2, may represent therapeu-
tic targets for colon tumorigenesis. (Am J Pathol 2011,

179:2625–2636; DOI: 10.1016/j.ajpath.2011.07.016)

The essential role of proteolytic enzymes, such as matrix
metalloproteinases and various serine proteinases, in co-
lon cancer progression and metastasis is well-known.1,2

However, the traditional view of the role of their contribu-
tion to cancer progression by degrading extracellular
matrix proteins has significantly changed recently be-
cause it is now clear that a subclass of proteinases that
serve as signaling molecules controls cell functions
through specific membrane receptors called proteinase-
activated receptors (PARs).3,4 PARs are tethered ligand
receptors that are activated by cleavage of their extra-
cellular amino-terminus by serine proteinases. Originally,
PAR-1, PAR-3, and PAR-4 were described as mainly be-
ing activated by thrombin, whereas PAR-2 is activated by
trypsin and other serine proteinases but not by throm-
bin.3,4 PARs are now known to be targeted by many
serine proteinases, multiple enzyme families, and matrix
metalloproteinase-1.4–6 Once activated, PARs trigger a
cascade of downstream events leading to signal trans-
duction resulting in stimulation of phosphoinositide
breakdown, cytosolic and calcium mobilization,3,4 and
diverse cellular responses in physiopathology, including
gene transcription, cell proliferation, and tissue re-
pair.5,7–9 Short synthetic peptides [activating peptides
(APs)] corresponding to the newly exposed amino-termi-
nus can activate a given PAR selectively and mimic the
cellular effects of the proteinase.3,4,10
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PARs and their activators are considered important
contributors to the development of human colon cancer.
Indeed, we previously demonstrated that in colonic tu-
mors, trypsin acting through up-regulated PAR-2 and
thrombin acting through aberrantly expressed PAR-1 and
PAR-4 are very robust growth factors that control mito-
gen-activating protein kinase (MAPK) activation and sub-
sequent cell proliferation and migration of human colon
cancer cells.8,11–13 Furthermore, PARs participate in cell
invasion and metastasis of many cancers.7,14,15 How-
ever, despite an intense research to discover novel PAR
activators,4,5,16–18 the endogenous enzymes responsible
for activating PARs in colon cancer remain unknown.
Extensive literature exists demonstrating changes in
PARs and kallikrein-related peptidases (KLKs) in the set-
ting of various cancers, such as breast, lung, colon, pan-
creas, ovary, and prostate cancers.9,11,14,15,19,20 Recent
pharmacologic approaches have implicated members of
the KLK family (KLK4-6 and KLK14) as possible PAR acti-
vators in many cell systems.21–23 In prostate cancer cells,
KLK2 and KLK4, initiated MAPK signaling.24 We demon-
strated that KLK4 activates specifically aberrantly ex-
pressed PAR-1 signaling in colon cancer cells but not other
PARs.25 KLK14 is a trypsin-like serine proteinase displaying
arginine/lysine–specific proteinase activity26 similar to the
known PAR activators.4,5 In this context, we explored the
expression of KLK14 in colonic tumors and tested the pos-
sibility that KLK14 can modulate PARs signaling in colon
cancer cells. These results demonstrate, for the first time,
the aberrant expression and secretion of KLK14 in colonic
tumor cells and its absence in normal colon. Furthermore,
we show that KLK14 is a potent promoter of PAR-2 signaling
leading to extracellular signal–regulated kinases 1 and 2
(ERK1/2) activation and colon cancer cell proliferation.
Thus, we hypothesize that KLK14 is a potential endogenous
activator of PAR-2 in colonic tumors.

Materials and Methods

Reagents

Reagents were obtained from the following sources: the
APs TFLLR-NH2 (AP1, a PAR-1 agonist) and SLIGKV-NH2

(AP2, a PAR-2 agonist) or SFLLRN-NH2 [the thrombin
receptor agonist peptide (TRAP) that activates PAR-1
and PAR-2] and 2-furoyl-LIGRLO-NH2 (a potent PAR-2
agonist)27 from NeoMPS (Strasbourg, France); purified
recombinant KLK14 (2 nmol/L of KLK14 equivalent to 1
U/mL of trypsin-like activity) has been previously de-
scribed28; highly purified �-thrombin (3000 U/mg) from
Kordia Laboratory Supplies (Leiden, the Netherlands);
trypsin (16,000 U/mg) and Alexa Fluor 488 dye–conju-
gated goat anti-mouse antibody from Life Technology
Inc. (Cergy Pontoise, France); and Fura-2/AM from Mo-
lecular Probes (Leiden). Antibodies were purchased from
the following vendors: phospho-specific antibodies to
ERK1/2 from Cell Signaling Technologies (Beverly, MA)
and polyclonal anti-ERK1/2 antibodies from Santa Cruz
Biotechnology (Santa Cruz, CA). Monoclonal and poly-

clonal KLK14 antibodies were produced as described.29
The human PAR-2–targeted monoclonal antibody (mAb
13-8) was a gift from Dr. Duke Virca and colleagues (Amgen
Inc., Seattle, WA). This antibody has been verified to target
PAR-2 in calcium signaling assays in vitro (M.D. Hollenberg
and G.D. Virca, unpublished data). All other chemicals were
purchased from Interchim (Asnière, France).

Cell Culture

The human colon cancer cell lines HT29, SW480,
HCT116, Caco-2, HCT-8, LoVo, LS-174T, SW620, and
T84 were obtained from American Type Culture Collec-
tion (Rockville, MD). The Cl.19A cell line was a gift from
Dr. Christian Laboisse (EA 4273 Biométadys University of
Nantes, Nantes, France), and the HT29-D4 cell line was a
gift from Dr. Jacques Marvaldi (Université d’Aix-Marseille,
Marseille, France). Cells were routinely cultured in 25-
cm2 plastic flasks (Costar, Cambridge, MA) as recom-
mended by American Type Culture Collection. Cells were
maintained at 37°C in a humidified atmosphere of 5%
CO2/air in Dulbecco’s modified Eagle’s medium contain-
ing 4.5 g/L of glucose supplemented with 10% fetal calf
serum (FCS), except for Caco-2 cells, which were main-
tained in 20% fetal calf serum (FCS) and 1% nonessential
amino acids. T84 cells were maintained in Dulbecco’s
modified Eagle’s medium–Ham’s F-12 (1:1) supple-
mented with 10% FCS. PC-3, a prostate cancer cell line,
and MDA-MB-468, a breast cancer cell line, both from
American Type Culture Collection, were cultured in RPMI
1640 medium supplemented with 10% FCS.

Human tissues were processed according to French
guidelines for research on human tissues.30 Fresh normal
human colons with no digestive disease were obtained in
the past from France-Transplant according to French bio-
ethics law.31 Colonic epithelial cells were isolated by
manual shaking in a dispersing solution containing EDTA
(2.5 mmol/L) as previously described.32 Cells were
stored in guanidium isothiocyanate at �70°C until isola-
tion of total RNA.

RT-PCR

Total RNA (4 �g) was reverse transcribed using oligo
(dT) primer. Amplifications were conducted using the
resulting cDNAs. Twenty-five percent of the cDNA mix-
ture was amplified using human KLK14 sense primer
5=-CACTGCGGCCGCCCGATC-3= and antisense primer
5=-GGCAGGGCGCAGCGCTCC-3=. Glyceraldehyde-3-
phosphate dehydrogenase cDNA amplification was used
as an internal control with sense primer 5=-TCGGAGT-
CAACGGATTTGGTCGTA-3= and antisense primer 5=-
AGCCTTCTCCATGGTGGTGAAGA-3=. Each of the 30 cy-
cles of amplification was performed as follows: 94°C for
40 seconds, 59°C for 40 seconds, and 72°C for 40 sec-
onds. PCR products were identified by electrophoresis in
2% agarose gel followed by SYBR Safe staining (Invitro-

gen, Carlsbad, CA).
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Tissue IHC Analysis

Immunohistochemical (IHC) analysis was performed on
archival formalin-fixed, paraffin-embedded tissue sam-
ples from two cases with normal colonic mucosa and 11
cases of colonic adenocarcinomas (Pathology Depart-
ment of Bichat-Claude Bernard Hospital, Paris, France),
of which 7 adenocarcinomas were located in the right colon
and 4 in the left colon. Twenty-nine samples of TMA (along
with their matched normal tissue controls) (CliniSciences,
Montrouge, France) were also analyzed. Tissues were
used in accordance with the requirement of the Human
Research Committee of the Bichat-Claude Bernard Hos-
pital and according to French bioethics law.31 Tumors
were staged according to the TNM classification. Staging
was performed according to the pathologic records. De-
waxed sections were overlaid overnight with the KLK14
antibody diluted in PBS 1:400. Specific binding was de-
tected by the streptavidin-biotin-peroxidase method (Uni-
versal immunostaining kit; Immunotech, Marseille). Sec-
tions were counterstained with Mayer’s hemalum. In
control experiments, the primary antibody was replaced
with the antibody diluent. KLK14 immunostaining was
assessed by three independent observers using a semi-
quantitative method. First, the percentage of immuno-
stained epithelial cancer cells was evaluated and sec-
ond, the staining intensity was scored on a scale from 0
to 4 where 0 represents no staining; 1, weak; 2, moder-
ate; 3, strong; and 4, intense staining.

Immunofluorescence and Confocal Microscopy

Immunofluorescence detection was performed on HT29
cells grown on glass coverslips. The polyclonal KLK14
antibodies, previously characterized,29 were used to de-
tect KLK14 in HT29 cells.

We also performed PAR-2 immunofluorescence stud-
ies as described25 after incubation of HT29 cells for var-
ious times (5, 10, 15, 30, and 60 minutes) at 37°C with
either trypsin (0.01 �mol/L) or KLK14 (0.1 �mol/L). Cells
were washed three times in PBS before being fixed in 2%
paraformaldehyde or with cold acetone for 30 seconds
for PAR-2 internalization studies, were washed three
times in PBS, and then were incubated with PBS contain-
ing 2% bovine serum albumin for 15 minutes before ap-
plication of the primary anti–PAR-2 mAb (mAb 13-8) for 2
hours at room temperature at a 1:200 dilution. Cells were
washed in PBS containing 1% bovine serum albumin,
and secondary antibody, Alexa Fluor 488 dye–conju-
gated goat anti-mouse antibody, was applied for 45 min-
utes at room temperature. The cells were washed again
in PBS containing 1% bovine serum albumin and finally in
PBS. Negative controls were obtained by omitting pri-
mary antibodies. The cells were then mounted in
Vectashield medium (Vector Laboratories, Peterborough,
UK). Images were examined using a fluorescence micro-
scope (Leica DM IRB; Leica Microsystems, Wetzlar, Ger-
many) (original magnification, �630) and by confocal
analysis (Zeiss LSM 510; Carl Zeiss MicroImaging

GmbH, Jena, Germany) (original magnification, � 630).
ELISA for KLK14

HT29 cells were seeded at 500,000 cells per flask. At
confluence, cells were counted, and the conditioned me-
dium was collected for measurement of KLKs. Enzyme-
linked immunosorbent assay (ELISA) for KLK14 was per-
formed using a noncompetitive immunoassay, as
previously described.33 Briefly, the KLK14-specific mAb
was first immobilized on a 96-well white polystyrene plate
(500 ng per well) by incubating in coating buffer (50
mmol/L Tris, 0.05% sodium azide, pH 7.8) overnight at
room temperature. The plate was then washed three
times with washing buffer [50 mmol/L Tris, 150 mmol/L
NaCl, 0.05% Tween 20 (pH 7.8)] (Sigma-Aldrich, St
Louis, MO). KLK14 standards or samples were then put
into each well (100 �L per well), diluted 1:1 in assay
buffer [50 mmol/L Tris, 6% bovine serum albumin, 10%
goat IgG, 2% mouse IgG, 1% bovine IgG, 0.5 mol/L KCl,
0.05% sodium azide (pH 7.8)], incubated for 2 hours with
shaking, and then washed six times, as previously herein.
Subsequently, 100 �L of rabbit anti-KLK14 polyclonal
sera diluted 1000-fold in assay buffer was added and
incubated for 1 hour. After incubation, the plate was
washed as described previously herein; alkaline phos-
phatase–conjugated goat anti-rabbit IgG (Jackson Im-
munoResearch Laboratories Inc., West Grove, PA), di-
luted 3000-fold in assay buffer, was applied; and plates
were incubated for 45 minutes. After washing as de-
scribed previously herein, the alkaline phosphatase sub-
strate diflunisal phosphate (100 �L of a 1-mmol/L solu-
tion) in substrate buffer [0.1 mol/L Tris (pH 9.1), 0.1 mol/L
NaCl, and 1 mmol/L MgCl2] was added to each well and
incubated for 10 minutes followed by the addition of
developing solution (100 �L containing 1 mol/L Tris base,
0.4 mol/L NaOH, 2 mmol/L TbCl3, and 3 mmol/L EDTA)
for 1 minute. The resultant fluorescence was measured
by time-resolved fluorometry using the Cyberfluor 615
immunoanalyzer (MDS Nordion, Kanata, ON, Canada).

Intracellular Calcium Measurement

Intracellular calcium concentration was measured using
Fura-2/AM. HT29 cells were seeded onto the center of
glass coverslips and cultured in Dulbecco’s modified
Eagle’s medium to 80% confluence. Coverslips were then
loaded with 5 �mol/L Fura-2/AM in Na-HEPES–buffered
saline, pH 7.4, containing 135 mmol/L NaCl, 4.6 mmol/L
KCl, 1.2 mmol/L MgCl2, 11 mmol/L HEPES, 11 mmol/L
glucose, and 0.01% pluronic acid with 1.5 mmol/L CaCl2
for 45 to 60 minutes at 37°C. They were then washed in
Na-HEPES buffer and placed at 37°C in a fluorimeter.
Cells were treated with KLK14, thrombin, or human tryp-
sin or the PARs agonists peptides TRAP (SFLLR-NH2),
AP1 (TFFLR-NH2), AP2 (SLIGKV-NH2), and 2-furoyl-
LIGRLO-NH2, and changes in intracellular Ca2� were
monitored. Fluorescence was measured using a dual-
wavelength excitation fluorimeter at 340 and 380 nm for

excitation and at 510 nm for emission.
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Western Blot Analysis

For ERK phosphorylation assays, cells were grown in six
cluster wells (Costar) to 70% confluence and then were
serum deprived for 48 hours. Quiescent cells were
treated with test substances for various periods as indi-
cated. In some experiments, HT29 cells were preincu-
bated with anti–PAR-2 (mAb 13-8) (200 nmol/L) for 2
hours and then were challenged for 5 minutes with trypsin
(10 nmol/L) or KLK14 (2 nmol/L). Cells were lysed with
RIPA assay buffer [PBS, 1% NP-40 (Thermo Fisher Sci-
entific, Illkirch Cedex, France), 0.5% sodium deoxy-
cholate, and 0.1% SDS] containing proteinase inhibitor
cocktail (Sigma-Aldrich) and 1 mmol/L sodium or-
thovanadate for 30 minutes at 4°C, and lysates were
centrifuged at 12,000 � g for 15 minutes. Equal amounts
of extracts (50 �g) were separated by SDS-PAGE and
transferred onto nitrocellulose membrane. Membranes
were incubated in blocking Tris-buffered saline buffer (20
mM Tris, 50 mM NaCl) containing 5% (w/v) low-fat milk
and 0.1% (v/v) Tween 20 and then were probed with
phospho-specific antibodies to ERK1/2 (1:2000) over-
night at 4°C. Subsequently, blots were washed and incu-
bated with the anti-IgG-peroxidase-linked secondary an-
tibody for 1 hour at room temperature before detection
using a chemiluminescent detection kit (NEN Life Sci-
ence, Paris) and exposure to X-rays. Membranes were
reprobed using a polyclonal anti-ERK1/2 antibody (1:
1000) that recognizes total ERK1/2 regardless of its phos-
phorylation state and served as loading controls.

Proliferation Assay

Determination of cellular proliferation was accomplished
by direct cell count as previously described.8 Colon can-
cer cells were seeded sparsely (5000 cells per well) in 96
cluster wells (Costar) and allowed to adhere and grow for
3 days. The medium was removed, and adherent cells
were rinsed twice with serum-free medium. Cells were
then grown in 200 �L of culture medium without FCS for
48 hours, after which 200 �L of a fresh serum-free me-
dium was added with or without trypsin, SLIGKV-NH2, or
KLK14. After designated times in culture, cells were de-

Figure 1. Expression of KLK14 in human colon cancer cell lines (A) and in
reverse transcribed and PCR amplified with KLK14 or glyceraldehyde-3-pho

predicted size (485 bp) for KLK14 was visualized after electrophoresis on 2% agaro
cell line (PC-3)34 were used as positive controls.
tached from triplicate wells by trypsin (0.25% w/v)-EDTA
(0.02% w/v) and counted in a hemacytometer. Cell death
was evaluated using trypan blue. No significant cell
death was observed after treatment with the enzymes or
the AP.

Results

Human KLK14 Expression in Human Colon
Cancer Cell Lines in Vitro

The expression of KLK14 transcripts was investigated in
15 human colon cancer cell lines by RT-PCR analysis.
KLK14 mRNA seemed to be present in all human colon
cancer cells analyzed. A strong KLK14 mRNA signal was
detected at the predicted band size of 485 bp in HT29,
HT29-D4, SW480, LS174T, HCT8, SW620, SW48, LoVo,
HCT116, T84 cells, and WiDr cells (Figure 1). In contrast,
weak expression of KLK14 was detected in Caco-2,
HT29-Cl.19A, Colo 205, and Colo-HSR cells. The human
breast cancer cell line MDA-MB-46828 and the human
prostate cancer cell line PC-334 were used as positive
controls and, as expected, showed high levels of KLK14
mRNA (Figure 1A). Under the experimental conditions,
KLK14 mRNA was faint or absent in epithelial cells iso-
lated from normal human colon (Figure 1B).

To provide further evidence of KLK14 expression at the
protein level, IHC analysis detection was performed on
paraffin-fixed HT29 and MDA-MB-468 cells. Cell blocks
were prepared from HT29 cells and MDA-MB-468 cells
that were grown in culture. As shown in Figure 2A, strong
cytoplasmic staining was detected in HT29 cells, similar
to that observed in MDA-MB-468 cells used as positive
control. Conversely, cells were negative when KLK14
primary antibody was omitted.

To confirm the cytoplasmic localization of KLK14,
HT29 cells were stained by the immunofluorescence
method using a polyclonal antibody directed against hu-
man KLK14. Staining was localized all over the cytoplas-
mic region of HT29 cells (Figure 2B). Immunostaining
was also detected in close proximity to the plasma mem-
brane and in the perinuclear region of HT29 cells. In

ells versus human normal colonic epithelial cells (B). Total RNA (4 �g) was
ehydrogenase (GAPDH) primers. B: A single PCR-amplified product of the

28
HT29 c
sphate d
se gel. The breast cancer cell line (MDA-MB-468) and the prostate cancer
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contrast, no fluorescence could be detected when the
antibody was omitted, showing the specificity of the an-
tibody. Confocal laser scanning microscopy confirmed
that immunoreactivity was localized in a perinuclear re-
gion of HT29 cells (Figure 2B). These data are consistent
with the RT-PCR detection of KLK14 in HT29 cells and
show that colon cancer cells express high intracellular
levels of KLK14 protein.

Calcium Signaling Triggered by KLK14 in HT29
Cells Is Mediated by PARs

Because it has been reported that some KLK members
have the ability to activate PARs,21,22 we investigated
whether KLK14 can trigger calcium signaling in HT29
cells that constitutively express high levels of PAR-1 and
PAR-2.8,9 As we previously reported, receptor selective
peptide agonists for PAR-1 (TFFLR-NH2) and PAR-2
(SLIGKV-NH2) induced changes in Ca2� mobilization in
HT29 cells, confirming that HT29-expressed PAR-1 and
PAR-2 are functional (data not shown).8,9 As shown in
Figure 3A, HT29 cell challenge with KLK14 induced in-
tracellular Ca2� mobilization in the concentration range
of 30 to 150 nmol/L. At a low concentration (30 nmol/L),
KLK14 caused only a small Ca2� response, whereas
HT29 cell challenge with 0.1 �mol/L or 0.15 �mol/L of the
enzyme resulted in significant but comparable Ca2� re-
sponses, suggesting that the plateau of the Ca2� re-

ControlKLK14

HT29

MDA-MB-468

A

B

Figure 2. Immunodetection of KLK14 in human colon cancer cells. A:
Immunodetection of KLK14 in paraffin sections from HT29 (left upper
panel) and MDA-MB-468 cells (left lower panel). No immunoreactivity was
detected when the primary antibody was omitted (right panels). B: Immu-
nofluorescence detection of KLK14. HT29 cells were fixed using 2% parafor-
maldehyde. Left: KLK14 protein was evident in the cytoplasm of HT29 cells.
Right: No immunofluorescence was observed when the anti-KLK14 antibody
was omitted. Original magnification, �630. The inset shows confocal micro-
scopic immunocytochemical localization of KLK14 in HT29 cells. Original
magnification, �630; zoom, �4. Arrows show perinuclear staining of
KLK14.
sponse lies at this range of KLK14 levels. Therefore,
subsequent experiments were performed with 0.1 �mol/L
of KLK14. The data suggest that KLK14 signals to HT29
cells by causing an increase in calcium concentrations.

The specificity of the response via PAR-1 and PAR-2
was demonstrated by cross desensitization studies using
specific agonist peptides and enzymes.10 As shown in
Figure 3B, a challenge of the cells with TRAP (SFLLR-
NH2) (100 �mol/L), which is known to desensitize PAR-1
and PAR-2 but not other PARs,10 abrogated subsequent
AP1 and AP2 responses, the known agonists of PAR-1
and PAR-2, respectively. KLK14-induced Ca2� mobiliza-
tion was also abrogated after PAR-1 and PAR-2 desen-
sitization with TRAP (Figure 3B). These experiments sug-
gest that KLK14 signals mainly via PAR-1 and/or PAR-2.

To determine which PAR is activated by KLK14, first
we used thrombin (10 nmol/L) to desensitize PAR-1. In-
deed, KLK14–induced Ca2� mobilization was not af-
fected by a first challenge of the cells with thrombin
(Figure 4A). In concordance with these data, KLK14-
induced calcium mobilization did not abrogate the cal-
cium responses induced by AP1 (TFFLR-NH2, the PAR-
1–specific APs) (100 �mol/L) (Figure 4B). Conversely,
desensitization of PAR-2 by the PAR-2–specific peptide
2-furoyl-LIGRLO-NH2 abrogated the KLK14-induced
Ca2� elevation, whereas subsequent challenge of HT29
cells with AP1 (TFFLR-NH2) (100 �mol/L) still induced
Ca2� elevation (Figure 4C). These results suggest that
KLK14 preferentially activates PAR-2 in HT29 cells.

Figure 3. KLK14 induces calcium mobilization in HT29 cells via PARs. HT29
cells were loaded for 60 minutes at 37°C using Fura-2/AM. A: Cells were
challenged with the indicated concentrations of KLK14. B: Cells were chal-
lenged by the addition of the TRAP that coactivates PAR-1 and PAR-2,
followed by sequential challenges with AP1, AP2, and KLK14 (0.1 �mol/L).

Addition of the agonists is indicated by arrows. These results are represen-
tative of three independent experiments.
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KLK14 Induces Internalization of PAR-2 in HT29
Cells with Disappearance of Receptor from the
Cell Surface

By using immunofluorescence microscopy and an anti-
body directed against the N-terminal domain of PAR-2
that recognizes the uncleaved and cleaved receptor, we
examined the loss of PAR-2 immunoreactivity at the cell
surface of KLK14-treated cells. As shown in Figure 5A,
PAR-2 was readily detected at the plasma membrane of
unstimulated HT29 cells (control). In control experiments,
as expected, trypsin treatment caused loss of PAR-2 from

Figure 4. KLK14 initiates changes in intracellular Ca2� mobilization via
PAR-2 but not PAR-1 in HT29 cells. HT29 cells were loaded for 60 minutes at
37°C using Fura-2/AM. A: HT29 cells were challenged first with thrombin
(0.01 �mol/L) followed by a second challenge with KLK14 (0.1 �mol/L). B:
Cells were first challenged with KLK14 followed by a second challenge with
AP1 (TFFLLR-NH2, 100 �mol/L). Note that cells are still responsive to AP1. C:
First, cells were challenged twice with the PAR-2–specific agonist peptide,
2-furoyl-LIGRLO-NH2 (2-fLIGRLO-NH2, 10 �mol/L), and then with KLK14
(0.1 �mol/L). A subsequent challenge with AP1 (TFFLLR-NH2, 100 �mol/L)
showed that cells were still responsive. Administration of the compounds is
indicated by arrows. These results are representative of three independent
experiments.
the cell surface, and thrombin treatment did not affect
PAR-2 staining (Figure 5A).8 Stimulation of HT29 cells
with KLK14 (0.1 �mol/L) for 15 minutes resulted in a
significant decrease in PAR-2 immunoreactivity at the cell
surface (Figure 5A). These data indicate that KLK14 me-
diates N-terminal cleavage of PAR-2 and concomitant
loss of receptor staining from HT29 cell surface.

Activated PAR-2 is rapidly desensitized and internal-
ized.3,35 Because PAR internalization requires proteolytic
cleavage at defined activation sites, we analyzed PAR-2
intracellular localization after KLK14 challenge by confo-
cal microscopy. As shown in Figure 5B, trypsin treatment
induced PAR-2 internalization, as indicated by the ap-
pearance of diffuse intracellular staining, compared with
the membrane staining in control unstimulated cells. As
expected, thrombin did not affect the membrane local-
ization of PAR-2. In contrast, treatment with KLK14 in-
duced rapid (15 minutes) internalization of PAR-2 and
diffuse localization in the cytosol of HT29 cells. These
data indicate that in HT29 cells, KLK14-induced calcium
signaling is mediated by a proteolytic cleavage of PAR-2
at a specific activation site that induces its internalization.

KLK14 Activates ERK1/2 in Human Colon
Cancer Cells

Because we have previously shown that PAR-2 activation
plays a pivotal role in ERK1/2-induced activity in colon
cancer,12 we next investigated the effect of KLK14 on
ERK1/2 phosphorylation. Addition of KLK14 (0.1 �mol/L)
to quiescent HT29 cells for various times induced a rapid
time-dependent phosphorylation of p42/p44, reaching a
maximum within 5 to 10 minutes and persisting for 40
minutes (Figure 6A). KLK14 induces ERK1/2 phosphoryla-
tion in the concentration range of 2 to 50 nmol/L (Figure 6B).
Significant ERK1/2 phosphorylation was obtained with
KLK14 concentrations as low as 2 nmol/L KLK14. These
experiments suggest that KLK14 activates the MAPK path-
way in colon cancer cells at concentrations equivalent to
those at which trypsin activates PAR-2 signaling.12

To clearly show the involvement of PAR-2 in KLK14 sig-
naling, we used mAbs directed against the sequence span-
ning the protease cleavage/activation site of PAR-2 (mAb
13-8).25 As shown in Figure 6C, blocking cleavage of PAR-2
with the mAb antagonist mAb 13-8 inhibited KLK14-in-
duced ERK1/2 phosphorylation. As expected, PAR-2 mAbs
also inhibited trypsin-induced ERK1/2 phosphorylation. This
result shows that KLK14 acts at the cleavage site of PAR-2
to induce cell signaling in colon cancer cells.

KLK14 Stimulates Proliferation of Human Colon
Cancer Cells in Vitro

PAR-2–induced ERK activation plays a pivotal role in
colon cancer cell proliferation.8,12 Next, we evaluated the
effect of KLK14 on HT29 cell growth. Stimulation of HT29
cells with KLK14 (1 nmol/L) significantly increased HT29
cell numbers at 96 hours (Figure 7). This stimulation was
comparable with that induced by 1 nmol/L trypsin or 100
�mol/L AP2. All these data suggest that low concentra-

tions of recombinantly expressed KLK14 can stimulate
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colon cancer cell proliferation in vitro, presumably
through PAR-2.

Identification of KLK14 in Human Colonic
Cancer Cell Supernatants

The relevance of KLK14’s effect on cell proliferation was
investigated by measuring KLK14 secretion into the con-
ditioned media from human colon cancer cells in vitro.
The levels of KLK14 in various cell line supernatants were
quantified using an immunoassay (see Materials and
Methods). KLK14 protein is secreted by many human
colon cancer cell lines (Figure 8). The amount of KLK14 in
these supernatants was corrected for the total cell num-
ber. The highest KLK14 levels (mean � SEM: 90 � 17.3
ng/L; �3 pmol/L) were observed in the conditioned me-
dia from the SW480 cell line, followed by the T84, SW48,
and LoVo cell lines. Lower levels were seen in the HT29
and LS174T cell lines. KLK14 immunoreactivity in the
other cell lines (SW620, Caco-2, HCT-116, and HT29-
16E) was very low or undetectable. These data suggest
that colon cancer cell lines express and secrete KLK14
extracellularly.

KLK14 Is Expressed in Colon Cancer Tumors
in Vivo

We next examined the potential pathologic relevance

Control KLK14

Control  

A

B KLK14

Figure 5. KLK14 induces loss of PAR-2 from the surface of HT29 cells. A: Im
thrombin (0.01 �mol/L), trypsin (0.01 �mol/L), or vehicle (control) for 15 min
with a PAR-2 mAb that recognizes an epitope in the N-terminal extracellula
�630. B: Confocal photomicrographs of unstimulated (control) and KLK14-, t
acetone and immunostained with PAR-2 mAb. Original magnification, �630
of our observations by performing IHC analysis of
KLK14 in colorectal adenocarcinomas and normal co-
lonic tissues. In normal human colonic mucosa from
control subjects without colonic cancer, no staining for
KLK14 was observed in epithelial cells (Figure 9A). How-
ever, immunostaining was seen in the stromal cells and
the submucosa. Similarly, in patients with colon cancer,
immunoreactivity was absent in the “normal” mucosa, far
from the neoplastic tissue (Figure 9B). In contrast, KLK14
expression was clearly seen in the contiguous dysplastic
mucosa (Figure 9C). Twenty-nine patient adenocarcino-
mas expressed KLK14 in the cancerous epithelium re-
gardless of the site of the tumor in the colon and regard-
less of the type of tumor, tumor stages, or degree of
tumor differentiation (Table 1). The intensity of staining,
however, varied from case to case (Figure 9, C–E). Stain-
ing was localized in the cytoplasmic compartment and
appeared strong at the apical part of the cells. These
observations thus show, for the first time, that human
colonic adenocarcinomas aberrantly express high levels
of KLK14, in contrast to normal mucosa, where expres-
sion is nondetectable. Note that these observations are in
agreement with the mRNA analysis of colon cancer ver-
sus normal colonic cells (Figure 1).

Discussion

The main finding is that there is a marked up-regulation of
KLK14 in colon cancer–derived glandular epithelial cells,
relative to noncancer-derived tissues, and that KLK14 in

TrypsinThrombin

TrypsinThrombin

orescence detection of PAR-2 in HT29 cells treated with KLK14 (0.1 �mol/L),
37°C. Cells were fixed using 2% paraformaldehyde and were immunostained

of PAR-2 that overlaps the activating-cleavage site. Original magnification,
-, and trypsin-stimulated HT29 cells. Cells were fixed and permeabilized with
�4. Results are representative of two independent experiments.
munoflu
utes at

r domain
hrombin
the nanomolar range can activate cell signaling via
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PAR-2. We previously showed that activation of PAR-2
induces a signaling pathway that leads to colon cancer
cell proliferation.8,12 However, the endogenous protein-
ases that can activate this member of the PAR family in

Figure 7. The ability of KLK14 to induce cell proliferation in HT29 cells. Cells were
seeded in medium containing 10% FCS. After 3 days, cells were washed and covered
with serum-free medium for 48 hours. Quiescent cells were grown for 96 hours in
serum-free medium without control, with 100 �mol/L AP2, 1 nmol/L trypsin, or 1
nmol/L KLK14. After 72 hours, cells from triplicate wells were counted for each

condition. Data are the mean � SEM of three different experiments. *P � 0.001,
KLK14-, AP2-, or trypsin-treated cells versus control cells.
colonic tumors are still unknown. Thus, KLK14 can be put
forward as a likely aberrantly expressed colon cancer–
produced proteinase that, via PAR-2 signaling, can play
a role in the colon oncogenic process. Thus, KLK14-

Figure 6. KLK14 activates p42/p44 MAPK in
HT29 cells. A: Immunoblot with phospho-spe-
cific p42/p44 MAPK antibodies on quiescent
HT29 cell lysates treated with or without KLK14
(0.1 �mol/L) for the indicated periods. Results
are representative of two separate experiments.
B: Dose-dependent activation of p42/p44 MAPK
phosphorylation by KLK14. Quiescent HT29
cells were stimulated with the indicated concen-
trations of KLK14 for 10 minutes. To confirm
equal protein loading, the membranes were
stripped and incubated with p42/p44 MAPK an-
tibody. Results are representative of three sepa-
rate experiments. C: Cells grown in serum-free
medium were preincubated with anti–PAR-2 (mAb
13-8) (200 nmol/L) for 2 hours and then were
challenged for 5 minutes with trypsin (0.01
�mol/L) or with KLK14 (2 nmol/L). Cell lysates
were then directly analyzed for ERK1/2 phosphor-
ylation with anti-phospho-ERK1/2. The blot was
subsequently stripped and reprobed with anti-
ERK1/2 to verify equal protein loading lanes. The
figure shows a representative immunoblot from
two separate experiments. Densitometric analysis
of the phospo-p42/p44 MAPK divided by p42/p44
MAPK is represented in the left panels. Data are
the mean � SD of two separate experiments.

Figure 8. KLK14 secretion in colon cancer cell lines. Supernatants were col-
lected from colon cancer cells in culture, and KLK14 expression was estimated

by sandwich-type ELISA (see Materials and Methods). Protein values represent
the mean � SEM concentration of KLK14 expressed by 1 � 106 cells.
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triggered PAR-2 activation can now be added to KLK4-
stimulated PAR-1 activation25 as a potentially key ele-
ment in the tumorigenic process. In this regard, members
of the KLK family can be seen as likely endogenous-
derived regulators of PAR-1 and PAR-2.

Although originally known for its biomarker value in
breast, ovarian, and prostate cancer,20 to our knowledge,
this is the first evidence of KLK14 detection in colon
cancer and its absence in normal epithelia of human
colon and its link to PAR-2 receptor signaling in colonic
tumors. This study shows that KLK14 is expressed in
many colon tumors tested in vivo and in colon cancer cell
lines in culture. In vivo, we demonstrated by IHC analysis
that KLK14 is present in cancer mucosal tissues but is
expressed at a very low level, if any, in the adjacent
normal mucosa (Figure 9). Normal mucosa from control
colonic tissues does not stain with the KLK14 antibody.
This is in line with the low detection of KLK14 mRNA by
RT-PCR in isolated cells from normal human colon. The
expression of KLK14 does not correlate with the type of
tumor, the tumor stage, or the degree of tumor differen-
tiation (Table 1). The data regarding KLK14 expression in
normal colon and colonic tumors have been controver-
sial. The present finding that KLK14 is absent in normal
colonic tissues is in agreement with another study that
showed, by ELISA and RT-PCR, the absence of KLK14 in
adult colon.33 However, in another study, ELISA analysis

A

B

C

ED

*

*

*

Figure 9. Representative immunostaining for KLK14 in paraffin sections of
normal colonic mucosa and colonic tissues from patients with adenocarci-
nomas. KLK14 immunoreactivity is absent in normal sigmoid glandular mu-
cosa from control subjects (A) and in an adjacent section from a colonic
mucosa distant from an adenocarcinoma (B). Asterisks show stromal cell
staining. C–E: High and variable immunoreactivity (white arrows) is seen in
the epithelial cells of adenocarcinomas of three different patients. The black
arrow in the enlarged area in D points to positive immunoreactivity in the
cytoplasmic compartment of epithelial cells. Scale bars � 100 �m. Original
magnification, �200.
measuring the expression of a panel of KLKs (KLK5-8,
KLK10, KLK11, and KLK13-15) did not show significant
differences in average KLK14 levels between normal mu-
cosa and colonic tumors. Nevertheless, using a multivar-
iate statistical analysis, elevated KLK14 levels were found
to be associated with an unfavorable survival prognosis
in patients with colon cancer.36 Other studies using an in
silico analysis19 and real-time PCR quantification37–39 did
not report differences in KLK14 expression between co-
lonic tumors and their paired normal mucosa. This dis-
crepancy in KLK14 expression between previously pub-
lished data and the present findings are most likely due to
specimen selection and to differences in the KLK14 de-
tection methods used (eg, in silico, quantitative RT-PCR,
and ELISA rather than IHC analysis). Indeed, the previ-
ously listed studies used samples comprising intact re-
sected colonic tissues that would unavoidably contain a
large amount of immune cells and stromal cells in addi-
tion to glandular mucosal cells. In contrast, herein we
evaluated KLK14 expression by IHC analysis, which can
localize specifically KLK14 expression in a selected pop-
ulation of cells in the tissue (Figure 9). This cell-targeted
approach showing KLK14 expression in stromal cells in
the mucosa but not in glandular epithelial cells in normal
tissues and a marked up-regulation of KLK14 in the ep-
ithelial cells of adenocarcinoma tissue leads to a more
precise evaluation of the sites of the proteinase up-reg-
ulation and might explain failure to detect significant can-
cer-associated changes of KLK14 levels in others stud-
ies. Furthermore, some KLKs are highly expressed at
sites of inflammation40 and might, therefore, also be ele-
vated in the immune cells and in the glandular epithelial
cells in non–cancer-bearing tissues obtained from indi-
viduals with inflammatory bowel disease. Further studies
are needed to evaluate the KLK14 expression in inflam-
matory bowel diseases.

Although several studies indicating that KLK expres-
sion in many cancers, including breast, ovarian, pros-
tate, and lung cancers, is under multiple regulatory
mechanisms, such as hormonal and epigenetic mech-
anisms,41 the mechanism whereby the KLK14 gene is
switched on in colon cancer is unknown. It is likely that
this ectopic expression can probably be controlled by
common regulatory mechanisms, as in the other epi-
thelial cancers. In colon cancer, expression of KLK6,
another member of the kallikrein family, has been
shown to be modulated by the proto-oncogene (Ki-ras),
which is frequently mutated in colonic cancers.42 Fur-
ther studies on KLK14 regulation in colon cancer cells
are, thus, warranted to evaluate a possible role of
Ki-ras or other signaling mechanisms.

Whether endogenously released KLK14 contributes to
colon cancer development in vivo is not known but cer-
tainly warrants further investigation. KLK14 is synthesized
and secreted as a zymogen that needs cleavage of a
short prodomain by trypsin-like proteinases for activa-
tion.43 Thus, it remains to be determined how the endog-
enously released KLK14 zymogen might be activated in
the setting of colon cancer so as to contribute to colon
tumorigenesis. Because trypsin-like serine proteinases
other than KLK14 can be detected in the colorectal can-

cers,2,44 it is possible that such enzymes might activate
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the KLK14 zymogen. Alternatively, many studies have
reported that KLKs participate in an enzymatic cascade
to activate each other.45 Indeed, in vitro biochemical
studies showed that pro-KLK14 can be processed by
KLK5.26,45 It will, therefore, be important to establish
whether colon cancer cell lines express and secrete
active KLK5. In addition, several peptidases in the
thrombostasis axis, including plasmin, tissue plasmin-
ogen activator, urokinase-type plasminogen activator,
Factor Xa, and thrombin, can efficiently activate selective
pro-KLKs, including pro-KLK14.46 It is possible that acti-
vation of pro-KLK14 may result from activation of serine
proteinases of the coagulation pathway, which is
known to be dysregulated in many cancers, including
colon cancer.47– 49

We previously showed that trypsin, acting via PAR-2,
induces a signaling pathway that leads to colon cancer
cell proliferation.8,12 However, endogenous proteinases
that can activate either this receptor or other members of
the PAR family in colonic tumors are still unknown. A
variety of studies have linked proteolytic enzymes, in-
cluding KLKs, with unfavorable prognoses of many can-
cers, including colon cancer.1,2,20,50 Herein, KLK14 can
be seen to induce efficient calcium mobilization via
PAR-2 activation and to promote efficient cell growth in
the colon cancer–derived cell line HT29, mimicking the
effect of trypsin or AP2-driven PAR-2 activation. There-
fore, it is plausible that KLK14 becomes a potential en-

Table 1. Estimation of KLK14 Expression in Colon Carcinoma Ep

Case no. Histologic type Tumor stage

1 Adenocarcinoma TisN0M0
2 Adenocarcinoma T1N0MX
3 Adenocarcinoma T2N0M0
4 Adenocarcinoma T2N0M0
5 Adenocarcinoma T2N0M0
6 Adenocarcinoma T2N0M0
7 Adenocarcinoma T2N0M0
8 Adenocarcinoma T2N0M0
9 Mucinous adenocarcinoma T2N0M0

10 Adenocarcinoma T2N0M0
11 Adenocarcinoma T2N0M0
12 Adenocarcinoma T2N0M0
13 Adenocarcinoma T2N0Mx
14 Adenocarcinoma T2N0M1
15 Mucinous adenocarcinoma T2N1M0
16 Adenocarcinoma T2N1M1
17 Adenocarcinoma T2N1M1
18 Mucinous adenocarcinoma T3N0M0
19 Mucinous adenocarcinoma T3N0M0
20 Adenocarcinoma T3N0M0
21 Adenocarcinoma T3N0M0
22 Adenocarcinoma T3N1MX
23 Adenocarcinoma T3N1MX
24 Adenocarcinoma T3N1MX
25 Adenocarcinoma T3N2MX
26 Adenocarcinoma T3N2MX
27 Adenocarcinoma T3N4M1
28 Adenocarcinoma T4N2MX
29 Adenocarcinoma T4N2M1

*Differentiation grade was scored as follows: 1, well; 2, moderately; a
†Staining intensity was often variable from place to place and was sc
‡Scores were obtained by multiplying the percentage of cells staining
dogenous PAR-2 activator in colon cancer.
Several lines of evidence indicate that KLK14 signals
in HT29 cells only through PAR-2 and not via PAR-1: i)
HT29 cells challenged with thrombin, the PAR-1 agonist,
did not attenuate the KLK14-induced Ca2� flux; ii) desen-
sitization of PAR-2 with 2-furoyl-LIGRLO-NH2, a potent
PAR-2–specific AP,27 abrogated all KLK4-induced cal-
cium transients while the response to PAR-1–specific
peptide remained unaffected; and iii) KLK14 specifically
induced PAR-2 internalization without any effect on
PAR-1 surface localization. These results are in agree-
ment with those of two others studies showing that
KLK14, KLK5, and KLK6 are strong activators of PAR-2 in
cells recombinantly expressing these receptors.21,22,51

Further analysis of receptor staining in HT29 cells has
yielded important insights into the ability of KLK14 to
induce signaling via PAR-2. The present data from micro-
scopic analysis clearly showed a loss of PAR-2 from the
cell surface of HT29 cells after KLK14 incubation. The
specificity of the cleavage in the activating site was con-
firmed by confocal microscopy analysis, which showed
that KLK14-mediated cleavage of PAR-2 is accompanied
by receptor internalization.35 The observation that KLK14
treatment of HT29 cells did not significantly affect PAR-1
cell surface location or thrombin-induced calcium influx
suggests that KLK14 has low or no efficacy on PAR-1 at
the concentrations used in the present studies or that
KLK14 cleavage, if it occurs at all, is upstream of the
activation site of PAR-1 and, thus, has no further conse-

l Cells

ifferentiation
grade*

Stained cells
(%)

Staining
intensity† Score‡

1 75 3 225
1 50 1 50
2 100 4 400
1 50 2 100
1 100 4 400
1 95 3 285
2 100 3 300
1 90 3 270
2 100 4 400
2 80 2 160
2 100 3 300
2 100 4 400
2 95 2 190
2 100 4 400
2 80 2 160
2 100 1 100
3 95 4 380
2 65 2 130
2 90 3 270
2 100 4 400
2 100 4 400
2 70 1 70
3 65 3 195
2 80 2 160
2 90 3 270
2 100 3 300
2 100 4 400
1 95 3 285
2 80 2 160

oorly differentiated.
follows: 0, negative; 1, weak; 2, moderate; 3, strong; and 4, intense.

e by the staining intensity (maximum possible score � 400).
ithelia

D

nd 3, p
quences on the functionality of the receptor. The present
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observations are in agreement with those of two other
studies that reported that KLK14 signals via PAR-2 in
recombinant KNRK cells and HEK cells overexpressing
PAR-2.21,22 However, this enzyme can also target PAR-1
in a complex way, disarming the receptor at low concen-
trations and activating PAR-1 at high concentrations.21

The net effect of KLK14 would depend on the levels of
KLK14 production in the tumor microenvironment and on
the expression levels of PARs on the tumor. Indeed,
PAR-1 is expressed at levels lower than PAR-2 in HT29
cells (D. Darmoul, unpublished data). Recent data ana-
lyzing Ca2� mobilization showed that in the HT29 cell line
expressing PAR-1 and PAR-2, KLK4 is a related enzyme
that is also a trypsin-like serine proteinase displaying
arginine/lysine-specific proteinase activity and is able to
activate specifically PAR-1 and not PAR-2.25 Although,
the precise role played by these KLKs in the setting of
colon cancer depends on the absolute amount of enzyme
activity and the levels of PAR expression, these findings
underline the potential role of KLKs with their target PARs
in colon cancer.

In the present study, we demonstrated that colon
cancer cells produce a significant amount of KLK14 in
the supernatant. In a restricted environment, the en-
zyme concentration produced by colonic tumors would
be sufficient to induce cell signaling, making it likely
that tumor-secreted KLK14 can act in an autocrine loop
in the colonic tumor. KLK14-induced ERK1/2 phos-
phorylation was initiated with a lower KLK14 concen-
tration than that needed for induction of calcium mobi-
lization. It is possible that PAR-2– dependent ERK1/2
activation by KLK14 might also be initiated via a cal-
cium-independent pathway. Indeed, although PAR-2
signaling is known to couple to Gq/11, which induces
calcium mobilization, coupling to Gi has also been
reported.4 It has also been shown that PAR-2 signals
via a G-protein–independent signaling network or “bi-
ased” protease signaling that affects protein phos-
phorylation.52,53

These results demonstrate for the first time aberrant
expression of KLK14 in colon cancer and its involvement,
via PAR-2, in colonic cancer signaling and cell growth.
Thus, KLK14 may be a promising new biomarker in colonic
tumors but also can be considered a crucial contributor to
the development of human colon cancer. Whether KLK14
signaling through PAR-2 in colon cancer can directly influ-
ence tumor development in vivo deserves further investiga-
tion. However, concomitant expression of KLK14 with its
receptor, PAR-2, in colonic tumors would suggest that
KLK14-mediated PAR-2 activation can, indeed, play an im-
portant role in colon tumorigenesis.
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