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Abstract: We provide evidence of a pericellular network of proteases that are elevated and co-expressed in prostate 
cancer. The network involves the membrane bound serine proteases hepsin and TMPRSS2, the secreted kallikrein-
related peptidases KLK4 and KLK14, and the secreted matrix metalloproteinases MMP-3 and MMP-9. Western blot 
analysis of cell lysates, conditioned cell culture media, immunoprecipitates and cell surface proteins, demonstrates 
a network of interactions centred largely at the plasma membrane, with the Arg/Lys specific proteases hepsin and 
TMPRSS2 key regulators of the network. Our data demonstrate that like TMPRSS2, hepsin is able to autoactivate. 
Active hepsin degrades KLK4, generating a cell associated degradation product with corresponding reduction in 
levels of cell-free KLK4. In contrast hepsin activates KLK14. TMPRSS2 appears to cleave amino terminal to the 
KLK4 activation site such that it is available for further processing to generate the active KLK4 protease. In con-
trast with hepsin, TMPRSS2 degrades KLK14. In addition to these direct mechanisms of regulation, hepsin and 
TMPRSS2 indirectly modulate KLK4 activity by cleaving the KLK4-activating protease MMP-3. Hepsin and TMPRSS2 
also activate MMP-9, which similar to MMP-3, associates with the cell surface. Interestingly our data also show 
that proteolysis occurs between the membrane spanning and catalytic domains of hepsin and TMPRSS2. Hepsin 
cleavage occurs via an autoproteolytic mechanism, whereas TMPRSS2 cleavage is mediated by KLK14. Hepsin and 
TMPRSS2 are not shed from the cell surface but proteolysis likely disrupts domains that regulate the proteolytic ac-
tivity of these proteases. Immunocytochemical analyses demonstrate that hepsin and TMPRSS2 colocalize on the 
cell surface with the secreted serine proteases KLK4 and KLK14, only in membrane protrusions, suggesting that re-
ciprocal proteolytic interactions occur in defined cellular structures that are important during cancer dissemination 
for cell migration, invasion and survival. Also of note, immunohistochemical analysis of serial sections of prostate 
tumor demonstrated significant overlapping expression of the six proteases in vivo. Collectively these data suggest 
the possibility that the novel proteolytic network identified by us, will be most important during active dissemination 
of prostate cancers, and that its disruption could inhibit metastasis.
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Introduction

Aberrant proteolysis contributes to progression 
of prostate and other cancers by deregulating 
normal physiological processes, such as angio-
genesis, matrix remodelling, and cell invasion 
and migration [1, 2]. Various members of large 
protease families, including the type II trans-
membrane serine protease (TTSP), kallikrein-

related peptidase (KLK), and matrix metallopro-
teinase (MMP) families, have demonstrated 
roles in these processes and have been pro-
posed, and in some cases tested, as thera- 
peutic targets for treatment of cancer [3-7]. 
Currently there is limited evidence that serine 
proteases and MMPs are involved in reciprocal 
interactions. Examples include the ability of the 
autoactivating TTSP matriptase [8] to activate 
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MMP-3 [9], and the fibrinolytic serine protease 
plasmin to activate MMP-3 which in turn acti-
vates MMP-9 [10].

The TTSPs and KLKs are trypsin-fold serine pro-
teases that comprise 17 and 15 members in 
humans, respectively. Members of both fami-
lies are synthesized as single chain zymogens 
and activated by cleavage at highly conserved 
activation motifs [3, 11]. TTSPs are anchored to 
the cell surface via an amino terminal mem-
brane-spanning domain. On activation these 
proteins form two-chain disulfide bond-linked 
heterodimers with proteolytic activity either 
remaining tethered to, or actively shed from the 
cell surface [3]. In contrast, the KLKs are 
secreted proteins and require removal of a 
short pro-domain which releases the activated 
catalytic domain [3, 11].

MMPs also comprise a large family of proteas-
es, including 24 mammalian members, that  
are characterized by a multi-domain structure 
including a conserved pro-peptide that must  
be removed for proteolytic activity [12]. These 
enzymes are metal ion dependent with the cat-
alytic domain incorporating a Zn2+ ion-contain-
ing active site [12]. The vast majority of the 
MMPs are secreted enzymes and activation 
requires disruption of the interaction between 
the thiol of a cysteine present within the con-
served pro-domain and the zinc ion of the cata-
lytic site [12]. Interestingly, MMP-3 is the only 
prostate cancer expressed activator of KLK4 
[13], a protease that, unique amongst the 
KLKs, requires activation by cleavage after Gln 
[14, 15]. 

A limited number of members of these prote-
ase families have individually been linked with 
prostate cancer. This includes the TTSP hepsin 
which is highly upregulated [16] and also, based 
on mouse  model data, potentially functionally 
important in progression [17] of this malignan-
cy. Another prostate cancer associated TTSP, 
TMPRSS2, is differentially expressed and mis-
localized in the malignant component of these 
tumors [18]. This disrupted expression is thou- 
ght to promote prostate cancer via the ability  
of TMPRSS2 to initiate tumorigenic signalling 
through activation of the protease activated 
receptor PAR-2 [19], and via the pro-HGF/c-Met 
receptor system [20]. Similarly, KLK4 is signifi-
cantly elevated in prostate tumors [21], regu-
lates proliferation of prostate cancer cells [22, 

23], and is a potential mediator of interactions 
between cancer cells and osteoblasts in pros-
tate cancer bone lesions [24]. Likewise, elevat-
ed KLK14 in prostate cancer is associated  
with elevated risk of prostate-specific antigen 
relapse [25], and this protease is also an effec-
tive regulator of known prostate cancer promot-
ing signalling proteins including components of 
the HGF/Met axis [26]. Like these TTSPS and 
KLKs, MMP-3 and MMP-9 are dysregulated in 
prostate tumors. MMP-3 expression is signifi-
cantly higher in prostate cancer compared with 
prostatic intraepithelial neoplasia and normal 
tissue [27], while MMP-9 is elevated in malig-
nant and stromal cells in prostate tumors and 
this correlates with disease recurrence [28]. A 
functional link with advanced prostate cancer 
is suggested by the observations that MMP-9 
expression is increased by the CXCL12/CXCR4 
axis, which is known to drive dissemination to 
bone marrow [29], and this protease is activat-
ed by interactions between prostate cancer 
and bone cells [30].

Focusing on the cell surface as a key site for 
transduction of cancer promoting signals, here 
we have used cell based systems to study 
reciprocal pericelluar interactions that occur 
between key prostate cancer associated prote-
ases. These include key initiators of proteolysis 
at the plasma membrane of prostate cancer 
cells, hepsin and TPRSS2, and secreted prote-
ases known to be important in cell signalling 
and tissue remodelling in prostate cancer, 
KLK4, KLK14, MMP-3 and MMP-9. We also per-
formed immunoprecipitation, cell fractionation, 
immunocytochemical and immunohistochemi-
cal analyses to assess the extent to which 
these various proteases are co-located and 
interact in cellular contexts. In addition, we 
examined the co-expression of these proteas-
es in a tumor containing regions broadly repre-
sentative of prostate pathology. Based on our 
findings we propose the potential for novel reg-
ulatory pericellular networks of prostate cancer 
expressed proteases that could potentially be 
selectively targeted to disrupt progression of 
this malignancy.

Materials and methods

Antibodies and reagents

Antibodies: mouse anti-V5 (GKPIPNPLLGLDST) 
monoclonal antibody (R96025) was from In- 
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vitrogen (Life Technologies, Mulgrave, Vic, 
Australia); rabbit anti-HA (YPYDVPDYA; H6908), 
mouse anti-Flag (DYKDDDDK; F1804) mono-
clonal and rabbit anti-Flag (F7425), and rabbit 
anti-GAPDH (G9545) antibodies were from 
Sigma-Aldrich (Castle Hill, NSW, Australia); 
mouse anti-GAPDH monoclonal antibody was 
from Millipore (Kilsyth, Vic, Australia); mouse 
anti-HA (12CA5) monoclonal, mouse anti-Myc 
(EQKLISEEDL; 9B11) monoclonal and rabbit 
anti-Myc (71D10) monoclonal antibodies were 
from Cell Signaling Technology (Danvers, MA, 
USA); rabbit anti-hepsin antibody from Cayman 
Chemicals (Ann Arbor, MI, USA); mouse anti-
matriptase M69 monoclonal antibody was from 
Dr C-Y Lin (Georgetown University, Washington, 
DC) [31]; rabbit anti-TMPRSS2 (NBP1-87210) 
antibody was from Novus Biologicals (Littleton, 
CO, USA); and rabbit anti-KLK4 (ab- 
40950), rabbit anti-KLK14 (ab40960), goat 
anti-MMP-3 (ab18898) and rabbit anti-MMP-9 
(ab38898) antibodies were from Abcam 
(Cambridge, MA, USA). Isotype immunoglobulin 
(IgG) controls were mouse IgG2a (Sigma-
Aldrich) and rabbit IgG (Invitrogen). Secondary 
antibodies were Alexa Fluor 488 goat anti-
mouse, Alexa Fluor 488 goat anti-rabbit, Alexa 
Fluor 647 goat anti-mouse, Alexa Fluor 647 
goat anti-rabbit and Alexa Fluor 680 goat anti-
rabbit, antibodies (Invitrogen); IRDye700 don-
key anti-goat, IRDye800 donkey anti-mouse, 
IRDye800CW donkey anti-mouse and IRDye- 
800CW donkey anti-rabbit antibodies (Rockland 
Immunochemicals, Gilbertsville, PA, USA); Dy- 
Light 680 goat anti-rabbit (#5366) and DyLight 
800 anti-mouse (#5257) antibodies (Cell 
Signaling Technology); and biotin conjugated 
antibodies donkey anti-goat (sc-2042), goat 
anti-mouse (sc-2039) and goat anti-rabbit (sc-
2040) from Santa Cruz Biotechnology (Dallas, 
TX, USA). Protein A- and protein G-agarose was 
from Roche Diagnostics (Castle Hill, NSW, Au- 
stralia); streptavidin agarose resin and cell im- 
permeant EZ-link NHS-SS-biotin were from Ther- 
mo Fisher Scientific (Scorsby, Vic); and 4,6- 
diamidino-2-phenylindole (DAPI) and Alexa 
Fluor 568 phalloidin were from Invitrogen. Bo- 
vine trypsin was from Worthington Biochemical 
(Lakewood, NJ, USA) and recombinant hepsin 
and matriptase were from Dr Daniel Kirchhofer 
(Genentech, South San Franscisco, CA, USA).

Cell culture

Cell culture reagents were from Invitrogen. 
Monkey kidney COS-7 cells were from ATCC 

(Manassas, VA, USA) and maintained in Dul- 
becco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum, and 
incubated at 37°C in 5% CO2. At passage cells 
were detached using EDTA (0.53 mM) in phos-
phate-buffered saline (PBS). 

Expression constructs

A mammalian expression vector encoding KL- 
K4 tagged at the carboxyl terminal with a V5 
epitope was previously described [24]. The 
KLK14-HA expression construct was generat- 
ed by amplifying the coding sequence from a 
previously described construct [32], using the 
proof-reading polymerase Platinum Pfx DNA 
polymerase (Invitrogen), so as to engineer 
BamHI and XhoI restriction sites at either end 
of the coding sequence of KLK14 and also 
incorporate sequence encoding a carboxyl ter-
minal HA epitope. The final construct was then 
ligated into a pcDNA3.1 vector (Invitrogen). 
Hepsin-Flag and -Myc expression constructs 
were generated by amplifying the coding se- 
quence from a commercially available con-
struct so as to incorporate sequence encoding 
a carboxyl terminal Flag or Myc epitope then 
cloning this into a pcDNA3.1 vector. The TM- 
PRSS2-Myc expression construct was generat-
ed by amplifying the coding sequence from a 
previously described construct [19] so as to 
incorporate sequence encoding a carboxyl ter-
minal Myc epitope then cloning this into a 
pcDNA3.1 vector. Mutation of the active site 
serine (S) of KLK4, KLK14, hepsin and TMP- 
RSS2 to an alanine (A) residue was performed 
by site-directed mutagenesis using Platinum 
Pfx DNA polymerase. The integrity of all con-
structs was confirmed by DNA sequencing. 
Mammalian expression constructs encoding 
MMP-3 and MMP-9 were from GeneCopoeia 
(Rockville, MD, USA).

Transfections and collection of lysates

COS-7 cells were transfected using Lipofecta- 
mine 2000 or Lipofectamine LTX (Invitrogen) 
according to the instructions of the manufac-
turer and cells were cultured for 24 h post-
transfection. For co-expression experiments 
equal quantities of each DNA vector were co-
transfected into cells. Cells were washed with 
PBS then incubated for 15 min in ice cold lysis 
buffer containing 10 mM Tris pH 8.0, 150 mM 
NaCl, 1% (v/v) Triton X-100, 5 mM EDTA and 
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Complete EDTA-free protease inhibitor cocktail 
(Roche Diagnostics) and then detached using a 
cell scraper. Lysed cells were passed through a 
syringe with 26 gauge needle 5-6 times, vor-
texed briefly, placed on ice for 10 min and then 
vortexed again. After centrifugation at 16,000 
g for 10 min at 4°C to pellet insoluble material, 
the supernatant was collected and the protein 
concentration determined using a Pierce BCA 
assay kit (Thermo Fisher).

Incubation of hepsin and matriptase with 
MMP-3 or MMP-9

Conditioned media from COS-7 cells transiently 
transfected for 24 h with constructs encoding 
MMP-3 or MMP-9 were incubated at 37°C for  
1 or 14 h with recombinant hepsin (50 nM), 
recombinant matriptase (50 nM) or bovine  
trypsin (10 nM). The reactions, stopped with 
protease inhibitor cocktail and Laemmli sam- 
ple buffer with or without the reducing agent 
β-mercaptoethanol, were subjected to SDS-
PAGE and examined by Western blot analysis.

Immunoprecipitation

Transiently transfected COS-7 cells were wa- 
shed with PBS then lysed. Supernatants from 
lysates pre-cleared against protein A/G-ag- 
arose for 1 h at 4°C on a rolling platform, were 
mixed with the required antibody (anti-V5 
(1:1000), -HA (1:1000), -Flag (1 µL/100 µg 
lysate), -Myc (1:1000), -MMP-3 (1.25 µg/100 
µg lysate), -MMP-9 (2.5 µg/100 µg lysate), or 
control IgG) then incubated overnight at 4°C. 
Fresh aliquots of protein A/G-agarose beads 
were then added and the mixture incubated for 
4 h at 4°C with gentle agitation. Beads were 
then washed three times in cell lysis buffer con-
taining protease inhibitor cocktail. Associated 
proteins were eluted into Laemmli sample buf-
fer containing β-mercaptoethanol and exam-
ined by Western blot analysis.

Cell surface biotinylation

Transiently transfected COS-7 cells were was- 
hed with PBS, then biotinylated for 10 min on 
ice with gentle rocking using cell impermeant 
EZlink NHS-SS-biotin (1.22 mg/ml) as des- 
cribed previously [33]. Cells were then washed 
three times with PBS prior to preparation of cell 
lysates, which were incubated with streptavidin 
agarose resin for 1 h on ice with gentle rocking. 

The unbound (cytoplasmic) protein fraction was 
collected by centrifugation (1000 g for 2 min at 
4°C) in Pierce Spin Columns (Thermo Fisher). 
Streptavidin-immobilized biotinylated cell sur-
face (plasma membrane) proteins were washed 
three times in lysis buffer containing protease 
inhibitor cocktail then eluted into Laemmli sam-
ple buffer containing β-mercaptoethanol. Plas- 
ma membrane and cytoplasmic fractions were 
examined by Western blot analysis under reduc-
ing conditions.

Western blot analysis

Lysates (20 µg) and equal volumes of immuno-
precipitated and biotinylated proteins were 
separated by SDS-PAGE as described previ- 
ously [34] in the presence or absence of the 
reducing agent β-mercaptoethanol. Separat- 
ed proteins were transferred to nitrocellulose 
membranes that were blocked with Odyssey 
blocking buffer (LI-COR, Lincoln, NE, USA),  
then incubated from 1 h to overnight at 4°C  
with antibodies against V5 (1:10,000), HA 
(1:2500), Flag (1:5000), Myc (1:5000, 9B11; or 
1:2000, 71D10), matriptase (1:1000) or GAP- 
DH (1:10,000). Following washes membranes 
were incubated with species-appropriate flu- 
orescently conjugated secondary antibodies 
(1:10,000-1:20,000) for 1 h at room tempera-
ture. Signals were acquired using an Odyssey 
Infrared Imaging System (LI-COR).

Confocal microscopy

COS-7 cells plated on sterile glass cover slips 
were transfected with KLK14-HA or KLK4-V5 
and co-transfected with hepsin-Flag or TMP- 
RSS2-Myc. After 24 h, cells were fixed with 4% 
(v/v) paraformaldehyde for 20 min at room  
temperature, permeabilized with 0.2% (v/v) 
Triton X-100 in PBS for 10 min, then internal 
fluorescence quenched with 50 mM ammoni-
um chloride for 15 min. Non-specific binding 
sites were blocked with 3% (w/v) bovine serum 
albumin (BSA) in PBS for 45 min, then cells 
were stained with anti-HA (2 µg/mL; 12CA5), 
anti-V5 (1:200; R96025), anti-Flag (1:2500; 
F7425) or anti-Myc (1:200; 71D10) followed by 
species-appropriate Alexa Fluor 488 or 647 
fluorescent dye-conjugated secondary antibod-
ies (all 1:500). Cell nuclei were stained with 
DAPI (1:1500) and F-actin with Alexa Fluor 568 
phalloidin (1:500). Coverslips were mounted on 
slides and cells imaged with a Zeiss LSM 510 
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Meta Confocal imaging system (Zeiss, North 
Ryde, NSW, Australia). Fluorescence was col-
lected using a 60x magnification objective lens 
(NA 1.4 Oil), and images recorded using Zen 
2009 Light Edition software (Zeiss) then pro-
cessed using ImageJ and displayed using 
Microsoft PowerPoint.

Prostate cancer samples and immunohisto-
chemistry

The study was approved by the Mater Health 
Services Research Ethics Committee under 
protocol number HREC/13/MHS/35/AM01. Co- 
nsecutive sections (4 µm) from formalin fixed 
paraffin embedded tissue from a radical pros-
tatectomy case (58 years old; Gleason 9; extra-
prostatic extensions) retrieved from the Mater 
Pathology archive, was sequentially deparaf-
finized and rehydrated, before antigen retrieval 
in urea (5% w/v) in 0.1 M Tris buffer (pH 9.5), 

followed by incubation in H2O2 (3%, v/v) and 
methanol (20%, v/v) in PBS- 0.05% (v/v) Tween 
20 (PBS-T) to quench endogenous peroxidase. 
Sections were then blocked in BSA (2% w/v)  
in PBS-T and incubated overnight at 4°C with 
antibodies against KLK4 (1 µg/ml), KLK14  
(0.2 µg/ml), hepsin (1:50), TMPRSS2 (1:100), 
MMP-3 (1:200) or MMP-9 (1:400). As negative 
controls, sections were incubated with only bio-
tin conjugated anti-mouse, -rabbit or -goat sec-
ondary antibodies. Signal was developed using 
streptavidin conjugated horseradish peroxi-
dase and 3,3’-diaminobenzidine substrate ch- 
romogen (Dako, North Sydney, NSW) and sec-
tions were counterstained with Mayer’s he- 
matoxylin (Sigma-Aldrich). Stained slides were 
examined by a pathologist (BS) to identify 
regions of tumor showing specific reactivity, 
and signal visualized by microscopy (Nikon 
Eclipse 50i microscope, Nikon, Japan). Images 
were acquired using an Olympus Slide scanner 
VS120 and associated OlyVIA software, and 
displayed using Microsoft PowerPoint.

Results

Hepsin autoactivates 

An essential step for initiation and amplifica-
tion of proteolytic signaling is the conversion of 
an inactive zymogen to an active protease by 
cleavage at a defined site [35]. Activation drives 
conformational changes that orient catalyti- 
cally important residues and permit the forma-
tion of substrate binding pockets [36]. Gen- 
erally, cleavage is mediated by another prote-
ase although auto-catalytic mechanisms are 
not uncommon [2, 3, 37] with examples includ-
ing the TTSPs TMPRSS2 [38] and matriptase 
[8]. As the mechanism of human hepsin activa-
tion is currently unknown, we first examined 
whether this TTSP also has the ability to under-
go autoactivation. This was performed by ana-
lyzing lysates from cells co-transfected with 
expression constructs encoding two forms of 
hepsin that are represented in Figure 1; one 
tagged at the carboxyl terminal with a Myc epi-
tope, and the other with a Flag tag. As controls 
we also examined lysates from cells expressing 
catalytically inactive mutant hepsin (hepsinm) in 
which the catalytic serine was mutated to ala-
nine. In all assays, to block further proteolysis 
of proteins after cell disruption, lysates were 
prepared using a buffer containing a broad 
spectrum cocktail of protease inhibitors. As 

Figure 1. Hespin autoactivation. Top, Hepsin struc-
tural features including protease domain (showing 
residues essential for catalytic activity; histidine 
(H), aspartate (D) and serine (S)), activation motif 
(black box), activation site after Arg162, SRCR domain 
(diamond), transmembrane region (parallel lines), 
disulfide bond linking the protease domain with the 
membrane anchored portion of the protein (line), 
and a carboxyl terminal epitope tag added to facili-
tate immune-detection. Bottom, Anti-Myc (top), -Flag 
(middle) and -GAPDH (bottom) Western blot analysis 
of lysates from COS-7 cells transfected with the indi-
cated vectors. Arrows highlight zymogen hepsin (pro-
Hepsin) and the hepsin SPD (HepsinSPD). Arrowhead 
indicates a ~30 kDa hepsin fragment generated by 
auto-cleavage within the region between the mem-
brane spanning region and the protease domain.
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shown in Figure 1, Western blot analysis with 
anti-Myc and -Flag tag antibodies, under reduc-
ing conditions, showed a band at 48 kDa for 
pro-hepsin, and 26 kDa for the hepsin serine 
protease domain (SPD). Another band was 
apparent at 30 kDa. As the Myc and Flag tags 
are located at the carboxyl terminal, this cell 
associated hepsin fragment was generated by 
autoproteolysis between the serine protease 
and transmembrane domains. Two other hep-
sin fragments apparent at 34 and 36 kDa were 
generated via the actions of an endogenous 
COS-7 cell protease as these bands were also 
produced in cells only expressing catalytically 

TMPRSS2-Myc. Anti-V5 antibody Western blot 
analysis of conditioned media suggests that 
hepsin causes KLK4 degradation, as levels of 
both KLK4 and catalytically inactive KLK4m 
were much lower in media of cells co-express-
ing hepsin compared with cells co-expressing 
active site mutant hepsinm (Figure 2B, left). In 
cell lysates, predominant KLK4 and KLK4m 
bands were apparent at the predicted molecu-
lar weight of the zymogen of ~34 kDa. However, 
lysates from cells co-transfected with hepsin 
showed an additional band at 17 kDa for both 
KLK4 and KLK4m, which was not observed from 
cells co-transfected with catalytically inactive 

Figure 2. The secreted serine protease KLK4 is cleaved, and potentially 
transiently activated, at the cell surface by the plasma membrane anchored 
serine proteases hepsin and TMPRSS2. A. Schematic representation of the 
structure of hepsin, TMPRSS2 and KLKs. B. Anti-V5 Western blot analysis 
for KLK4-V5 of conditioned media and lysates from cells co-transfected with 
wild type or active-site mutated KLK4-V5 (KLK4; KLK4m) and wild type or 
active-site mutated hepsin-Flag (hepsin; hepsinm) or wild type or active-site 
mutated TMPRSS2-Myc (TMPRSS2; TMPRSS2m). Arrowhead indicates a 17 
kDa KLK4 degradation product. C. Anti-Flag and anti-Myc Western blot anal-
ysis for hepsin-Flag and TMPRSS2-Myc of lysates from cells co-expressing 
KLK4 or KLK4m with hepsin or hepsinm, or KLK4 or KLK4m with TMPRSS2 
or TMPRSS2m. Arrowhead indicates a KLK4 generated TMPRSS2 fragment 
of ~30 kDa.

inactive hepsin (Figure 1). Th- 
ese data suggest that hepsin 
is able to autoactivate and un- 
dergo further auto-processing 
between its catalytic and tran- 
smembrane domains.

Reciprocal proteolytic interac-
tions at the cell surface be-
tween membrane anchored 
hepsin and TMPRSS2 and 
the secreted serine proteases 
KLK4 and KLK14 

As we are interested in me- 
chanisms regulating proteoly- 
tic networks in malignant set-
tings, we next examined for 
reciprocal proteolysis involv-
ing prostate cancer expressed 
membrane anchored and se- 
creted serine proteases. As 
depicted in Figure 2A, for th- 
ese assays we studied the 
prostate cancer associated 
autoactivating TTSPs hepsin 
(Figure 1) and TMPRSS2 [38], 
and secreted kallikreins KLK4 
and KLK14. In these assays 
cells were co-transfected with 
constructs encoding carbox- 
yl terminal tagged proteases, 
and included, as controls, co- 
nstructs encoding catalytic- 
ally inactive forms of each 
protease.

In the first assay, cells were 
co-transfected with express- 
ion constructs encoding KL- 
K4-V5 and Hepsin-Flag or 
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hepsinm. These data suggest that hepsin is pro-
teolytically active in these transfected cells, 
and that it cleaves KLK4 resulting in a cell-
associated 17 kDa fragment, and reduced lev-
els in conditioned media. 

In contrast with hepsin, which appears to 
degrade KLK4, anti-V5 antibody Western blot 
analysis indicates that TMPRSS2 mediates par-
tial proteolysis of KLK4 converting it from ~34 
to 31 kDa (Figure 2B, right). In these assays, 
uncleaved KLK4 is apparent as a previously 
reported doublet of glycosylated forms [26], 
and it is only when co-expressed with active 
TMPRSS2 that a reduction in molecular mass 
to 31 kDa is apparent. While this corresponds 
to the predicted molecular mass of active 
KLK4, it is unlikely that TMPRSS2, an Arg/Lys-
specific protease [39], would cleave after Gln30, 
the canonical activation site of pro-KLK4 (Fig- 
ure 2A) [14, 15]. Interestingly, as there are no 
Arg or Lys residues in the first 104 amino acids 
of KLK4, it is possible that TMPRSS2 is ge- 
nerating 31 kDa KLK4 by proteolysis at a site 
other than at its predicted cleavage sites of  
Arg and Lys.

not present in lysates from cells expressing 
TMPRSS2m. However, another band at ~36 kDa 
was likely generated by an endogenous pro- 
tease as it was detected in TMPRSS2 and 
TMPRSS2m expressing cells (Figure 2C, right). 
Surprisingly, the Western blot data also sug-
gest that KLK4 is active in this system and can 
mediate cleavage of TMPRSS2 generating a 
band at ~30 kDa. As the Myc tag is located at 
the carboxyl terminal, this cell associated 
TMPRSS2 fragment was generated by proteo- 
lysis between the serine protease and tran- 
smembrane domains. The presence of this 
KLK4-induced band in both TMPRSS2 and 
TMPRSS2m expressing cells (Figure 2C, right), 
suggests that active KLK4 was not generated 
by the direct proteolytic activity of TMPRSS2, 
but that membrane anchored TMPRSS2 may 
have a role in advantageously localising sec- 
reted KLK4 in proximity to its activating prote-
ase. As for hepsin, Western blot analysis of  
conditioned media failed to detect any forms  
of TMPRSS2 in conditioned media (data not 
shown), suggesting that this protease also 
remains tethered to the plasma membrane in 
transfected cells.

Figure 3. Distinct proteolytic processing of the secreted serine protease 
KLK14 by plasma membrane anchored serine proteases hepsin and TM-
PRSS2. A. Anti-HA Western blot analysis for KLK14-HA of conditioned media 
and lysates from cells co-transfected with wild type or active-site mutated 
KLK14-HA (KLK14; KLK14m) and wild type or active-site mutated hepsin-
Flag (hepsin; hepsinm) or wild type or active-site mutated TMPRSS2-Myc 
(TMPRSS2; TMPRSS2m). Arrowhead indicates hepsin generated KLK14 frag-
ment of the predicted molecular mass of the KLK14 SPD. B. Anti-Flag and 
anti-Myc Western blot analysis for hepsin-Flag and TMPRSS2-Myc of lysates 
from cells co-expressing KLK14 or KLK14m with hepsin or hepsinm, or KLK14 
or KLK14m with TMPRSS2 or TMPRSS2m. 

Consistent with Figure 1, anti-
Flag antibody Western blot 
analysis of lysates from co-
transfected cells, identified 
the 26 kDa SPD and 30 kDa 
fragment of hepsin that we 
demonstrated are generated 
by autoactivation (Figure 2C 
left). Western blot analysis of 
conditioned media failed to 
detect any forms of hepsin 
that were shed from the cell 
surface (data not shown), su- 
ggesting that this protease 
remains tethered to the plas-
ma membrane.

Consistent with a previous 
report [38], anti-Myc antibody 
Western blot analysis of cell 
lysates from co-transfected 
cells, indicated that TMPRSS2 
auto-activates generating a 
band at ~25 kDa correspond-
ing to the predicted molecular 
mass of its SPD (Figure 2C, 
right). An additional TMPRSS2 
band at ~34 kDa was also due 
to auto-proteolysis as it was 
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We also similarly examined interactions be- 
tween another secreted protease, KLK14, and 
hepsin and TMPRSS2. Interestingly, anti-HA 
antibody Western blot analysis of conditioned 
media and lysates suggests that hepsin cleaves 
cell-associated but not secreted KLK14. As 
shown in Figure 3A (left), whereas there was no 
shift in the molecular mass of KLK14 in condi-
tioned media, analysis of cell lysates demon-
strated conversion of both KLK14 and KLK14m 
from ~28 to 26 kDa, the predicted molecular 
weight of the SPD of this secreted protease. In 
contrast, TMPRSS2 may degrade KLK14 as 
anti-HA antibody Western blot analysis of con-
ditioned media revealed levels of both KLK4 
and catalytically inactive KLK4m that were con-
sistently lower in media of cells co-expressing 
TMPRSS2 compared with cells co-expressing 
active site mutant TMPRSS2m (Figure 3A, right). 
The lack of distinct KLK14 cleavage bands 
unique to cell lysates from TMPRSS2 express-
ing cells, indicates that TMPRSS2 cleaved 
KLK14 does not associate with cells (Figure 
3A, right). Also, there was no evidence that 
KLK14 cleaves hepsin or TMPRSS2 (Figure 
3B). Collectively, these data suggest a complex 

with a known MMP-3 activator, matriptase-Myc 
[9] (Figure 4A).

Western blot analysis of lysates under reducing 
conditions indicated that pro-MMP-3 at ~57 
kDa is extensively cleaved in the presence of 
hepsin, TMPRSS2 and matriptase, and to a 
greater extent than is apparent from cells only 
expressing MMP-3 (Figure 4B). MMP-3 is acti-
vated in a stepwise manner with Arg/Lys spe-
cific proteases, including plasma kallikrein and 
matriptase, first cleaving within a stretch of 
amino acids (Phe51-Val-Arg-Arg-Lys-Asp) near 
the middle of the MMP-3 pro-region to yield an 
intermediate 53 kDa form [41]. This is followed 
by MMP-3 self-activation by cleaving at His99-
Phe to remove the remaining pro-region yield-
ing the 45/46 kDa mature peptide [41]. The 
presence of this band as the predominant prod-
uct (Figure 4B, arrowhead) indicates that each 
of hepsin, TMPRSS2 and matriptase are able to 
convert MMP-3 to its 53 kDa intermediate, 
before it autoactivates and is converted to the 
45/46 kDa form. 

MMP-9 zymogen (92 kDa) is activated in two 
steps with a first cleavage at Glu59Met generat-

Figure 4. Examination of proteolytic processing of MMP-3 and MMP-9 by 
hepsin and TMPRSS2. A. Schematic representation of the structure of MMP-
3 and MMP-9. B. Anti-MMP-3 (top), -MMP-9 (middle) and -GAPDH (bottom) 
Western blot analyses of lysates from cells co-transfected with hepsin (H), 
TMPRSS2 (T) or matriptase (M) and MMP-3 or MM-P-9. ProMMP-3, 57 kDa; 
intermediate MMP-3, 53 kDa; activated MMP-3, 45/46 kDa. Pro-MMP-9, 92 
kDa; intermediate MMP-9, 86 kDa; activated MMP-9, 82 kDa. C. Anti-MMP-3 
Western blot analysis of conditioned media from cells transiently expressing 
MMP-3 or MMP-9 that had been incubated for 1 or 14 h with recombinant 
hepsin (50 nM), recombinant matriptase (50 nM) or bovine trypsin (10 nM). 
ProMMP-3, at 57 kDa, intermediate MMP-3 at 53 kDa, and  activated MMP-
3 at 45/46 kDa are indicated.

range of regulatory interac-
tions occurring at the cell sur-
face between membrane an- 
chored and secreted serine 
proteases. 

Hepsin and TMPRSS2 acti-
vate the secreted proteases 
MMP-3 and MMP-9

As MMP-3 is the only known 
prostate cancer-expressed ac- 
tivator of KLK4 by proteolysis 
at Gln30 [13, 37, 40], we next 
explored whether this MMP, 
and the structurally similar pr- 
ostate cancer expressed pro-
tease MMP-9 [28], can be 
cleaved by hepsin or TMPR- 
SS2, and thereby potentially 
function in a protease cas-
cade to convert pro-KLK4 to 
active KLK4. For these assays 
cells were co-transfected with 
expression constructs encod-
ing untagged MMP-3 or MMP-
9, and hepsin-Myc, TMPRSS2-
Myc or, to provide comparison 
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ing an 86 kDa intermediate [42] followed by  
a second auto-proteolytic cleavage at Arg106 
Phe to generate an 82 kDa active form [43]. 
Importantly, it can also be activated directly 

hour incubation (Figure 4C). In contrast, com-
plete conversion to active MMP-3 was only 
observed after 14 hours with an equal 50 nM 
concentration of matriptase and 10 nM trypsin 

Figure 5. KLK4 and KLK14 immunoprecipitate with hepsin and TMPRSS2. 
Western blot analyses were performed on immunoprecipitates from lysates 
of COS-7 cells transiently expressing proteases of interest. A. Cells transient-
ly expressed KLK4-V5 and wild type or active-site mutant hepsin-Flag. Anti-
Flag, anti-V5 and control immunoglobulin (IgG) precipitates were examined 
by anti-V5 (left) and anti-Flag (right) Western blot analysis. Asterisk indicates 
17 kDa hepsin-generated KLK4 fragment. B. Cells transiently expressed 
KLK4-V5 and wild type or active-site mutant TMPRSS2-Myc. Anti-Myc, anti-
V5 and control IgG precipitates were examined by anti-V5 (left) and anti-Myc 
(right) Western blot analysis. Asterisk indicates 15-17 kDa TMPRSS2-gener-
ated KLK4 fragment. C. Cells transiently expressed KLK14-HA and wild type 
or active-site mutant hepsin-Flag. Anti- Flag, anti-HA and control IgG precipi-
tates were examined by anti-HA (left) and anti-Flag (right) Western blot anal-
ysis. D. Cells transiently expressed KLK14-HA and wild type or active-site 
mutant TMPRSS2-Myc. Anti-Myc, anti-HA and control IgG precipitates were 
examined by anti-HA (left) and anti-Myc (right) Western blot analysis. As-
terisk indicates 17 kDa TMPRSS2-generated KLK14 fragment. #, antibody 
heavy/light chain used for immunoprecipitation.

with a single cleavage at  
Arg106 Phe by trypsin, KLK1 
and other Arg/Lys specific pro-
teases to generate 82 kDa 
MMP-9 [44, 45]. As shown in 
Figure 4B, Western blot analy-
sis indicated that similar to 
matriptase, hepsin processed 
92 kDa MMP-2. Interestingly, 
the complete conversion of  
92 kDa MMP-9 in the pres-
ence of TMPRSS2 suggests 
that this TTSP is even more 
robust than hesin and matrip-
tase as a pro-MMP-9 conver-
tase (Figure 4B). Also of note, 
in contrast with matriptase, in 
response to hepsin and TMP- 
RSS2 there was no increased 
accumulation of 82 kDa MMP-
9, suggesting that this active 
form of the protease under-
goes further proteolytic pro-
cessing in the presence of 
these TTSPs (Figure 4B).

As cleavage of MMP-3 that is 
mediated by hepsin and TM- 
PRSS2 generates many bands 
in addition to active 45/46 
kDa MMP-3 (Figure 4B), we 
next examined the kinetics of 
activation versus degradation 
of MMP-3. For these assays 
we incubated conditioned me- 
dia from COS-7 cells transient-
ly expressing MMP-3, for 1 
and 14 hours, with recombi-
nant hepsin (50 nM), or the 
known activators of MMP-3, 
matriptase (50 nM) and tryp-
sin (10 nM) [9, 46]; unfortu-
nately recombinant TMPRSS2 
was not available. Interestingly, 
Western blot analysis indicat-
ed that hepsin was the most 
efficient activator of MMP-3 
converting it to the 53 kDa 
intermediate followed by au- 
tocatalytic conversion to its 
45/46 active form within the 1 
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(Figure 4C). Importantly, at this later time point 
MMP-3 had largely been degraded by hepsin, 
and partially degraded by matriptase, These 
data are consistent with the results in Figure 
4B, and confirm that hepsin is an efficient acti-
vator of MMP-3 that over longer time periods 
degrades MMP-3.

Hepsin and TMPRSS2 co-immunoprecipitate 
with KLK4, KLK14, MMP-3 and MMP-9

Our data suggest that interactions occur at the 
cell surface between membrane anchored ser-
ine proteases and secreted KLKs and MMPs. 
To further examine these interactions, Western 
blot analyses of proteins immunoprecipitated 
from cell lysates were performed. Interactions 

Western blot analysis showed that KLK14 also 
co-immunoprecipitated with both zymogen and 
active hepsin and TMPRSS2 (Figure 5C and 
5D), with evidence of lower molecular weight 
KLK14 bands from co-immunoprecipitation 
with hepsin and TMPRSS2 (asterisk) but not 
with the mutant TTSPs. 

Western blot analysis of immunoprecipitates 
from transiently transfected cells was also 
used to examine interactions involving hepsin 
and TMPRSS2 with MMP-3 and MMP-9. These 
experiments employed an anti-Myc antibody to 
precipitate hepsin-Myc and TMPRSS2-Myc, and 
antibodies against MMP-3 and MMP-9 to pre-
cipitate these proteases. These analyses indi-
cated that zymogen, intermediate and active 

Figure 6. MMP-3 and MMP-9 immunoprecipitate with hepsin and TMPRSS2. 
Western blot analyses were performed on cell surface biotinylated fractions 
from COS-7 cells transiently expressing proteases of interest. A. Lysates from 
COS-7 cells transiently transfected with constructs encoding MMP-3 and 
hepsin-MYC or TMPRSS2-Myc were subjected to immunoprecipitations us-
ing anti-Myc or control immunoglobulins (IgG) then examined by anti-MMP-3 
Western blot analysis. ProMMP-3, 57 kDa; intermediate MMP-3, 53 kDa; ac-
tivated MMP-3, 46 kDa. B. Lysates from COS-7 cells transiently transfected 
with constructs encoding MMP-9 and hepsin-MYC or TMPRSS2-Myc were 
subjected to immunoprecipitations using anti-Myc or control immunoglobu-
lins (IgG) then examined by anti-MMP-9 Western blot analysis. Pro-MMP-9, 
92 kDa; intermediate MMP-9, 86 kDa; activated MMP-9, 82 kDa. C. Lysates 
from COS-7 cells transiently transfected with constructs encoding hepsin-
MYC and MMP-3 or MMP-9 were subjected to immunoprecipitations using 
anti-MMP-3, anti-MMP-9 or control immunoglobulins (IgG) then examined by 
anti-Myc Western blot analysis. D. Lysates from COS-7 cells transiently trans-
fected with constructs encoding TMPRSS2-MYC and MMP-3 or MMP-9 were 
subjected to immunoprecipitations using anti-MMP-3, anti-MMP-9 or control 
immunoglobulins (IgG) then examined by anti-Myc Western blot analysis.

between hepsin-Flag and KL- 
K4-V5 were first assessed, 
with Western blot analysis 
indicating that 35 kDa zymo-
gen KLK4 immunoprecipita- 
tes with wildtype and mutant 
catalytically inactive hepsin 
(Figure 5A). In addition, con-
sistent with Western blot data 
in Figure 2, wildtype hepsin 
immunoprecipitated with the 
hepsin-generated 17 kDa KL- 
K4 cleavage fragment. Wes- 
tern blot analysis also showed 
that zymogen and active he- 
psin co-immunopurified with 
KLK4 (Figure 5A).

Similarly, zymogen KLK4 im- 
munoprecipitated both wildt- 
ype and mutant catalytically 
inactive TMPRSS2 (Figure 5B). 
Consistent with the cleavage 
of KLK4 by TMPRSS2 appar-
ent in Figure 2B, wildtype 
TMPRSS2 that immunopuri-
fied with KLK4 was in both 
zymogen and active forms. 
Interestingly, a faint band of 
15-17 kDa representing a de- 
gradation product of KLK4 
also immunoprecipitated with 
TMPRSS2 (Figure 5B), sug-
gesting that this TTSP cleaves 
KLK4 within its catalytic do- 
main as well as amino termi-
nal to its canonical activation 
site at Gln30. Similar to KLK4, 
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MMP-3 at 57, 53 and 45/46 kDa, respectively, 
immunoprecipitated with both hepsin and 
TMPRSS2 (Figure 6A). In addition, while we co- 
nsistently observed that zymogen, intermedi-
ate and active MMP-9 at 92, 86 and 82 kDa, 
respectively, immunoprecipitated with hepsin, 
only the zymogen and intermediate forms of 
MMP-9 consistently co-purified with TMPRSS2 
(Figure 6B). Figure 6C and 6D indicated that 
zymogen and activated hepsin and TMPRSS2 
immunopurifiy using the anti-MMP-3 and -MMP-
9 antibodies.

action of hepsin, was also isolated from the cell 
surface fraction (Figure 7A). Similarly, zymogen 
and active TMPRSS2 and zymogen KLK14 were 
also present in biotinylated fractions although 
we consistently only obtained small quantities 
of the TMPRSS2 SPD (Figure 7B). Note that 
purified fractions were free of GAPDH indicating 
that cells were intact during biotinylation and 
that cell surface proteins were not contaminat-
ed with cytoplasmic fractions (Figure 7). These 
data support the proposal that secreted prote-
ases can associate with the cell surface.

Figure 7. Hepsin, TMPRSS2, KLK4 and KLK14 localize to the cell surface. 
A. Western blot analysis of cell surface biotinylated fractions from COS-7 
cells transiently transfected with KLK4-V5 and hepsin-Flag. Asterisk, 17 kDa 
KLK4 cleavage products. B. Western blot analysis of cell surface biotinyl-
ated fractions from COS-7 cells transiently transfected with KLK14-HA and 
TMPRSS2-Myc. Purified fractions were free of GAPDH indicating that cells 
were intact during biotinylation. C. Confocal microscopy analysis of COS-7 
cells co-expressing hepsin-Flag or TMPRSS2-Myc (purple) with KLK4-V5 or 
KLK14-HA (green). Cells were co-stained with DAPI to delineate cell nuclei 
(blue), and Alexa Fluor 568 conjugated phalloidin to delineate F-actin posi-
tive cytoplasm (red). White, regions of co-localisation of hepsin/TMPRSS2 
(purple) with KLK4/KLK14 (green). Scale bar = 10 µm.

Hepsin and TMPRSS2 co-
localize with KLK4 and KLK14 
on the cell surface

The above data indicate that 
the secreted proteases KLK4, 
KLK14, MMP-3 and MMP-9 
can associate with and are 
cleaved by the membrane-
anchored proteases hepsin 
and TMPRSS2 the cell sur-
face. To directly assess the 
plasma membrane location of 
these proteins we performed 
Western blot analysis of cell 
surface biotinylated proteins, 
and confocal microscopy an- 
alysis.

As MMP-3 and MMP-9 have 
previously been shown to bind 
to the cell surface [47], we 
focused on the plasma mem-
brane location of KLK4 and 
KLK14, in the presence and 
absence of hepsin and TM- 
PRSS2, respectively. This was 
performed by cell surface bio-
tinylation of live COS-7 cells 
transiently transfected with 
KLK4-V5 and hepsin-Flag, or 
KLK14-HA and TMPRSS2-
Myc. As shown in Figure 7A, 
Western blot analysis of bioti-
nylated proteins purified using 
streptavidin beads, revealed 
that zymogen and active hep-
sin, and zymogen KLK4 are 
located on the cell surface. In 
addition, a 17 kDa KLK4 frag-
ment, generated through the 
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To further explore the cell surface localization 
of membrane-anchored hepsin and TMPRSS2 
and secreted KLK4 and KLK14, we performed 
confocal microscopy analysis of transiently ex- 
pressing COS-7 cells. Fixed and permeabilized 

including pre-malignant regions of benign pros-
tate and high grade prostatic intraepithelial 
neoplasia (HG-PIN), as well as prostatic acinar 
adenocarcinoma, and the less common but 
aggressive, prostatic ductal adenocarcinoma 

Figure 8. Over-lapping expression of hepsin, TMPRSS2, KLK4, KLK14, MMP-
3 and MMP-9 in benign and malignant prostate. Consecutive sections of 
a prostate tumor were stained with antibodies against hepsin, TMPRSS2, 
KLK4, KLK14, MMP-3 and MMP-9. Representative regions showing staining 
in prostatic ductal adenocarcinoma, prostatic acinar adenocarcinoma with 
adjacent benign prostate, and PIN were photographed. BGN, benign. All im-
ages were acquired using a 40× objective unless otherwise indicated.

cells were stained with anti-
bodies against the epitope tag 
present on each protease, and 
with dyes that delineate cell 
cytoplasm and nuclei. As sh- 
own in Figure 8C, the predomi-
nant signal for each protease 
pair was a white signal pres-
ent in the cytoplasm of cells 
indicating co-localisation of 
the proteases during cellular 
trafficking. Of particular note, 
as highlighted in the insets in 
Figure 8C, we also commonly 
observed distinct co-localiza-
tion as a white signal of prote-
ase pairs on the surface of cel-
lular protrusions. These data 
support that TTSPs and KLKs 
co-localize on the cell surface 
within defined structures, to 
facilitate reciprocal cleavage 
events that are necessary for 
the tight regulation of prote-
ase activation and inactiva-
tion at sites of interactions 
with the extracellular milieu.

Over-lapping expression of 
hepsin, TMPRSS2, KLK4, 
KLK14, MMP-3 and MMP-
9 in benign and malignant 
prostate

The proteases hepsin [16, 48, 
49], TMPRSS2 [18], KLK4 [21, 
50], KLK14 [25], MMP-3 [27] 
and MMP-9 [28] are expressed 
to various extents in normal 
and diseased prostate. To 
explore the extent of the co-
expression of these proteases 
we next performed immuno-
histochemical analysis. For 
this purpose we selected a 
prostate cancer patient sam-
ple that contained regions of 
pathology commonly encoun-
tered in the clinical manage-
ment of prostate disease, 
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[51]. Most interestingly, from analysis of con-
secutive sections, we noted that highest ex- 
pression for each protease was observed in 
prostatic ductal adenocarcinoma (Figure 8; left 
panels). These lesions, while rarer than pros-
tatic acinar adenocarcinoma, follow a more 
aggressive course, are associated with poor 
prognosis and have a greater propensity to 
spread to the testis and penis [52]. In these 
regions of the tumor, staining for hepsin was 
predominantly membranous, consistent with 
its membrane spanning structure, and altho- 
ugh TMPRSS2 also has a membrane spanning 
domain, its expression was predominantly cy- 
toplasmic with some evidence of membrane 
accentuation in places. Both KLK4 and KLK14 
were most obvious as cytoplasmically located 
punctate structures, while MMP-3 and MMP-9 
were located diffusely throughout the cyto-
plasm with MMP-9 showing cytoplasmic regi- 
ons of fine granular expression (Figure 8; left 
panels).

Both hepsin and TMPRSS2 showed predomi-
nantly membranous expression in prostatic  
acinar adenocarcinoma, and it was striking that 
in these lesions the punctate expression of 
KLK4 and KLK14 seen in regions of prosta- 
tic ductal adenocarcinoma was not apparent 
(Figure 8; middle panels). Interestingly, in addi-
tion to cytoplasmic staining, both MMP-3 and 
MMP-9 showed evidence of membrane expres-
sion in prostatic acinar adenocarcinoma (Figure 
8; middle panels). In benign hypertrophic pros-
tate, hepsin was strongly expressed, while in 
these glands TMPRSS2 was most predominant 
in basal cells. KLK4 and MMP-3 expression 
was weak and KLK14 absent in benign pros-
tate. In contrast, MMP-9 levels in benign glands 
were similar to those seen in prostatic acinar 
adenocarcinoma (Figure 8; BNG, middle pan-
els). Each protease was expressed in regions of 
HG-PIN with staining generally more intense 
than in benign regions but weaker than in areas 
of prostatic ductal adenocarcinoma (Figure 8C; 
right panels). 

In summary, there is considerable overlap in 
the expression patterns of hepsin, TMPRSS2, 
KLK4, KLK14, MMP-3 and MMP-9, in the 
pathologies commonly seen in prostate tumors, 
supporting the possibility that these proteases 
could interact in vivo during progression of 
prostate cancer, as we have seen from cells in 
vitro.

Discussion

The data presented here provide evidence of a 
novel pericellular proteolytic regulatory network 
of the prostate cancer expressed proteases 
hepsin, TMPRSS2, KLK4, KLK14, MMP-3 and 
MMP-9. In summary, as shown in Figure 9, con-
sistent with the ability to function as cell sur-
face initiators of proteolytic networks, we dem-
onstrated that plasma membrane localized 
hepsin is able to autoactivate, and autoac- 
tivation has previously been reported for  
the structurally related TMPRSS2 [38]. While 
remaining tethered to the cell surface hepsin 
and TMPRSS2 proteolyze, to various extents, 
secreted KLK4, KLK14, MMP-3 and MMP-9. 
Our data indicate that active hepsin mediates 
degradation of KLK4 resulting in cell associa-
tion of a 17 kDa KLK4 degradation product of 
unknown function. In contrast, active TMPRSS2 
mediates limited proteolysis of KLK4, likely 
generating a precursor that requires further 
proteolysis at its consensus activation site 
Gln30 to achieve catalytic activity (Figure 9). 
Important for the full activation of KLK4 is our 
observation that both hepsin and TMPRSS2 
mediate activation of MMP-3, the only known 
activator of KLK4 via proteolysis at Gln30 [13, 
37, 40]. Interestingly, active KLK4 itself likely 
regulates TMPRSS2 activity because it medi-
ates cleavage of this TTSP between its serine 
protease and transmembrane domains. While 
this does not release TMPRSS2 proteolysis 
from the cell surface it will likely disrupt its 
LDLRA or scavenger receptor regulatory do- 
mains. Hepsin undergoes analogous proteoly-
sis within the region between its serine prote-
ase and transmembrane domains via an au- 
toproteolytic mechanism (Figure 9). As shown 
in Figure 9B, in contrast with its degradation of 
KLK4, hepsin generates the KLK14 SPD which 
remains plasma membrane associated. Similar 
to hepsin mediated degradation of KLK4, TM- 
PRSS2 appears to degrade KLK14, resulting in 
reduced pro-KLK14 in conditioned media.

While further work is required to validate these 
results in cells that endogenously express 
these proteases, two key findings from our 
study suggest that the identified novel proteo-
lytic interactions at the cell surface, may be 
important in prostate cancer patients. In par-
ticular, we propose that the network will have 
most importance as the disease progresses 
during which cells de-differentiate and normal 
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glandular structure is gradually lost. First, our 
immunohistochemical analysis indicates that 
in vivo each protease is expressed during pro-
gression from benign to malignant prostate. To 
ensure that we could assess the co-expression 
of the six proteases in as broad a range as pos-
sible of prostate pathologies, we selected a 
patient sample for this analysis that contained 
pre-malignant regions of benign prostate and 
high grade prostatic intraepithelial neoplasia 
(HG-PIN), as well as prostatic acinar adenocar-
cinoma and prostatic ductal adenocarcinoma. 
Highest co-expression was observed in pros-
tatic ductal adenocarcinoma, a less common 
histological variant than prostatic acinar ade-
nocarcinoma, that follows a more aggressive 
course, and is associated with poor prognosis 
with greater propensity to spread to sites other 
than bone including the testis and penis [52]. 
Significantly, hepsin displayed predominant cell 

sion and survival, that require processing of 
growth factors and cytokines, activation of 
receptors, and suppression of immune respons-
es [53]. Coupled with a previous report demon-
strating that MMP-3 and MMP-9 also associate 
with the cell surface [47], these data suggest 
the possibility that the novel proteolytic net-
work identified by us, will be most important 
during active dissemination of prostate and 
potentially other cancers.

This is the first report of cell surface associa-
tion of the secreted proteases KLK4 and 
KLK14. While mechanisms regulating these 
associations have not been defined, cell sur-
face binding of other protease have been 
defined. These include MMPs where binding 
occurs via several mechanisms that generally 
involve the protease hemopexin domain includ-
ing MMP3 binding via cell surface localized col-

Figure 9. Summary of interactions between membrane anchored hepsin 
and TMPRSS2, with secreted KLK4, KLK14, MMP-3 and MMP-9. Details are 
described in the text. A. Proteolytic interactions centred on KLK4. B. Proteo-
lytic interactions centred on KLK14.

surface expression through-
out all of the regions of the 
analyzed prostate tumor, while 
TMPRSS2 was also plasma 
membrane localized particu-
larly in prostatic acinar adeno-
carcinoma, the most common 
histotype for this cancer. Also 
consistent with our in vitro 
data, the secreted proteases 
MMP-3 and MMP-9 also sh- 
owed evidence of membrane 
expression in this histotype. 

The second key finding points 
to the importance of the tim-
ing of activation of compo-
nents of the proteolytic net-
work. Our confocal microscopy 
analysis demonstrates that 
hepsin and TMPRSS2 colo- 
calize on the cell surface with 
the secreted serine protea- 
ses KLK4 and KLK14, only in 
membrane protrusions. This 
suggests that the reciprocal 
proteolytic interactions identi-
fied by us from Western blot 
analysis of cell lysates, immu-
noprecipitates and cell sur-
face fractions, occur in defin- 
ed cellular protrusions. These 
structures are particularly im- 
portant during cancer dissem-
ination for cell migration, inva-



A regulatory network of prostate cancer associated proteases

2271 Am J Cancer Res 2017;7(11):2257-2274

lagen I [47], and MMP9 binding via integrins 
[54-56] and CD44 [57, 58]. Cell surface local-
ization of other secreted serine proteases 
involves binding to plasma membrane recep-
tors and other membrane linked proteins with 
examples including factor VIIa and Xa docking 
to tissue factor to regulate blood coagulation 
[59, 60], uPA binding to its receptor uPAR to 
regulate tissue remodelling [61], and plasma 
kallikrein binding via high-molecular weight 
kininogen which itself binds via negative charg-
es on the cell surface, to regulate blood pres-
sure and inflammation [62]. However, it is im- 
portant to note that for each of the proteases in 
these systems, interactions with cell surface 
proteins is via a non-proteolytic domain. As 
KLK4 and KLK14 lack non-proteolytic domains 
it is not clear how plasma membrane associa-
tion of these proteases occurs, although recent 
work by Rolland and colleagues [63] revealed 
the cell surface protein TYRO3 protein tyrosine 
kinase as a potential binding partner for KLK4. 
To date it is the only KLK family member to have 
been associated with a transmembrane/cell-
surface binding partner. However, the mecha-
nism regulating interaction between KLK4 and 
TYRO3 has yet to be determined.

In conclusion, it is important to note that in 
addition to regulating each other, the proteases 
examined by us also regulate a range of key sig-
nalling systems at the cell surface that promote 
prostate cancer and other malignancies includ-
ing serine protease regulation of protease acti-
vated receptors [19, 24], and the HGF/Met and 
MSP/RON receptor systems. Thus, a better 
understanding of the mechanisms that regu-
late the pericellular proteolytic network of  
hepsin, TMPRSS2, KLK4, KLK14, MMP-3 and 
MMP-9, may identify novel approaches to dis-
rupt processes important in cancer progres- 
sion.
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